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Editorial on the Research Topic
Women in cytokines and soluble mediators in immunity

The Research Topic dedicated to “Women in Cytokines and Soluble Factors in
Immunity” was launched in March 2022 by two experienced and two younger female
scientists, active in four different continents. In 24 months, we have collected over 60
contributions from female scientists around the World. Most of the papers are original
research studies and deal with human diseases (tumors, infections), evaluating the
pathological or predictive role of cytokines, but also the importance of cytokines in
invertebrate immune defense. Most of the papers list young PhD students as first author,
but many very experienced female scientists have also contributed. Most of the papers come
from Europe, but significant contributions were received from Asia, Americas and Africa.
Impressively, almost one third of the papers are cross-continental collaborations. While
much still must be done for promoting female participation to scientific research, in
particular in developing countries, this Research Topic underlines an encouraging scenario
of commitment and dedication to science, desire of collaboration, capacity to coach, train
and support younger female scientists to engage in a scientific career.

1 Cytokines and soluble factors in immunity

The field of cytokines and other soluble factors in immunity encompasses many
different scientific areas, from evolution of immunity to clinical diagnostic studies. This
Research Topic includes several important contributions in different areas of basic and
clinical research on soluble immune factors, as briefly summarized below.
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1.1 Invertebrate immunity

Soluble immune factors are essential elements in the defensive
system of invertebrate metazoans, and include enzymes such as
lysozyme and phenoloxidase, complement and inflammatory
cytokines such as IL-17 and TNF (1-6). A comprehensive
analysis of soluble factors-mediated immunity in two different
invertebrate phyla, annelids and bivalve mollusks, is reported by
an excellent group of four women scientists active in two different
European countries (Canesi et al.). Two studies from Italy and Italy-
China analyzed the immune response of tunicates to biotic or
abiotic challenges and showed that the modulation of several
immune factors, including complement, cytokines, enzymes and
variable chitin-binding and LPS-binding proteins, is the basis of
primary and memory responses in Ciona robusta (Marino et al.,
Liberti et al.).

1.2 Mammalian immunity

In mammalian immunity, soluble factors have a major
importance both for innate and adaptive immune response. As
for invertebrates, complement is one of the key anti-bacterial
effector systems (4, 7, 8). For adaptive immunity, antibodies are
the highly specific and effective neutralizing tools (8). Cytokines
and chemokines are soluble factors that participate to both
innate and adaptive immunity, representing the natural bridge
between the two systems (8). The role of soluble factors in the T
cell development has been extensively examined, including at the
level of intrathymic differentiation (8, 9). A very interesting
study addresses the role of two such factors, IL-2 and IL-15, in
driving the differentiation of distinct Treg cells in the thymus
(Apert et al.). It is notable that such study is the result of a
collaboration between three different European countries,
France, Switzerland and UK. A comprehensive assessment of
the multifaceted role of chemokines in immunity is provided by
a young researcher active in one of the groups that discovered
chemokines, in Switzerland (Cecchinato et al.). The ability of
innate cells such as macrophages to produce cytokines and other
soluble factors in response to challenges is generally assessed in
vitro in culture systems that may not reproduce accurately the in
vivo conditions (10, 11). This is a shortcoming that may lead to
misleading results and inaccurate prediction of immune
reactivities. A joint collaboration between Dutch, UK and
German researchers pointed out how variations in cell density
in culture can influence the function and cytokine production by
human macrophages, which warrants a particular attention in
the reliable design of our cell culture systems (Ruder et al.).

1.3 Cytokines/soluble factors’ profile in
diseases as diagnostic/prognostic markers

The role of cytokines and other immune soluble factors in
diseases has gained increasing importance, and many studies have
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pointed at the possibility of using them as diagnostic markers, able
to identify the type and stage of multiple different diseases, and as
prognostic tools for predicting future susceptibility or resistance to
disease development.

1.3.1 Infections

The recent COVID-19 pandemic has produced numerous
studies of cytokines as markers of disease and disease severity.
Association with mortality, as well as other immune and vascular
biomarkers, is reported in two studies, one in Spain (Sanchez-de
Prada et al.) and one in South Africa in collaboration with UK
(Shaw et al.). The soluble immune factors’” profile in COVID-19
convalescent pregnant women was examined in an extensive
Brazilian study encompassing ten different institutions (Fernandes
et al.). The lung inflammatory conditions and the infection-
dependent epithelial to mesenchymal transition was examined at
the single cell level in a collaborative study between China and USA
(Zhang et al.). The importance of the viral nucleoprotein in
inducing anti-inflammatory innate memory was examined in a
joint study between the European Commission JRC, Italy and
China (Urban et al.). A very interesting study in Cameroon in
collaboration with Italy highlighted the presence of antibodies
reactive to SARS-CoV-2 in archive samples of HIV patients
dating back to before the COVID-19 pandemic (Aissatou et al.).
Inflammation-related soluble factors were examined in HIV
patients both for optimizing treatment in Cameroonian
adolescents in a collaborative study between Cameroon, Italy,
France and South Africa (Ka’e et al.) and for predicting
hematological complications and, again, optimize treatment, in a
Danish study (Greonbeek et al.). Response to viruses has been further
examined in a collaborative Brazil-Germany study in terms of
systems biology dynamical evaluation of interferon-related
signatures in Dengue infection (Usuda et al.) and single cell-based
identification of the chemokine CCL5 as biomarker of macrophage
response to DNA sensing in a USA work (McCarty et al.).

Several studies focused on parasitic diseases, in particular
malaria. A comprehensive immunogenomic study was performed
in a collaboration between USA, Mali and Portugal to identify an
immune profile predictive of susceptibility to clinical malaria
(Mbambo et al.). Another study from Nigeria explored the
possible pathogenic role of TNF-o in malaria patients with type 2
diabetes (Ademola et al.). In a study from the Cote d’Ivoire, another
inflammatory cytokine, IL-1f3, and other members of the IL-1
family, were examined in sickle cell disease in Sub-Saharan
Africa, in the attempt to design a better management of the
disease (Siransy et al.). The immunological aspects of clinical
forms of cutaneous leishmaniasis in North Africa and French
Guiana were addressed in a collaborative study between France,
Tunisia and French Guiana (Saidi et al.).

Focus on bacterial infections encompasses a study examining the
profile of cytokines and chemokines in people recently infected with
Mpycobacterium tuberculosis, within a collaboration between
Colombia and Canada (Herrera et al.), a Canadian-Swedish study
reported on correlates of protection in Francisella tularensis infection
(Lindgren et al.), a very interesting evaluation of the osteoblast
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secretome in osteomyelitis induced by Streptococcus aureus was
contributed by an Italian group (Granata et al.), and an Italian-UK
collaboration provided an excellent review of the value of PTX3 as
prognostic marker of mortality in sepsis (Davoudian et al.).

1.3.2 Pregnancy

The involvement of soluble immune factors in some
pathological aspects associated with pregnancy has been the focus
of a number of manuscripts. The levels of cytokines in patients
undergoing procedures for in vitro fertilization were examined in a
study from Poland (Piekarska et al.). The cytokine levels in first
trimester-pregnant women developing hypertension after assisted
reproductive technology were examined in a Chinese study (Lan
et al.), while another Chinese study addressed the association
between circulating inflammatory cytokines and pregnancy-
associated hypertension (Guan et al.). Pregnancy-associated
immunomodulation through extracellular vesicles and soluble
factors released by amniotic mesenchymal stromal cells was
investigated for possible translational applications by an Italian
study (Papait et al.). The correlation between immune parameters,
including cytokines, and cervical insufficiency and preterm births
was addressed by a Korean study (Jeong et al.). Eventually, the
association between monocyte signatures and the risk of developing
chronic lung disease in preterm infants was shown in a German
study (Windhorst et al.).

1.3.3 Other conditions

Cytokines and soluble factors can act as markers of disease,
disease progression and disease severity in several diseases in which
inflammation is involved. A collaborative study between Germany
and Austria addressed the presence of systemic inflammation-related
markers in polyneuropathies (Garcia-Fernandez et al.), while a study
from Qatar has investigated the cellular sources of anomalous
cytokine levels in autism (Nour-Eldine et al). In a Finnish/USA
study, circulating IL-21 was found to correlated with disease
progression in type 1 diabetes (Schroderus et al.), whereas a Polish
study suggested adipokines could be disease biomarkers in type 2
diabetes, demonstrated in a cat model (Sierawska and Niedzwiedzka-
Rystwej et al.). Soluble prognostic and diagnostic biomarkers of
osteoporosis were investigated in a Chinese study (Wang et al.). In
an Italian study, soluble biomarkers of disease mechanisms and
phenotypes of systemic sclerosis were identified with an aptamer-
based proteomic approach (Motta et al.). The distribution of IL-22BP
in Crohn’s disease was the focus of a French investigation (Fantou
et al.). Eventually, the contribution of mast cell proteases and IL-33
processing in the development of allergic lung inflammation was
examined in a mouse model in a collaborative study between
Belgium, Austria, Russia, Germany and China (Krysko et al.).

1.4 Cytokines and soluble factors in
pathogenic mechanisms

Whether anomalies in cytokine production is a consequence of
disease or may be part of the pathogenesis is still an open question.
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Several studies included in this collection tackle the issue in the
attempt to identify the involvement of cytokines in pathogenesis vs.
pathology. Several of the studies focused on cytokines of the IL-1
family, which include highly inflammatory factors, such as IL-1f3,
that have a well-known role in many chronic inflammatory and
degenerative diseases (12, 13). A manuscript from Italy and China
examined the role of IL-1 family cytokines in neuroinflammatory
and neurodegenerative diseases and concluded that most likely
these cytokines are involved in both pathogenesis and
downstream pathological symptoms (Boraschi et al.). That IL-1(,
the best-known inflammatory cytokine of the family, can be
involved in tumorigenesis is known (14, 15), but a study from
Singapore and Switzerland further identified AIM2 activation as
one of the factors contributing to the production of IL-1f in the
tumor microenvironment (Chew et al.). IL-10, a cytokine mostly
present as membrane bound molecule thereby acting through cell-
to-cell contact (16, 17), was found responsible for activating
leukocyte adhesion during atherogenesis in a German study
(Maeder et al.). Another German study found that IL-367, a less
known inflammatory cytokine of the IL-1 family mostly active at
the tissue level, is responsible for interferon-independent liver
injury caused by the Rift Valley virus (Anzaghe et al.). Other
specific cases were examined: the role of IL-11 in fibrosis in
interstitial lung disease, studied using human organoids by a
German group (Kastlmeier et al.); the dysregulation of LIF in
endometriosis, proposed by a Canadian-USA collaboration
(Zutautas et al.); the role of GAS6/TAM in regulating NK cell
recognition of multiple myeloma cells and degranulation studied by
an Italian-USA group (Kosta et al.); and the involvement of the
complement terminal complex in the inflammatory activation of
retinal pigment epithelium and the associated development of age-
related macular degeneration proposed by a German collaboration
study (Busch et al.). Eventually, a group of studies examined the
entire spectrum of cytokines and soluble factors associated with
initiation vs. maintenance of different pathologies. A collaborative
study between Switzerland and Spain reviewed the contribution of
cytokines to the hyperinflammatory spectrum (Planas et al.). A USA
group reviewed the contribution of oncostatin M, a cytokine of the
IL-6 family, in inflammatory diseases (Wolf et al.). In cancer, the
contribution of tumor-associated macrophages and their soluble
factors in lung metastatic melanoma was addressed in a China-
Germany collaborative study (Xiong et al.). Eventually, an
informative review on the role of cytokines in Acute Myeloid
Leukemia was contributed by an Austrian group (Luciano et al.).

1.5 Cytokines and cytokine modulation
in therapy

Targeting cytokines for curing diseases is an approach that has
turned out to be successful in several instances, see as an example
the TNF-o or IL-1f inhibitory biologicals currently used in several
chronic inflammatory diseases (18-21), although the efficacy is not
complete and side effects can be observed [such as the tuberculosis
activation in patients with latent tuberculosis treated with anti-
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TNEF-a drugs; (22)]. An historical excursus describing how several
of these cytokine inhibitors were originally identified is provided
by Daniela Novick, a pioneer woman scientist who accelerated
substantially the development of anti-cytokine drugs (Novick et al.).
Inflammation, including induction of inflammatory cytokines, has
been for decades the core of cancer immunotherapy, with the use of
bacteria and bacterial-derived molecules (23). The use of BCG is
currently the golden standard treatment for non-invasive bladder
cancer, and its effect includes the activation of an anti-tumor innate
and inflammatory response (24, 25). Based on the notion that
innate immunity is non-specific, a large collaborative study
(involving researchers from Austria, The Netherlands, France,
Italy, Russia, Poland and Hong Kong) showed that treatment of
bladder cancer patients with BCG induced a systemic innate
response able to counteract the SARS-CoV-2 infection (Pichler
et al.). On the same line, a very interesting study from an Iranian
and Canadian collaboration shows that the use of molecules that
induce innate/inflammatory activation can substantially increase
the therapeutic immune response against colon cancer in a
preclinical model and also downregulates the pathological
presence of fibroblasts in the tumor microenvironment (Haijabadi
et al.). A review of the innate immunity in the airways, contributed
by an Icelandic/Swedish group, comes to similar conclusions, i.e.,
that activation of innate immune/inflammatory epigenetic
mechanisms by bacterial products may contribute to effective
response and disease resolution (Myszor and Gudmundsson).
Anti-inflammatory strategies are the most common approaches
to cytokine inhibition in different diseases. In liver transplantation
from brain dead donors, inflammation is largely dependent on
increased IL-1B production and was shown, in a study from a
Mexico-Spain-Uruguay collaboration, to be the main cause of
rejection, as it could be mitigated by treatment with the IL-1
antagonist IL-1Ra (Casillas-Ramirez et al.). Interestingly, a
German-UK study on IL-37, an anti-inflammatory cytokine of
the IL-1 family that is active in the gut, showed that the IL-37
role at the level of the mucosal epithelium is minimal, suggesting an
anatomically distinct and localized anti-inflammatory activity
(Krohn et al). Among anti-inflammatory strategies, the use of
phycocyanobilin, a tetrapyrrole chromophore from microalgae,
displays substantial anti-inflammatory properties and was found
able to inhibit leukocyte infiltration and cytokine production in a
rheumatoid arthritis model (Marin-Prida et al.) and in a multiple
sclerosis model (Marin-Prida et al.), as reported by two Cuban
studies, one in collaboration with Brazil, China, Mexico, and the
other one with Brazil and Germany. A French study explored the
use of a synthetic histamine analogue that binds to CXCR4 (a
chemokine receptor important for leukocyte mobilization) for
inhibiting inflammation in juvenile arthritis cells in vitro and in a
mouse model in vivo. Using this model, they observed substantial
reduction of inflammatory cytokines, immune cell infiltration and
joint and bone erosion (Bekaddour et al.). Anti-inflammatory
effects were also observed in a Cuban study using a modified
peptide derived from HSP60 both in animal models of RA and in
human patients The treatment inhibited inflammatory cytokine
production, including IL-17, and ameliorated the cytokine storm in
COVID-19 patients (Dominguez-Horta et al.). Anti-inflammatory
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strategies targeting T cells included the above-mentioned study,
which identified an increase in Treg cells, and a collaborative study
between Cuba, Korea and Portugal on a mutant of IL-2, which
showed that the antitumor activity of the mutein is based on the
change of the balance between CD8" and Treg cells (Carmenate
et al.). Eventually, an Italian study showed that a synthetic sulfolipid
can decrease IL-12 production by dendritic cells and promote T cell
differentiation towards Treg (Barra et al.).

2 Women in cytokines and soluble
factors in immunity

This Research Topic provides much more than a number of good
scientific papers on the general topic of cytokines and soluble factors in
immunity. Being dedicated to women immunologists active in the area
of cytokines, the Research Topic aimed to be as inclusive as possible,
having expert scientists who could set an inspiring example for the
young students who are just approaching science, and encouraging
female researchers to engage in a scientific career in every country, in
particular those where research conditions are more difficult in general
and for women in particular. To reflect our intention, the four editors
of the Research Topic are two old and two young female
immunologists, active in four different continents. We have collected
62 contributions, in which the first or the senior author are female
scientists. Many are young PhD students, while others are very
experienced researchers. Authors of these papers come from 40
countries across four continents (Europe, Asia and Middle East,
Africa, Americas). Impressively, over 77% of the studies are
collaborative studies, and 44% of these collaborations are
intercontinental, as we did underline in the previous paragraphs.
This reflects a very encouraging trend, i.e., that scientists (and
women in particular) strongly believe that progress means
collaboration without borders and without any type of bias (Figure 1).

We had in 2023 two important examples of successful women,
whom are worth mentioning for their life-long commitment. Claudia
Goldin, an American economist, has been awarded the Nobel Prize in
Economic Sciences for her relentless engagement in understanding and
making known the gap between women and man in the labor market
(26). Her work and her analysis of the reasons why the majority of
undergraduates in USA are women are impacting substantially on the
general understanding of the female working and social conditions,
well beyond her country. Another inspiring example is Katalin Karico,
a Hungarian biochemist who moved to USA when she was 30, after she
lost her lab position due to lack of funding. Katalin is an expert in RNA,
and in 1989, soon after having moved to the USA, she started working
on mRNA and focused on mRNA-based therapeutic approaches. In
the following years, she encountered huge difficulties in obtaining
funding and in developing her academic career but she never
abandoned her focus on therapeutic mRNA, and eventually she
succeeded in dumping the RNA inflammatory activity and devising
an effective delivery system. This was the basis for the first widespread
human application of mRNA, as vaccine for SARS-CoV-2. She was
awarded the Nobel Prize in Physiology and Medicine in October 2023.
Few months earlier, her biography was published as an illustrated
children book, with the compelling title “Never give up” (27).
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FIGURE 1

Worldwide distribution of the contributions to "Women in Cytokines and Soluble Factors in Immunity” with their collaborative interconnections
Artwork by Denise Ruiz Castro and Maykel Pedro Penton Martinez (Design project InDi productions, Havana, Cuba) and Sheila Delgado-Lora

The contribution of women to science is substantial, but the
gaps and inequalities are still outstanding in many countries and
institutions. Although there are many initiatives aiming at raising
awareness and encourage women’s participation in science (for
instance the International Day of Women and Girls in Science,
celebrated every February 11), we, as women scientists, are those
who should “never give up”, both in pursuing advancement of
knowledge and in closing gaps and eliminating inequalities.
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Annelids and mollusks, both in the superphylum of Lophotrochozoa (Bilateria),
are important ecological groups, widespread in soil, freshwater, estuarine, and
marine ecosystems. Like all invertebrates, they lack adaptive immunity;
however, they are endowed with an effective and complex innate immune
system (humoral and cellular defenses) similar to vertebrates. The lack of
acquired immunity and the capacity to form antibodies does not mean a lack
of specificity: invertebrates have evolved genetic mechanisms capable of
producing thousands of different proteins from a small number of genes,
providing high variability and diversity of immune effector molecules just like
their vertebrate counterparts. This diversity allows annelids and mollusks to
recognize and eliminate a wide range of pathogens and respond to
environmental stressors. Effector molecules can Kkill invading microbes,
reduce their pathogenicity, or regulate the immune response at cellular and
systemic levels. Annelids and mollusks are “typical” lophotrochozoan
protostome since both groups include aquatic species with trochophore
larvae, which unite both taxa in a common ancestry. Moreover, despite their
extensive utilization in immunological research, no model systems are available
as there are with other invertebrate groups, such as Caenorhabditis elegans or
Drosophila melanogaster, and thus, their immune potential is largely
unexplored. In this work, we focus on two classes of key soluble mediators
of immunity, i.e., antimicrobial peptides (AMPs) and cytokines, in annelids and
bivalves, which are the most studied mollusks. The mediators have been of
interest from their first identification to recent advances in molecular studies
that clarified their role in the immune response.
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Annelids

Annelids, or segmented worms, are invertebrates with a true
coelom filled with coelomic fluid containing several coelomocyte
populations. Annelids include polychaetes (marine worms),
oligochaetes (earthworms), and leeches. All members of this
group are, to some extent, segmented, i.e., they consist of
segments that are made up of sub-segments partially
intersecting with the body cavity. Since their body is open to
the environment, the coelomic cavity is not aseptic, and
therefore they had to evolve extremely effective weapons
against unwanted enemies. Effector immunocytes called
amoebocytes are involved in a broad range of defense
functions, including phagocytosis modulated by humoral
components, opsonins, which are complement-like molecules,
and lectins. The coelomic fluid of annelids contains various
antimicrobial factors like lysozyme, hemolytic factors that bind
sphingomyelin (fetidin, lysenin, lysenin-related proteins),
antimicrobial peptides (AMPs), proteases (lumbrokinase,
catalase, superoxide dismutases), cytolytic proteins (coelomic
cytolytic factor (CCF)), clotting and coagulation factors, and
enzyme-activation-based cascades (prophenoloxidase cascade)
(1). Bioactive agents in the coelomic fluid also include several
metabolites, like drilodefensins, responsible for the inhibitory
effects of polyphenols in the earthworm digestive tract (2), and
metallothioneins, small metal-binding proteins responsible for
the detoxification and regulation of heavy metals (3). Notably,
the humoral defense also includes pattern recognition receptors
(PRRs) (such as Toll-like receptors (TLRs) and CCF) that are
frequently based on lectin-saccharide interactions designed to
recognize highly conserved structures present in different

TABLE 1 Antimicrobial peptides in annelids.

AMP family Name Structure

lumbricin-1
Hm-lumbicin
Lumbricins PP-1 proline-rich
lumbricin-PG
lumbricin, LuRP

theromacin
Macins Hm-neuromacin o-helix/
Hm-theromacin B-sheet
arenicin-1
arenicin-2
arenicin-3
BRICHOS-AMPs alvinellacin B-sheet
capitellacin
nicomicin-1
nicomicin-2

hedistin o-helix
perinerin UN
Ms-hemerycin o-helix

10.3389/fimmu.2022.1051155

microorganisms (pathogen-associated molecular patterns
(PAMPs)). Consequently, cellular and humoral pathways of
the innate defense are orchestrated by cytokine-like factors (4).

AMPs

AMPs are evolutionarily ancient molecules produced by all
living organisms, including annelids. They represent the first line
of defense against microbes but also regulate commensal
symbionts at various anatomical sites. Although more than
2,000 AMPs have been described in a wide range of organisms,
the number of AMPs described in annelids is very small (Table 1).

The first discovered AMP in annelids was lumbricin-1 from
the earthworm Lumbricus rubellus (5). Related peptides were
subsequently identified in several annelids: Hm-lumbricin from
the leech Hirudo medicinalis (6), peptide PP-1 from the Asian
earthworm Metaphire tschiliensis (7), lumbricin-PG from the
earthworm Pheretima guillelmi (8), and lumbricin and
lumbricin-related peptide from the earthworm Eisenia andrei
(9). These AMPs are enriched with prolines and display a broad
spectrum of antibacterial activities. However, they are not
inordinately abundant and probably do not represent their
primary biological function. Their mechanism of action on
microorganisms remains unknown.

Macins are quite long cationic cysteine-rich AMPs with an
o-helix/B-sheet structure. In leeches, the group includes
theromacin from Theromyzon tessulatum (6) and Hm-
neuromacin and Hm-theromacin from H. medicinalis (10). In
addition to their antimicrobial activity, these AMPs are
associated with regenerating damaged nerve cords. Their

Annelida group Species Habitat Ref.
oligochaetes L. rubellus terrestrial
leeches H. medicinalis freshwater
oligochaetes P. tschiliensis terrestrial (5)
oligochaetes P.guillelmi terrestrial (6-9)
oligochaetes E. andrei terrestrial
T. tessulatum
leeches H. medicinalis freshwater (6, 10)
H. medicinalis
A. marina
A. marina
A. marina
polychaetes A. pompejana marine (11-15)
C. teleta
N. minor
N. minor
polychaetes H. diversicolor marine (16)
polychaetes P. aibuhitensis marine (17)
polychaetes M. sanguinea marine (18)

A. marina, Arenicola marina; A. pompejana, Alvinella pompejana; C. teleta, Capitella teleta; E. andrei, Eisenia andrei; H. diversicolor, Hediste diversicolor; H. medicinalis, Hirudo
medicinalis; L. rubellus, Lumbricus rubellus; LuRP, lumbricin-related peptide; M. sanguinea, Marphysa sanguinea; N. minor, Nicomache minor; P. aibuhitensis, Perinereis aibuhitensis; P.
guillelmi, Pheretima guillelmi; P. tschiliensis, Pheretima tschiliensis; T. tessulatum, Theromyzon tessulatum; UN, unknown.
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mechanism of action consists of the induction of bacteria
aggregation followed by membrane permeabilization (19).

The BRICHOS-AMPs (Bri2 chondromodulin and
prosurfactant protein C) are cysteine-rich AMPs only found in
polychaetes. They arise from a precursor containing the BRICHOS
domain, a hydrophobic region, and a cysteine-rich C-terminal
region folding into a double-stranded [3-sheet. Interestingly, the
BRICHOS domain is linked to amyloid formations occurring in
several major human diseases like Parkinson’s and Alzheimer’s
(20). The first described members of the BRICHOS family were
arenicin 1 and 2 in the polychaete Arenicola marina (11). The
subsequently identified arenicin 3 differs in its primary sequence
and contains an extra disulfide bond (12). A similar AMP,
alvinellacin, was identified in the hydrothermal Pompeii worm
Alvinella pompejana, a deep ocean polychaete associated with
hydrothermal vents (13). By genome screening of Capitella teleta,
another member of the BRICHOS-AMPs family called capitellacin
was described (14). Nicomicin-1 and-2 were discovered in the artic
polychaete Nicomache minor, which lives in frigid waters (15).
Except for Nicomicin-2, all BRICHOS-AMPs exhibit a broad
spectrum of antimicrobial activities against Gram-negative and
Gram-positive bacteria, including multi-resistant species and
fungi. These AMPs have membranolytic activity, causing
membrane permeabilization of microbes within minutes.
Arenicins are also hemolytic and cytotoxic to mammalian cells (21).

Hedistin, characterized by a linear o-helix structure, has
only been described in the marine polychaete Hediste
diversicolor (16). Hedistin contains bromotryptophan residues,
making it stereochemically less susceptible to proteolysis. It is
expressed by NK-like cells, suggesting its involvement in innate
immune responses, which is confirmed by its comprehensive
antimicrobial activity (16). Perinerin from the Asian marine
clamworm Perinereis aibuhitensis is a hydrophobic and highly
basic peptide with antimicrobial and bactericidal activity (17). It
contains four cysteine residues forming disulfide bonds and acts
through its pore-forming activity. Ms-hemerycin was identified
in the marine lugworm Marphysa sanguinea, which lives in a
swamp (18). This small peptide forms an unordered structure
with a partial helical region. It has strong antimicrobial activity,
but its mode of action is unconventional (Table 1).

Cytokines

Most of our understanding of cytokines and their receptors
in invertebrates relies on functional assays and similarities at the
physicochemical level. The existence of cytokines in annelids,
specifically IL-1-o, TNF-0) and POMC-derived peptide-like
molecules, is indicated by work using immunohistochemical
methods for their detection (22). Flow cytometry using
monoclonal antibodies against human or mouse cytokines
detected TNF-o and tumor growth factor-o. (TGF-a) in
earthworm coelomocytes (23).

Frontiers in Immunology

21

10.3389/fimmu.2022.1051155

Several genomic sequence analyses suggest that the innate
immune system of invertebrates and vertebrates evolved
independently and that invertebrate cytokine-like molecules
and vertebrate cytokines do not have the same evolutionary
ancestry. One of the molecules that can be considered a cytokine
is coelomic cytolytic factor (CCF), which was first found in the
earthworm E. fetida and later in other earthworm species (24,
25). CCF exists in both membrane and soluble forms and
functions primarily as a PRR (4). However, some of its
properties indicate that it also functions as a cytokine. Based
on similar lectin-like activities, CCF shares functional analogies
with mammalian tumor necrosis factor (TNF-a:). They both lyse
the TNEF-sensitive tumor cell line 1929, and in African and
American trypanosomes, they are secreted after LPS stimulation,
have opsonizing properties, bind antigens via lectin-like
interactions, and increase membrane conductance in
mammalian cells by interacting with ion-channels or ion-
channel-coupled molecules. Despite the functional analogies of
CCF and TNF-a, they do not display any gene or amino acid
sequence homology, which indicates distinct evolutionary
origins and convergence of invertebrate and vertebrate
cytokine molecules (26-28) (Table 2).

Endothelial monocyte-activating polypeptide II (p43/EMAP-
1I), a chemokine, has been described in earthworms and leeches
(46, 47). Endothelial monocyte-activating polypeptide II (p43/
EMAP-II), a chemokine, has been described in earthworms and
leeches (46, 47). In mammals, EMAP-II is released after
processing the p43 precursor and functions as a pro-
inflammatory cytokine chemotactic for monocytes and
granulocytes and as a marker of microglial cell reactivity
induced by brain tissue inflammation or neurodegeneration, but
it has more pleiotropic biological activities (48). Similarly, the
medicinal leech HmEMAP-II is processed from the Hmp43
precursor, which is released by apoptotic cells and serves as a
monocyte chemo-attractant (49). The HmEMAP-II has a chemo-
attractant effect on microglial cells, e.g., the effect of mammalian
EMAP-II on monocytes. Further, gene expression of HmEMAP-
I1, which can recruit phagocytic cells at lesion sites, is controlled
by HmTLR (46). In earthworms, greater expression of EMAP-II is
accompanied by a greater abundance of mccEaTLR in seminal
vesicles, suggesting its involvement in signal transduction
(50) (Table 2).

Interleukin 17 (IL-17), the most conserved cytokine across
animal phyla, is an essential factor in innate immunity. In
humans, it is produced by activated T lymphocytes and cells
participating in innate immunity, e.g., mucosal epithelial cells
(51). IL-17 has also been described in some annelids, including
the segmented worm C. teleta, whose genome screening
identified seven genes for IL-17. However, the function of IL-
17 molecules has not been identified (31). Although the innate
immunity signaling pathways involving cytokine action are not
well described in annelids, several pathways have been identified
by analysis of the coelomic fluid transcriptome of two
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https://doi.org/10.3389/fimmu.2022.1051155
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Canesi et al.

10.3389/fimmu.2022.1051155

TABLE 2 Cytokines in annelids and bivalve mollusks.

Bivalve mollusks

AbTNF-a: homolog of TNF-o in abalone Haliotis discus discus; expressed in both immune and non-immune
tissues; activation by pathogenic bacteria, viruses, LPS (29)
CgTNF-1, CgTNF-2 in C. gigas hemocytes, activated by bacterial stimuli (30)

IL-17: 15 genes for IL-17 in P. fucatamartensii (PmIL-17), 10 in C. gigas (CgIL-17), 6 in M. galloprovincialis, 10
in scallop Mizuhopecten yessoensis; mucosal immunity; upregulation after bacterial stimulation; inflammatory
response; NF-kB signaling pathway (32-35)

CgAIF-1: identified in C. gigas; calcium-binding cytokine associated with immune cell activation and
inflammatory response; activated by multiple PAMPS; enhances mRNA levels of MIF, TNF-a, and IL-17 (37)

n/i

MgMIF: identified in M. galloprovincialis; downregulated following a challenge by bacteria and fungi (38);

CfMIF: identified in scallop Chlamys farreri; upregulated by LPS, PGN, and B-glucans; rCfMIF promotes
migration of sheep fibroblast into scraped spaces in vitro (39)
PoMIF: identified in oyster Pinctada fucata; upregulation upon bacterial stimulation (40)

CgIFNLP: identified in oyster C. gigas has an IFN domain; shares low sequence identities with vertebrate IFNs,

but displays a similar three-dimensional structure with class II helical cytokines; promotes the apoptosis and
phagocytosis of hemocytes; responds to poly (I:C) stimulation; several components of the IFN-like system,

activation by virus, poly (I:C), LPS; antiviral immunity (41-44)

Cytokines

Type Annelids

TNE-o CCF: found in earthworms; a
functional analog of mammalian TNE-
o (27)

IL-17 IL-17: 7 genes for IL-17 in polychaete
C. teleta; function was not identified
(31)

AIF-1 AIF-1: detected in leech H. medicinalis;
chemo-attractant for macrophages that
induces their migration towards an
inflammation site (36)

EMAP-II EMAP-II: chemokine for microglial
cells, found in earthworms and leeches
(3,4

MIF n/i

IFN-y nfi

Prokineticins n/i

Astakins: homologs of vertebrate prokineticins; regulates hematopoiesis and the function of immune cells; lack

of the essential sequence for proper signaling and binding of the G-protein coupled receptors; different receptor-

mediated mechanisms; characterized in oyster C. gigas with a CgATP synthase [} subunit protein involved in

signaling in hemocytes (45)

AbTNEF-0, tumor necrosis factor alpha homolog in Haliotis; AIF-1, allograft inflammatory factor- 1; CCF, coelomic cytolytic factor; CfMIF, macrophage migration inhibitory factor in
Chlamys; C. gigas, Crassostrea gigas; CgAIF-1, allograft inflammatory factor-1 in Crassostrea; CgIFNLP, interferon gamma like protein in Crassostrea; CgIL-17, interleukin 17 in
Crassostrea; CgTNF-1/2, tumor necrosis factor alpha in Crassostrea; C. teleta, Capitella teleta; EMAP-II, endothelial monocyte-activating polypeptide II; IL-17, interleukin 17; IFN-y,
interferon gamma; n/i, not identified; LPS, lipopolysaccharide; MgMIF, macrophage migration inhibitory factor in Mytilus; MIF, macrophage migration inhibitory factor; NF-kB, nuclear
factor kappa B; PAMPs, pathogen-associated molecular patterns; PGN, peptidoglycan; P. fucata martensii, Pinctada fucata martensii; PmIL-17, interleukin 17 homolog in Pinctada; POMIF,
macrophage migration inhibitory factor in Pinctada; rCfMIF, recombinant CfMIF; TNF-o., tumor necrosis factor alpha.

earthworm species, E. andrei and fetida. In doing so, specific
innate immune pathways were identified, such as the
complement cascade, regulation of autophagy, NK-mediated
cytotoxicity, chemokine-, MAPK-, mTOR-, NOD-like
receptor-, and TLR- and Jak-STAT signaling (52). This
suggests that many hidden molecules functioning as cytokines
have not been discovered yet, and establishing their ability to
build molecular networks is needed (Table 2).

Allograft inflammatory factor-1 (AIF-1) is a calcium-binding
protein induced by cytokines participating in the allograft
immune and inflammatory response of humans. It is expressed
by monocytes/macrophages, the homolog of which was detected
in the medicinal leech H. medicinalis, where it serves as a potent
chemo-attractant for macrophages, and it induces their migration
towards sites of inflammation (36) (Table 2).

Bivalves

Among Mollusca, bivalves, including edible and aquacultured
species (oysters, mussels, clams, etc.), are the most widely studied
relative to their immune defenses. Bivalve hemocytes are
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responsible for cell-mediated immunity through the combined
action of phagocytic processes and humoral defense factors such
as agglutinins (e.g., lectins), lysosomal enzymes (e.g., acid
phosphatase, lysozyme), reactive oxygen intermediates, and
cytokines and various AMPs (53). Bivalve hemolymph serum
contains a wide range of secreted components that participate in
agglutination, opsonization, degradation, and encapsulation of
microorganisms, as well as clotting and wound healing. In
general, non-self recognition (in the form of PAMP) by soluble
lectins and other PRRs and opsonins in hemolymph and
hemocytes, which are present in the circulation and tissues,
triggers signaling transduction cascades that release several
effectors from tissues and hemocytes that lead to humoral and
cellular immune responses, depending on the nature and location
of the immune stimuli. An overview of the most recent
accomplishments in the fields of recognition, agglutination, and
opsonization (lectins, fibrinogen-related domain-containing
proteins, Clq domain-containing proteins, lysozymes,
bactericidal/permeability-increasing proteins, and other pore-
forming molecules, proteases, and protease inhibitors,
cathepsins, phenoloxidase cascade) is provided by Gerdol
et al. (54).
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AMPs

From the first identification (20 years ago), in the hemolymph
of the mussel Mytilus galloprovincialis, of a peptide sharing
sequence similarity with the arthropod defensin, and therefore
named Mpytilus galloprovincialis Defensin-1 (MGD-1) (55),
research on bivalve AMPs has steadily increased. With advances
in molecular technologies, different AMPs have been identified in
several bivalve species (mussels, oysters, clams, scallops), which are
generally characterized by structural differences, different activities,
differential tissue/cell expression, accessory functions, and often
species-specific biological properties (reviewed in (54, 56, 57).

Resilience to pollution, pathogens, and changing
environmental conditions means that some bivalve species are
important models for studying the role of AMPs in adaptation
and immunity. The Mediterranean mussel, M. galloprovincialis,
which is not subjected to the same massive pathogen-associated
mortalities as other bivalves, represents a unique model for
studying AMPs. In this species, a remarkable abundance of
AMPs has been reported, with antimicrobial activity against
various bivalve and vertebrate pathogens, with different AMPs
(including defensins, mytilins, and myticins) sharing
antibacterial and antifungal properties; mytimycin appears to
be a strictly antifungal protein. Mytilus AMPs are highly
polymorphic and have high genetic variability: the recent
assembly of the M. galloprovincialis genome showed that,
although dozens of different sequence variants were identified
for each AMP family, each individual possessed a unique
combination of a small number of variants (58).

Myticin C (MytC), the most expressed AMP in adult
mussels, has the highest RNA polymorphism relative to other
mussel AMPs (59). MytC has been shown to inhibit the
replication of bacteria, fish viruses, and human herpesvirus
(56) and to have chemotactic and wound healing properties
(59, 60). In oyster hemocytes, treatment with mussel
hemolymph, or synthetic MytC peptides, inhibits replication
of OsHV-1. In addition, in vivo studies suggested that
overexpression of MytC in hemocytes could alter the
transcription of other immune-related genes (AMPs,
complement proteins, lysozyme). These data suggested that
MytC may also play a role as an immune system modulator
with chemokine-like activities (56, 59). In M. galloprovincialis,
the extensive repertoire of AMPs, endowed with a broad
spectrum of immune functions, might have significantly
contributed to the evolutionary advantage of mussels in
adapting to extremely changing environments (56, 58).

Among AMPs, Big defensins (BD), the ancestors of B-
Defensins, essential components of innate immunity in
vertebrates and invertebrates, are a large family of AMPs
characterized by a highly hydrophobic globular N-terminal
domain, which is present in different phylogenetically distant
species, including both marine and freshwater bivalves (61).
Bivalves often display an expanded repertoire of BD sequences
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and thus represent an excellent case for investigating the
processes behind the remarkable diversity of the primary
sequence, both between and within species. In contrast with
human B-defensins, BDs are characterized by antimicrobial
activities over a wide range of osmolarity. Studies in bivalves
showed that the presence of the conserved hydrophobic domain
confers bactericidal activity even at high salt concentrations (62).
Moreover, bivalve BD displays a characteristic mechanism of
action, i.e., the N-terminal domain drives bacteria-triggered
peptide assembly into antimicrobial aggregates termed
“nanonets,” which entrap microbes and prevent invasive
pathogens from entering host cells (63). This effect has been
described for the Cg-BigDefl in C. gigas (62) and the ApBD1 in
the scallop Argopecten purpuratus (64).

An exhaustive list of AMPs isolated from marine bivalves
and their main characteristics (peptide sequence, length, net
charge, percent hydrophobic residues, structure, antimicrobial
activity), updated to 2017, is provided in an article by Zannella
C, et al. Microbial diseases of bivalve mollusks: infections,
immunology, and antimicrobial defense (57). As mentioned
above, most data refer to Mpytilus sp. and Crassostrea gigas
(57). More recently, other AMPs have also been characterized,
i.e., Myticusin-beta in Mytilus coruscus (65), Myticalin in M.
galloprovincialis (66), and hemoglobin-derived polypeptides in
Tegillarca granosa (67).

Cytokines

Recent developments in the study of bivalves are based on
studies first carried out on Pacific oyster C. gigas, one of the most
widely cultivated marine species. Partly because of its
commercial importance, Guofan Z. et al., using genetic and
genomic techniques, sequenced the genome in 2012 (68). The
sequencing led to a significant increase in studies on bivalve
cytokines (roughly 70% of all publications on the subject have
occurred in the last decade, according to PubMed).

Pioneering work in the early ‘90s shed the first light on the
conservation of cytokine-like molecules in mollusks (69, 70).
Subsequent studies indicated that host defense mechanisms in
different invertebrate groups, including bivalves, can be
modulated by a cytokine-like network like that in vertebrates
(71-73). However, until the identification of the first molecules
with a cytokine-like activity (24, 74), most information relied on
functional assays, using heterologous cytokines and antibodies
directed towards vertebrate cytokines and their receptors.

The first studies were limited to evolutionarily conserved factors
identifiable by sequence similarities, such as IL-17 (32), MIF (38),
AIF-1 (37), and TNF-o (29, 30). The functional role of these
conserved cytokines was indicated by their increased expression in
response to bacterial stimuli. Most current information for IL-17
comes from phylogenetic studies, identification of related signaling
pathways, and effector mechanisms in models of M.
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galloprovincialis and C. gigas (33-35). IL-17 plays a crucial role in
mucosal immunity in mussels, just like in vertebrates (35), which
was first identified in C. gigas (32) and later on in Pinctada fucata
(75). Further genomic searching found that there were fifteen IL-17
genes in P. fucata martensii, ten in C. gigas, six in M.
galloprovincialis, and ten in scallop Mizuhopecten yessoensis (31)
(Table 2). At least some of these IL-17 molecules, e.g., PmIL-17-2
from P. fucata martensii and CgIL-17-5 from C. gigas, were found to
be involved in the innate immune response after bacterial
stimulation (31, 34). The inflammatory IL-17 cytokines are
encoded by a diverse gene family leading to expanded IL-17
repertoires in various marine invertebrates. This can be seen, for
example, in the study of 16 mussel genomes, which revealed 379
unique IL-17 sequences and 96 unique IL-17 receptor variants (35).
Phylogenetic analysis revealed that all detected invertebrate IL-17
genes, from both annelids and mollusks, are clustered into one
group, suggesting a common ancestral gene of these invertebrate IL-
17s (31) (Table 2).

However, for many other divergent cytokines, their presence
and function in bivalves remained elusive and can only be
demonstrated indirectly; interferon-y is a good example. In M.
galloprovincialis hemocytes, human recombinant IFN-y was shown
to activate members of a STAT-like pathway; moreover, hemocyte
pretreatment with IFN-y increased bacteria-induced STAT1-like
phosphorylation, indicating that the function of mussel hemocytes
may be physiologically regulated in vivo by endogenous IFN-y-like
cytokines (76). Since the release of the genome of C. gigas and other
species, several components of the IFN-like system (IFN-like
molecules, IFN-like receptors, and components of related
signaling pathways) have been identified (41-43). Interestingly,
the IFN system of bivalves can be activated by virus or poly (I:C)
challenges and further regulate the antiviral response of hemocytes;
however, some components also showed a positive response to
other immunostimulants, such as lipopolysaccharide (LPS) and
bacteria. Unlike vertebrate IFN systems, the bivalve IFN-like system
may participate in multiple biological activities, such as antibacterial
immunity (reviewed in (44) (Table 2).

Other cytokines that developed independently in different
invertebrate groups are now being identified. For example,
Astakines, considered homologous of vertebrate prokineticins,
regulate hematopoiesis and immune cell function. Astakines lack
the AVITGA sequence in the N-terminus essential for proper
signaling and binding of G-protein coupled receptors, indicating
the presence of distinct receptor-mediated mechanisms in
invertebrates. Recently, a C. gigas astakine was identified and
characterized using a CgATP synthase 3 subunit protein, which
is involved in hemocyte signaling (45).

Whatever the role of the various bivalve cytokines,
transcriptomic data indicate modulation within different species
in response to environmental stressors ( (77) and refs. therein).
However, little is known about how cytokine expression is
physiologically regulated. Recent studies underlined the role of
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different miRNAs in the expression of TNF-o. and IL-17 in oyster
hemocytes (78, 79).

Conclusions and perspectives

Annelids and bivalve mollusks represent important invertebrate
groups for investigating innate immunity, particularly for the wide
range of soluble immune mediators, which show a large diversity in
structure and functions.

With regards to AMPs in annelids, three main classes have been
identified so far in oligochaetes (lumbricins), polychaetes
(BRICHOS-AMPs), and leeches (macines). Bivalves, in particular
marine species, display a much wider repertoire of different AMPs
(55), with some of them (i.e., myticins, big defensins) also showing
immune-related functions other than direct antibacterial activity.

Several soluble factors endowed with cytokine-like activity have
been described in annelids and bivalves; however, few are
structurally conserved in both groups relative to their vertebrate
counterparts (i.e., IL-17), which underlies their distinct evolutionary
origin. From this perspective, research on invertebrate cytokines still
represents an open and promising field for the identification of new
immunoactive molecules.

Moreover, the properties of AMPs and cytokines in both groups
of invertebrates suggest they have application potential in human
health and the environment, especially given the global problem of
antibiotic resistance. The increasing appearance of bacterial strains
resistant to antibiotics has promoted an intense search for new anti-
infective drugs that can be an effective alternative to conventional
antibiotics. Invertebrate AMPs are in the spotlight as innovative drug
candidates not only for the treatment of infectious diseases but also
for their immunomodulatory potential.

To develop AMPs as efficient and safe new drugs, their mode of
action needs to be fully understood. Despite their advantages,
selecting suitable AMPs for clinical use is progressing very slowly.
Pharmaceutical companies have had little interest in developing
new antibiotics over the last 30 years because of high production
costs and short efficacy periods (since bacterial resistance to new
drugs develops rapidly). Although microorganisms can develop
resistance to AMPs as a consequence of continuous selection
pressure, AMPs still present several important advantages over
antibiotics, e.g., they are much less stable in the environment and
thus much reduced environmental impact. It was shown that
cationic AMPs do not induce bacterial stress pathways and thus
do not increase bacterial mutagenesis, which is not the case with
antibiotics (80). Further, AMPs often use different mechanisms of
action, including disruption of bacterial membranes, inhibition of
metabolic pathways, and recruitment and activation of various
immune cells (81).

Few annelid AMPs are currently being evaluated in clinical
trials as treatments against various bacterial and fungal infections.
An analog of Arenicin-3 was selected for preclinical trial by

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1051155
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Canesi et al.

Adenium Biotech Ltd. for its effective action in treating urinary tract
infections (82), but the trial was unfortunately stopped due to the
company’s bankruptcy. The only molecule derived from the
earthworm L. rubellus and successfully used in therapy, although
not an AMP, is the enzyme lumbrokinase, used for its fibrinolytic
properties to treat thrombus-related diseases. Similarly, since leech
saliva contains large amounts of various enzymes with
thrombolytic, anticoagulant, anti-inflammatory, and analgetic
activity, leeches have been used to treat various diseases such as
vascular disorders, cardiovascular disease, skin disorders, diabetic
foot ulcers, migraine, knee osteoarthritis, and even in cosmetic
surgery (83). The best-known enzyme from leeches is hirudin,
which was discovered in 1884 when an extract from H. medicinalis
was found to have anticoagulant properties (84). Recently, hirudin
derivatives (e.g., lepirudin, desirudin) and hirudin analogs (e.g.,
bivalirudin) have been used clinically as direct bivalent thrombin
inhibitors. However, despite its effectiveness, safety, and few
complications, leech treatment is still controversial.

Despite the enormous potential of marine biodiversity for
discovering AMPs, no bivalve AMPs have been tested in clinical
trials. If, on the one hand, their resistance to high salt concentrations
may represent potential advantages in medical applications (57), on the
other hand, development has been hampered by many issues, such as
discrepancies between in vitro and in vivo tests and susceptibility to
proteases and pH, which affects AMP half-life in vivo (85).

Annelids and bivalves represent a vast source of AMPs that
could serve as potential candidates for antibacterial drug
development in human and veterinary medicine. Due to their
broad spectrum of antimicrobial activities and emerging new
immune modulation functions, AMPs have great potential for
biotechnological applications and continue to be the subject of
many molecular and functional studies. Antimicrobial peptides
(AMPs) have been successfully applied in various areas of human
health, including clinical medicine and drugs. However, as with
AMPs from humans and other sources, high cost, poor stability,
and toxicity are disadvantages that limit the clinical development of
AMPs (86). In this light, a promising biotechnology field is
genetically engineered microorganisms, where natural AMPs can
be expressed or modified to create improved antibacterial abilities
and increased stability while reducing toxicity (86).

The same applies to their cytokines, which act as natural
immunomodulators with potential new biomedical applications.
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In addition to circulating haemocytes, the immune system of the solitary ascidian
Ciona robusta relies on two organs, the pharynx and the gut, and encompasses a
wide array of immune and stress-related genes. How the pharynx and the gut of C.
robusta react and adapt to environmental stress was assessed upon short or long
exposure to hypoxia/starvation in the absence or in the presence of polystyrene
nanoplastics. We show that the immune response to stress is very different
between the two organs, suggesting an organ-specific immune adaptation to
the environmental changes. Notably, the presence of nanoplastics appears to alter
the gene modulation induced by hypoxia/starvation in both organs, resulting in a
partial increase in gene up-regulation in the pharynx and a less evident response to
stress in the gut. We have also assessed whether the hypoxia/starvation stress
could induce innate memory, measured as gene expression in response to a
subsequent challenge with the bacterial agent LPS. Exposure to stress one week
before challenge induced a substantial change in the response to LPS, with a
general decrease of gene expression in the pharynx and a strong increase in the
gut. Co-exposure with nanoplastics only partially modulated the stress-induced
memory response to LPS, without substantially changing the stress-dependent
gene expression profile in either organ. Overall, the presence of nanoplastics in the
marine environment seems able to decrease the immune response of C. robusta
to stressful conditions, hypothetically implying a reduced capacity to adapt to
environmental changes, but only partially affects the stress-dependent induction
of innate memory and subsequent responses to infectious challenges.
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1 Introduction

It is well known that marine organisms ingest plastic particles,
including fish (1, 2) and several invertebrate species (3-5). The major
threat of plastics released into the environment is related to the
degradation of these materials into micro- and nano-sized
particulates that can more easily bioaccumulate (6). Across marine
filter-feeding invertebrate organisms, the solitary ascidian Ciona
robusta represents an optimal model to study the impact of sub-
micron particle bioaccumulation on fundamental physiological
functions (7, 8). In fact, unlike bivalves (9), C. robusta does not
have the ability to sort particles and reject the unsuitable material (10).
The impact of nanoplastics accumulation on the immune defensive
functions is of particular interest because of the importance of such
functions for optimal adaptation to environmental changes. To fully
understand the possible impact of nanoplastics on C. robusta it is
therefore important to assess it in conditions of environmental stress.

Major stressful environmental conditions for ascidians are
starvation and hypoxia. Starvation is known to affect the ascidian
metabolic profile and induce autophagy-related genes. In a
metabolomic study on Halocynthia roretzi, a strong upregulation
of defence and energy metabolites was observed in response to
starvation, largely mediated by the impact on the gut associated
microbiota (11).

Hypoxia is a decrease in dissolved oxygen that causes significant
physiological disturbances in many marine organisms (12, 13),
including increased vulnerability to diseases and parasites (14).
Hypoxia threshold is species- and stage-specific (13), and its effects
depend on the presence of other environmental challenges (warming,
acidification, pollution). Hypoxia causes a decrease of energy supply
from mitochondrial metabolism, which cells seek to compensate by
undergoing a metabolic reprogramming (i.e., enhanced glycolysis,
glutaminolysis, fatty acid synthesis and decreased gluconeogenesis,
nucleotide synthesis, fatty acids 3-oxidation) that mostly involves the
family of hypoxia-inducible transcription factors (HIFs) (15). In
mammalian immune cells, hypoxia and HIF signalling influence
immune cell functions in a cell-type specific manner (16). Of special
interest is the cross-talk between hypoxia and inflammation.
Inflammation plays a key role in the physiological response to
hypoxic stress, as shown for instance by the increase of circulating
inflammatory cytokines in individuals with mountain sickness (17).
Conversely, tissue sites where an inflammatory reaction takes place
undergo significant shifts in metabolic activity leading to O,
deficiency, defined as “inflammatory hypoxia” (16, 18). In addition,
HIF transcription/stabilisation can be activated by a variety of
inflammation-related extracellular factors, such as bacterial products
(e.g., lipopolysaccharide or LPS), TNF-o,, IL-1, reactive oxygen and
nitrogen species (ROS, RNS), even in normoxic conditions.

In the present study, we have evaluated the primary response of C.
robusta in terms of expression of immune and oxidative stress-related
genes induced by exposure to a combined hypoxic and starvation
stress, and how the presence of nanoplastics in the environment can
interfere with the stress-induced immune adaptation response. We
focused on two organs involved in immune defence, namely the

Frontiers in Immunology

10.3389/fimmu.2023.1176982

pharynx and the gut, as these organs, involved in respiration and
digestion, are directly exposed to environmental stresses. We have
also evaluated how a previous exposure to such combined stresses
could influence the ability of the C. robusta immune organs to react to
a subsequent bacterial challenge.

2 Materials and methods
2.1 Animals and treatments

Adults of C. robusta were collected in the small sea of Taranto,
Italy, and maintained at the SZN in tanks with circulating aerated
seawater at 18°C with proper feeding. Hypoxia/starvation (H/S)
treatment was performed by starving animals in tanks for 12 h,
then transferring individual animals in 200 mL millifiltered sea water
(MFSW) within a 250 mL glass beaker at 18°C for 2 or 18 h
(starvation plus hypoxia). Treatments with polystyrene beads
(MPs) of either 0.1 pm or 0.35 pum (cat. 00876 and 07306;
Polysciences, Inc., Warrington, PA, USA) was conducted by
diluting nanoplastic beads in MFSW at the concentration of
9.1x10°* particles/mL and 7.4x10 particles/mL, respectively, and
adding them to individual animals in beaker for 2 or 18 h. The
concentration of 0.1 um nanoplastics was selected based on previous
dose-response experiments as the concentration causing the highest
bioaccumulation after 2 h of exposure (8, and data not shown). The
concentration of 0.35 pum nanoplastics was selected in order to
correspond to that of 0.1 pum particles in terms of surface area.
Endotoxin treatment was carried out by inoculation of 50 ug of
lipopolysaccharide (LPS, from Escherichia coli, serotype O55:B5;
Merck Sigma—Aldrich®, St. Louis, MO, USA). LPS was inoculated
in 50 uL of marine solution (MS: NaCl 0.45 M, MgCl, 26 mM, KCl 11
mM, CaCl, 12 mM, pH 7.4), through the tunic between the
two siphons.

For memory experiments, animals were first exposed to H/S
stress alone or in the presence of nanoplastics for 2 or 18 h as
described above, then were transferred to the aquarium, where they
were kept in large aerated tanks and properly fed for additional 7
days (resting or extinction period). After the resting period, animals
were injected with 50 pL of LPS, as described above. After 24 h,
animals were sacrificed and exanguinated, and gut and pharynx
fragments were collected for gene expression analysis. For each
condition, three animals were included.

2.2 RNA extraction and real-time PCR

Tissue samples were weighed and immediately homogenised with
an Ultra-Turrax T25 at 0°C with 3 cycles of 30 s, then processed for
total RNA extraction with commercially available kits (miRNeasy Kit;
Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. A mix of Oligo (dT) and random-primed single
stranded cDNA were synthetised from 2 ug of pharynx RNA using
the QuantiTect Reverse Trascription Kit (Qiagen).
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Real-time PCR experiments were carried out with a RotorGene
instrument (Qiagen) with RealAmp qPCR Master mix chemistry
(GeneAll Biotechnology Co., Ltd., Seoul, South Korea). Specific
primers were designed, according to the nucleotide sequence, for
genes encoding the C. robusta homologues of the complement
component C3-1 (C3-1), the C3 receptor C3aR (C3ar), the two
isoforms of interkeukin-17 Il17-1, I117-2, the IL-17 receptor Il17r,
the tumour necrosis factor Tnf, the transforming growth factor beta
Tgfb, the LPS binding protein Lbp, the Toll-like receptors Tlr-2 and
TIr13, the cluster of differentiation 36 Cd36, the variable chitin-
binding proteins VCBP-B and VCBP-C, the superoxide dismutase A
SodA, the glutathione-S transferase GST and the glutathione
reductase GR (Table 1). Gene nomenclature is designed according
to previous publications (19-27) and includes the indication of the
C. robusta gene isoforms as a number after a dash. Other isoforms
of C3 (C3-2), IL-17 (I117-3), and TLR (TIr-1) could not be evaluated
because their expression resulted undetectable in every condition in
both gut and pharynx. Likewise, expression of the gene encoding
the precursor of the enzyme phenoloxidase was not detectable.
After preliminary evaluation of different housekeeping genes (Actin,
S27, Gapdh), the glyceraldehyde 3-phosphate dehydrogenase gene
Gapdh was selected for its consistent expression stability, and used
as reference gene in all experiments. All primers produced single-
band amplicons of the expected size, which were verified by DNA
sequencing. Reactions were performed in triplicate, and the PCR
programme included a denaturation step (95°C for 15 min)
followed by 40 cycles of amplification (94°C for 15 s, 60°C for 30
s, and 72°C for 30 s), and a final extension step (72°C for 10 min).
PCR amplification efficiencies, calculated for primer pairs of the

TABLE 1 List of primers used for evaluating gene expression in C. robusta.

10.3389/fimmu.2023.1176982

reference and target genes, were both 2. All data were normalised
against Gapdh using the Pfaffl method (28). Real-time PCR results
are reported as relative gene expression towards Gapdh or as the
ratio between treated and control animals.

2.3 Statistical analysis

All values were expressed as mean = SEM of samples from 3
animals with the same treatment. Statistical significance of
differences between treatments was assessed by using the one
sample Student’s ¢ test followed by non-parametric Mann-
Whitney U-test correction for PCR data of primary effects, and
ordinary one-way ANOVA of one sample ¢ test for PCR data of
memory experiments, using the GraphPad Prism 6 software.
p values <0.05 were considered statistically significant.

3 Results

3.1 Induction of immune response by
hypoxia/starvation stress

The basal expression of sixteen genes was examined in C.
robusta. Genes were selected based on three criteria, immune-
related genes that are already known to be involved in the Ciona
immune responses (C3-1, C3ar, Il17-1, I117-2, I117r, Tnf, Tgfb, Lbp,
Tlr-2, Tir13, Cd36) (19-26), pharynx- and gut-specific genes
involved in mucosal immunity (VCBP-B and VCPB-C) (27) and

GENE FORWARD REVERSE Genbank acc. No.
C3-1 5" -acagacgtggcgtgtgcaag-3 5’-tactttgcctaggaggeeggt-3' AJ320542

C3ar 5" -ttgcccegecatgegagga-3’ 5’-aggtacgactccatacaacacc-3’ AJ966353

I117-1 5’-ccgggaacgtgacagaaaac-3’ 5’-tcgtggaagcaccataggga-3’ NM_001129875.1
117-2 5'-cgggtgcattgcttctagt-3’ 5’-cacgcaggtacagcctattg-3’ NM_001129874.1
I7r 5'-gtgacccgtggcaatcaatgg-3’ 5'-caagttaggcattttgctcegt-3” AY261862

Tnf 5'-catctccccaccctactacac-3’ 5'-atttgcgcaaacgtctggea-3’ AM982527

Tgfb 5’-ctcgttcaaatgtgtctcaaaccg-3’ 5’-cgttgccagattttacgacg-3” AB210727

Lbp 5'-ggtttcgggaagctgggatt-3’ 5’-gaaggggcctgtttcttcca-3’ XM_002126995.2
Tir-2 5’-acgcaagaaacaagagagacg-3’ 5’-gcttttcttccatttectccage-3” AB495262.1

Tir13 5’-cggaagcattgtgctggaaa-3’ 5’-acgcaagacaaatacgcctg-3’ XM_002120484.4
Cd36 5'-ggttcgcttttatttcttggacct-3’ 5'-ctgcaccgtttggtttacgg-3’ XM_009860510.1
VCBP-B 5’- ttcacccacacggagattgg-3’ 5’-cggcgcttgatctggatact-3 HQ324165
VCBP-C 5’-gcaacactcagtggcaaca-3’ 5’-ccgcatttctcatctegeac-3’ NM_001204050
SodA 5’- ccacaaaatatagacgaaggcgac-3’ 5’-gacaacgcactattcaacggg-3’ XM_002121064
GST 5’-ccaagcgatgctaatgegag-3’ 5’- cggcgggattgaggtatgt-3’ XM_002121841
GR 5’- agcacttcttacaccagttge-3’ 5’-cccaatgggtggatgactga-3’ XM_002119519
Gapdh 5'-cattttcgacgcaggagctg-3’ 5'-ctgcgtggtgtttaactgge-3’ XM_002131188.4
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oxidative stress-related genes (Sod-A, GST, GR) (29). Gene
expression was measured in the two organs that display immune
reactivity, namely the pharynx and the gut. The relative
contribution of haemocytes, the main circulating immune cells of
C. robusta, was not specifically assessed, as the number of recovered
cells was insufficient for RNA extraction.

Results in Table 2 show the basal expression of immune/stress-
related genes in both organs in unexposed animals kept in optimal
conditions of oxygenation and nutrition. Gene expression was also
measured in animals treated with the bacterial agent LPS, to mimic
exposure to an infectious challenge. Substantial variations in gene
expression could be observed, which differ between the two organs.
In the pharynx, reaction to LPS resulted in a general upregulation of
the majority of the immune/stress-related genes, with a very high
increase in the expression of Tnf, Tgfb, VCBP-B and VCBP-C and a
significant but less substantial increase of I[17-2 and TIr-2
expression. Only one gene, GST, was significantly down-regulated
in the pharynx in response to LPS. The scenario in the gut is very
different, with only one gene, C3ar, significantly up-regulated in
response to LPS. The expression of most genes is either unchanged
or down-regulated by LPS in the gut, although a statistically
significant decrease was only observed for Il17r, VCBP-B and GR.
Notably, expression of VCBP-B, which was increased over 4000x in
the pharynx, was completely inhibited by LPS in the gut (Table 2).

We analysed whether stress conditions could induce an immune
reaction similar to exposure to an infectious agent. Stress was

10.3389/fimmu.2023.1176982

obtained by keeping animals in a small volume of millifiltered
seawater (MFSW) for 2 or 18 hr, without oxygenation and feeding.
The expression of the selected immune/stress-related genes was
examined in the stressed animals as compared to control animals
kept in oxygenated tanks with food. The results in Figure 1 show that
the stress induced by hypoxia/starvation (H/S) has a significant effect
on the expression of immune/stress-related genes, and that this effect
is different depending on the organ and the duration of stress. In the
pharynx, a short H/S stress induced a significant upregulation of C3-
1, Tnf, Tgfb, Lbp, VCBP-B, VCBP-C and GR (Figure 1A). An H/S
stress of 18 h induced expression of the IlI7r gene and further
increased Tnf expression, while upregulation of C3-1, Tgfb and Lbp
remained sustained at the same level, and that of VCBP-B and VCBP-
C returned to baseline (Figure 1B). The response of the gut to H/S
stress was substantially different. The short 2 h stress induced a strong
up-regulation of the C3ar and VCBP-C genes, and a significant
increase of 1117-2, Tgfb, Lbp, Trl-2, VCBP-B and SodA, while other
genes were only marginally affected (Figure 1C). After 18 h of H/S
stress, expression of C3-1, Il17r, Tnf and Cd36 was up-regulated, up-
regulation of the C3ar, VCBP-B and VCBP-C was sustained at the
same level, while that of Tgfb was further increased, and that of the
other genes decreased towards basal expression levels (Figure 1D).
Full data (mean levels of gene expression with SEM and statistical
analysis) are reported in the Supplementary Table S1. Thus, H/S
stress could induce substantial variations in immune/stress gene
expression both in the pharynx and in the gut, suggesting an active

TABLE 2 Immune/stress-related gene expression levels in the pharynx and gut of C. robusta.

Gene expression level # (mean + SEM)

Pharynx
Control Control
C3-1 2.52 + 1.49 454+ 1.22 1.22 % 0.50 0.10 + 0.05
C3ar 229 + 1.73 2.18 + 0.59 1.04 £ 0.21 6.55 + 1.08*
117-1 1.16 + 0.47 1.28 +0.38 1.08 + 0.29 0.53 +0.21
117-2 1.76 + 1.16 10.02 + 3.67** 1.49 + 0.94 1.30  0.19
117r 1.36 + 0.61 1.37 £ 0.49 1.09 + 0.33 0.03 + 0.01*
Tnf 1.19 + 0.40 623 + 5.7% 118 + 0.51 0.08 + 0.02
Tgfb 1.06 + 0.24 80.9 + 9.5% 212 +1.37 0.52 +0.24
Lbp 1.05 +0.23 1.90 +0.17 1.10 £ 0.35 0.31 + 0.09
Tir-2 131+053 11.37 + 1.41% 1.08 + 0.26 0.62 + 0.01
Tir13 1.04 + 0.20 0.45 + 0.14 1.35 + 0.74 0.28 + 0.04
Cd36 1.06 + 0.24 0.59 + 0.08 117 + 0.49 0.15 + 0.05
VCBP-B 111 £ 036 4129.5 + 1042.5** 1.25 + 0.61 0.00 + 0.00*
VCBP-C 1.09 +0.27 3024 + 6.35* 1.13 + 0.40 0.63 + 0.09
SodA 1.04 % 0.20 0.82 + 0.59 143 +0.79 0.50 + 0.15
GST 1.06 + 0.26 0.03 + 0.00** 243 +1.93 0.17 + 0.02
GR 1.09 +0.33 3.05 + 138 1.26 + 0.51 0.06 + 0.00*

“relative to Gapdh.
*p<0.05, **p<0.01, LPS vs. controls.
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Hypoxia/starvation stress-induced gene expression in the pharynx and gut of Ciona robusta. Gene expression was measured in the pharynx and in
the gut of animals exposed to hypoxia/starvation (H/S) stress (red line) for 2 h or 18 h. (A, B) gene expression in the pharynx; (C, D) gene expression
in the gut. (A, C) gene expression at 2 h; (B, D) gene expression at 18 h. Data are the mean of values from 3 animals and are expressed relative to
gene expression in control naive animals (blue line). The mean values of gene expression relative to the housekeeping gene Gapdh, the SEM values

and the statistical analysis are reported in the Supplementary Table S1.

immune adaptation to the environmental changes. The kinetic
differences in the expression profiles underline the evolution of the
adaptive changes, while the difference between the two immune
organs strongly support their distinct roles in immune responses.

3.2 Modulation of stress-induced immune
response by nanoplastics

To assess whether concomitant exposure to nanoplastics could
affect the stress-induced response, animals were exposed to
polystyrene beads of two different sizes (diameter 0.1 and 0.35
pum) in H/S conditions. After 2 or 18 h, the gene expression was
assessed. As shown in Figures 2 and 3, the presence of nanoplastics
could affect the gene expression changes induced by H/S both in the
pharynx and in the gut. In the pharynx, the presence of nanoplastics
induced some significant changes in the gene expression induced by
a 2 h exposure to H/S stress alone, i.e., further up-regulation of H/S
stress-induced Tgfb gene expression, and down-regulation of H/S
stress-induced C3-1 and Lbp gene expression (Figure 2A). Other
changes (e.g., up-regulation of the stress-induced decrease of I117-1
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and Cd36 genes) were not statistically significant. After 18 h, the
presence of nanoplastics induced several changes compared to H/S
alone, in particular a decrease in C3-1, Il17r and Tnf expression and
an increase of I117-2 (Figure 2B). In the pharynx, differences were
also noted between nanoplastics of different size, with the larger
particles in combination with H/S for 18 h able to up-regulate the
expression of C3ar, Tgfb, Tlr13, Cd36, VCBP-B and VCBP-C (not
induced by the combination of H/S and small nanoplastics).

In the gut, no substantial size-dependent effect of nanoplastics was
noted on the gene modulation induced by H/S stress (Figures 2C, D).
After 2 h of exposure to H/S stress in the presence of nanoplastics,
gene expression was either unaffected or decreased, with a significant
inhibition of C3-1, C3ar, Tgfb, Lbp, Tlr-2, and VCBP-C (Figure 2C).
After 18 h of combined exposure to H/S stress and nanoplastics, gene
expression changes were more evident than with the shorter exposure,
showing a significant decrease in the expression of C3-1, C3ar, Il17r,
Tnf, Tgfb, Cd36, VCBP-B and VCBP-C (Figure 2D). The increased
expression of Il17-1, SodA and GR genes in the presence of
nanoplastics was not statistically different from H/S stress alone.

Notably, the comparison of the gene expression profiles induced
by H/S stress and by H/S stress plus nanoplastics with those of naive
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Effect of nanoplastics on the hypoxia/starvation stress-induced gene expression in the pharynx and gut of Ciona robusta. Gene expression was
measured in the pharynx and in the gut of animals exposed to hypoxia/starvation (H/S) stress alone (red line) or combined with nanoplastics for 2 or

18 h. (A, B) gene expression in the pharynx; (C, D) gene expression in the gut. (A, C) gene expression at 2 h; (B, D) gene expression at 18 h. Nanoplastics
of two different sizes were used, 0.1 um (yellow line) and 0.35 um (green line). Data are the mean of values from 3 animals and are expressed relative to
gene expression in H/S-exposed animals. The mean values of gene expression relative to the housekeeping gene Gapdh, the SEM values and the

statistical analysis are reported in the Supplementary Table S2.

animals shows that the presence of nanoplastics may reduce some
of the gene expression changes induced by H/S stress (Figure 3).
This is particularly evident in the gut, both after a short or long
exposure to stress, where exposure to nanoplastics substantially
limited the up-regulation of several of the immune/stress genes
induced by H/S (Figures 3C, D). Full data (mean levels of gene
expression with SEM and statistical analysis) are reported in the
Supplementary Tables S2 and S3.

Thus, the presence of nanoplastics may dampen some of the
stressful effects induced by H/S, which however may result in
inadequate adaptation to the environmental changes.

3.3 Organ-specific modulation of immune/
stress-related gene expression by stress-
induced innate memory

We assessed the response to the prototypical bacterial agent LPS

in the pharynx and gut of animals that were previously primed by H/
S in comparison to unprimed controls. As described above for the
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primary response, the “memory” response was measured as
expression of immune/stress-related genes. As already mentioned,
the response of naive animals to LPS encompasses a general up-
regulation of immune/stress-related genes in the pharynx, opposite to
a general down-regulation in the gut (Table 2). In animals previously
exposed to H/S stress (either 2 or 18 h, followed by one week in tank
with proper oxygenation and nutrition) the response to LPS was
significantly different, implying the establishment of a stress-induced
innate memory, able to modulate the response to an infectious
challenge. In the pharynx, pre-exposure to H/S stress induce a
substantial decrease in the expression of several genes and the up-
regulation of the GST gene (Figure 4A, Table S4). Notably, down-
regulation exclusively occurred for genes that were up-regulated in
response to LPS in naive animals, while up-regulation occurred for
the only gene that was strongly down-regulated by LPS in naive
animals. This implies that animals exposed to H/S stress have
developed “tolerance” to LPS in the pharynx, as their expression
profile of immune/stress-related genes is similar to the basal
expression profile of untreated animals (Table S4). A similar
induction of “tolerance” to LPS was observed in the gut of animals
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Effect of the combined exposure to hypoxia/starvation and nanoplastics on the immune/stress-related gene expression in the pharynx and gut of
Ciona robusta. Gene expression was measured in the pharynx and in the gut of animals exposed to hypoxia/starvation (H/S) stress alone (red line) or
combined with nanoplastics for 2 or 18 h. (A, B) gene expression in the pharynx; (C, D) gene expression in the gut. (A, C) gene expression at 2 h;
(B,D) gene expression at 18 h. Nanoplastics of two different sizes were used, 0.1 um (yellow line) and 0.35 um (green line). Data are the mean of
values from 3 animals and are expressed relative to gene expression in control naive animals (kept in tank in optimal oxygenation and nutrition
conditions; blue line). The mean values of gene expression relative to the housekeeping gene Gapdh, the SEM values and the statistical analysis are

reported in the Supplementary Tables S2 (pharynx) and S3 (gut)

pre-exposed to H/S stress. While the response to LPS in the gut is a
general down-regulation of immune/stress gene-expression,
expression of these genes in response to LPS was higher in animals
pre-exposed to H/S stress (Figure 4B, Table S5). Thus, as in the
pharynx, pre-exposure to H/S stress induced a state of
unresponsiveness to LPS in the gut, with the gene expression
profile of H/S-primed animals challenge with LPS similar to that of
naive unchallenged animals (Table S5). No substantial differences
were observed between 2 vs. 18 h of pre-exposure to H/S stress
(Figures 4A, B).

3.4 Effect of nanoplastics on the organ-
specific stress-induced innate memory

We examined whether the combined exposure to H/S stress and
nanoplastics could affect the tolerance type of innate memory
response to LPS induced by H/S stress alone. Data in Figure 4
show the innate memory response to LPS of animals pre-exposed to
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H/S stress alone (H/S) or in the presence of small 0.1 pm
nanoplastics (H/S + Nlp 0.1) or 0.35 um particles (H/S + Npl
0.35), compared to unexposed animals (no priming). Notably,
nanoplastics appear to reverse in some cases the gene down-
regulation caused by pre-exposure to H/S stress in the pharynx
(e.g.» Tnf, Tgfb, VCBP-B) and increase the expression of genes that
were either up-regulated (GST) or not affected (Lbp, SodA) by H/S
stress (Figure 4A, Table S4). Some changes were common to
nanoplastics of both sizes, e.g., upregulation of Tnf and Lbp gene
expression, while other were size-specific, with larger particles able
to significantly upregulate SodA and GST, while small particles were
inactive (Figure 4A, Table S4). After 18 h, the nanoplastics effects on
H/S-induced changes were essentially maintained, except for the
loss of effects for small particles on H/S-induced down-regulation of
Tgfb and the up-regulation of GR by large particles. Notably, up-
regulation of C3ar was observed with larger particles (inactive at
2 h), while the effect of small particles (active at 2 h) was lost
(Figure 4A, Table S4). In the gut, both common and size-dependent
effects of nanoplastics were observed on the gene modulation
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FIGURE 4

analysis are reported in Supplementary Tables S4 (pharynx) and S5 (gut).

Stress-induced memory response to LPS in Ciona robusta. The response to LPS was measured in naive animals (no priming) and animals pre-exposed to
H/S stress alone (H/S) or with nanoplastics of 0.1 um (H/S + Npl 0.1) and 0.35 um (H/S + Npl 0.35) for 2 or 18 h. After pre-exposure, animals were then
transferred in tanks and kept in optimal oxygenation and nutrition conditions for one week, before receiving 50 ug LPS intratunically. Gene expression in
response to the LPS challenge was measured 24 h later. (A) gene expression in the pharynx; (B) gene expression in the gut. The heatmaps report the
results of gene expression (mean values from 3 animals relative to gene expression in unchallenged control animals). The SEM values and the statistical

induced by H/S stress (Figure 4B, Table S5). After 2 h of pre-
exposure to H/S stress in the presence of nanoplastics, small
particles could induce a statistically significant increase of the
expression of the Tgfb gene compared to H/S alone, an effect not
shared by larger particles (Figure 4B, Table S5), while after 18 h both
types of particles were active (Figure 4B, Table S5). After 18 h,
smaller particles were able to further increase the H/S-induced
expression of the VCBP-B and VCBP-C genes, as opposed to the
lack of effect by larger particles (Figure 4B, Table S5).

4 Discussion

Studies of inflammatory responses to LPS in tunicates have
demonstrated an up-regulation of cytokine-like genes such as Tnf
(25) and 117 (22), as well as complement components (30, 31),
mostly evident in haemocytes and in the pharynx. On the other hand,
data concerning the stress-induced response are poorly represented.
Several invertebrate species, such as oysters, are remarkably resilient
to fluctuating environmental conditions, and this adaptation is based
on a large repertoire of immune-related genes, many of which are
greatly expanded in the genome (32). Rather than on the main
circulating immune cells, the haemocytes, in our study we focused on
the pharynx and the gut, two organs involved in respiration and
digestion and therefore directly exposed to environmental stresses, to
assess the organ-specific immune adaptation. We found that an
environmental stress, represented by hypoxia and starvation (H/S),
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up-regulates the expression of a variety of immune/stress-related
genes, both in the pharynx and in the gut of C. robusta. Interestingly,
beyond the up-regulation in both organs of the complement gene C3-
1, the cytokine/cytokine receptor genes 1117+, Tnf, Tgfb and Lbp, the
chitin-binding protein genes VCBP-B and VCBP-C and the stress-
related gene GR, we could observe a gut-specific up-regulation of
C3ar, Tlr-2 and CD36. We also examined how the additional
presence of another environmental stress, i.e., nanoplastics, may
affect the adaptation reaction to H/S. In the pharynx, co-exposure
to H/S and nanoplastics induces an enhanced up-regulation of the
1117-2, Tgfb, VCBP-B and VCBP-C genes, a substantial down-
regulation of Tnf, and no change in the other genes. On the
contrary, the effect of nanoplastics co-exposure in the gut is a
general down-regulation of all the immune/stress-related genes.
These data suggest two scenarios. First, while the H/S stress
strongly affects the expression of immune/stress-related genes, in
line with the expected adaptation to the changing environmental
conditions, such effects are different between the two immune organs,
stressing their different immune protective role. The second
observation is that the presence of nanoplastics interferes with the
stress-induced immune response, which may therefore affect the
adaptation capacity of the animals.

It is interesting to examine the regulation of the Lbp gene in
response to LPS (used as positive control) vs. stress. In mammals,
LBP is induced by LPS stimulation and displays a concentration-
dependent modulation of LPS activity: at low concentrations, LBP
shuttles LPS to monocytes or other immune cells, whereas at high
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concentration it inhibits the endotoxic activity of LPS by facilitating
its elimination (33-35). Unexpectedly, in the present study we
found that the Lbp gene in C. robusta is unresponsive to LPS
stimulation in both organs, while it is up-regulated by H/S stress in
particular in the pharynx. These results seem to suggest that Lbp
activation is independent of LPS, but necessary in the adaptive
immune reaction initiated by H/S stress. Notably, this protective
effect is partially abolished in presence of nanoplastics, supporting
the hypothesis that animals exposed to nanoplastics may be less able
to adapt to environmental changes.

The induction of innate memory was examined in the pharynx
and in the gut of animals previously exposed to H/S stress alone or
together with nanoplastics. Pre-exposed animals were administered
with LPS, and the expression of immune/stress-related genes was
compared to that of naive animals. Upon previous H/S and
H/S nanoparticles experience, haemocytes and/or pharynx cells
react to a systemic LPS challenge by turning off most immune/
inflammatory response as compared to unprimed animals, a
response that compatible with a tolerance type of innate memory,
while only transcription of GST is increased in animals pre-exposed
to H/S and nanoplastics. GSTs are a multigene family of isozymes
that catalyse the conjugation of glutathione (GSH) to several
molecules. In our animal model, we could hypothesise that
immune memory in the pharynx is linked to the oxidative stress
generated by hypoxic conditions, which may be exacerbated in the
presence of nanoplastics. In fact, nanoplastics may amplify the
oxidative and inflammatory effects of H/S by reducing the filtration
rate of the animals and related O, supply, by clotting mucus and
clogging the pharynx stigmata. Upon challenge with LPS, known to
lower the GSH levels in vertebrate models (36), there is a strong
upregulation of the GST gene in animals pre-exposed to H/S and
nanoplastics, likely underlying a memory-dependent protective
response aiming at restoring the tissue GSH pool and its
detoxification effects.

In order to appropriately assess the innate memory induced by
H/S and nanoplastics in the gut, it is important to keep in mind some
organ-related effects. The role of starvation in the gut is twofold. As in
all tissues and organs, together with hypoxia, starvation contributes in
eliciting oxidative and inflammatory stress. More specifically in the
gut, starvation impairs mucus production/transport to the post-
branchial digestive tract, and this makes the gut epithelium more
vulnerable to microorganism colonisation. Regarding the effect of size
and time of exposure to nanoplastics, we expect bigger particles to
accumulate more easily in the gut after being trapped by mucus in the
pharynx (8), thereby depleting the external nanoplastics
concentration with time. In the memory experiments, the gut from
primed animals reacts to an LPS challenge by increasing the
expression of VCBP genes. This upregulation likely occurs in newly
differentiating cells of the stomach. Since the stomach is the tract of
the gut system with the fastest cell-renewing rate (about 14 days from
stem cells to fully mature cells) (37), we can hypothesise that the stem
cells primed by H/S and nanoplastics start expressing VCBP genes
during the LPS-induced differentiation. Previous studies on VCBP
expression in adult animals showed that VCBP-C is expressed in
crypts, the stem cells reservoir, and in mucous cells, located at the
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junction between stomach and intestine, whereas VCBP-B is detected
in folds, with a scattered pattern (38). Therefore, the potentiation of
VCBP-B seems to represent a true memory-induced protective
response, while the upregulation of VCBP-C may represent a
sustained response, i.e., a re-stimulation of a response already
ongoing in developing stem cells.

The most striking findings in this study regard the regulation of
the VCBP genes. Chitin-binding peptides/proteins and chitinase-like
proteins are involved in constitutive and induced resistance to fungal
colonisation, and are found in a number of organisms (39), including
bacteria (40), plants (41), invertebrates (42, 43) and humans (44). The
antifungal activity of these proteins is likely the result of their binding
to nascent fungal cell wall chitin, through their chitin-binding lectin-
like domain (CBD), resulting in disrupted fungal cell polarity with
concomitant inhibition of growth (39). The variable region-
containing chitin-binding domain proteins (VCBPs), thus far
identified in two protochordates, the amphioxus Branchiostoma
floridae (45) and the ascidian Ciona robusta (28), are secreted
molecules expressed in stomach and gut lumen and in blood (28,
38). These proteins are thought to actively contribute to gut
microbiota homeostasis via their IgV domains (46), while the Ig
domains apparently have a structural role that allows for optimal
binding to the cell walls, sporangia (spore-forming bodies) and spores
of a diverse set of filamentous fungi isolated from the Ciona gut (47).
The function of VCBPs secreted in the blood has been ascribed to
their opsonising activity towards bacteria, mediated by the Ig
domains with the contribution of CBD (27, 48). Since most studies
focused on VCBP expression in the stomach and gut, there is no
information about their expression and possible role in the pharynx,
the filter feeding organ of the animal from which food particles
entangled in mucus, secreted by the endostyle, are moved to the
alimentary canal to be digested.

In our study, we have assessed the expression of VCBP-B and
VCBP-C in the gut and in the pharynx of C. robusta in response to
various stimuli, both as primary immune reaction and in immune
memory responses. The VCBP-B gene product, expressed in the
stomach of adults and in blood cells of Ciona, is a protein displaying
one IgV domain, one Ig-like domain and one CBD. Conversely, the
VCBP-C gene product, expressed in the stomach and gut of juvenile
and adult animals and in blood cells, displays two Ig-like domains (no
IgV domain) and a CBD. The differences in their expected functions
are however not known (48). We observed that these genes are
sensitive to every stimulus administered to animals, but in an organ-
specific way. In response to systemic LPS, both genes were strongly
up-regulated in the pharynx (over 4000-fold for VCBP-B), while in
the gut the basal VCBP-B expression was decreased to zero in
response to LPS and that of VCBP-C was not affected. Examining
the gene expression in response to H/S stress, we observed a
significant up-regulation of both genes (about 5-8-fold for VCBP-B
and 200-fold for VCBP-C) upon both short and long stress. We could
hypothesise that H/S stress decreases the mucus production and/or
mucus transport (10) from the endostyle to the gut, and consequently
the gut epithelium is less protected, resulting in an inflammatory
condition similar to the experimental colitis in the mouse, which also
displays a significant functional/physical impairment of the gut
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barrier (49). In the mouse colitis model, the disease is associated with
an overgrowth of Candida albicans (50). Fungal overgrowth in the
gut is in turn associated with dysbiotic changes in the gut microbiota
and alterations of the digestive mucosa that promote C. albicans
translocation across the digestive intestinal barrier and its
haematogenous dissemination and invasive fungal infections (51,
52). Therefore, we can hypothesise that, following a stressful event
compromising the mucus production/transport, the strong up-
regulation of VCBP genes (mostly VCBP-C whose tissue expression
pattern involves the majority of stomach outer folds and gut) could be
due to the urgency of fighting epithelium colonisation by
microorganisms. When animals are exposed to nanoplastics in the
same H/S conditions, the up-regulation of VCBP-C was lost, similar
to other genes, probably because of a higher toxicity of particles for
the gut cells, poorly protected by mucus.

In the pharynx, LPS was extremely potent in up-regulating the
expression of VCBP-B. So far, this gene was known to be expressed in
the stomach of adult individuals and in granular amoebocytes (28,
38), but our qPCR data could also show an expression in the pharynx.
However, the systemic LPS administration implies the stimulus
reaching the blood, thus it is possible that granular amoebocytes
contribute to the gene up-regulation observed in the pharynx. From
our previous study (27), we know that the intratunical LPS
administration in Ciona triggers an inflammatory response, which
entails blood cell composition changes as well as a transcriptomic
modulation of several genes. The strong induction of VCBP-B
expression in the pharynx of LPS-treated animals is consistent with
a close relationship between VCBPs and inflammatory environments
and bacterial burden. Such correlation is supported by data in
different systems. For instance, the human chitinase-3-like protein
1 (YKL-40) is highly expressed in serum from healthy volunteers
inoculated with Escherichia coli endotoxin (53). In S. pneumoniae-
infected mice, the Chi3ll protein is up-regulated and plays central
roles in promoting bacterial clearance and mediating host tolerance
through inhibition of macrophage pyroptosis (54).

Although the exact functions of different VCBP proteins are still
unknown (48), our data support the hypothesis that VCBPs exhibits
a tissue-specific protective function, with VCBP-B mainly involved
in patrolling the pharynx/blood district, whereas VCBP-C is mainly
involved in the control of gut homeostasis.

In conclusion, our study demonstrates that C. robusta mounts a
potent organ-specific adaptation response to environmental changes
(the combination of hypoxia and starvation) and that such response
depends on the duration of stress. The adaptation response is different
in the pharynx and the gut or H/S-exposed animals, underlining the
different protective role of the two organs. The presence of
nanoplastics, in combination with H/S stress, changes gene
expression as compared to H/S alone, resulting in an anomalous
expression profile in the pharynx after 18 h of exposure and in a
general inhibition of the H/S-induced changes in the gut. This may
result in a hampered capacity of the animals to adapt to the
environmental changes. When assessing the immune response to a
bacterial challenge (LPS) in animals pre-exposed to H/S with or
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without nanoplastics, we could observe that the strong reaction to
LPS in the pharynx was substantially decreased in animals that had
previously experienced an H/S stress, whereas the low/down-regulated
gene expression in the gut in response to LPS was generally abolished
in previously stressed animals. Thus, animals experiencing
environmental stress mount a robust adaptation response, based on
changes in the expression of several immune/stress-related genes.
Such adaptation (immune memory) strongly influences the immune
reaction to a subsequent infectious challenge, which is less strong both
in the gut and in the pharynx. We can hypothesise that the mitigation
of the response to LPS (decrease in gene up-regulation in the pharynx
and increase of gene down-regulation in the gut) may have a double
effect, less protective capacity against infections but also less self-
damage caused by an exceedingly strong reaction. It is notable that the
presence of nanoplastics, which has effects on the primary adaptation
response, does not have substantial effects on the H/S stress-induced
memory reaction to ensuing challenges. This may be interpreted as an
interference (likely due to particle accumulation in tissues) with the
tissue homeostasis and functionality, i.e., with adaptation to the
environmental changes, which however does not substantially affect
the defensive capacity (measured as memory response to an
infectious challenge).
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Transcriptional and proteomic
analysis of the innate immune
response to microbial stimuli in a
model invertebrate chordate

Assunta Liberti*™*, Carla Pollastro™, Gabriella Pinto*?,
Anna llliano*?, Rita Marino*, Angela Amoresano??,
Antonietta Spagnuolo® and Paolo Sordino™

Biology and Evolution of Marine Organisms (BEOM), Stazione Zoologica Anton Dohrn, Naples, Italy,
2Department of Chemical Sciences, University of Naples Federico I, Naples, Italy, ®Istituto Nazionale
Biostrutture e Biosistemi-Consorzio Interuniversitario, Rome, Italy, “Biology and Evolution of Marine
Organisms (BEOM), Stazione Zoologica Anton Dohrn, Sicily Marine Centre, Messina, Italy

Inflammatory response triggered by innate immunity can act to protect against
microorganisms that behave as pathogens, with the aim to restore the
homeostatic state between host and beneficial microbes. As a filter-feeder
organism, the ascidian Ciona robusta is continuously exposed to external
microbes that may be harmful under some conditions. In this work, we used
transcriptional and proteomic approaches to investigate the inflammatory
response induced by stimuli of bacterial (lipopolysaccharide -LPS- and
diacylated lipopeptide - Pam2CSK4) and fungal (zymosan) origin, in Ciona
juveniles at stage 4 of metamorphosis. We focused on receptors, co-
interactors, transcription factors and cytokines belonging to the TLR and
Dectin-1 pathways and on immune factors identified by homology approach
(i.,e. immunoglobulin (Ig) or C-type lectin domain containing molecules). While
LPS did not induce a significant response in juvenile ascidians, Pam2CSK4 and
zymosan exposure triggered the activation of specific inflammatory
mechanisms. In particular, Pam2CSK4-induced inflammation was
characterized by modulation of TLR and Dectin-1 pathway molecules,
including receptors, transcription factors, and cytokines, while immune
response to zymosan primarily involved C-type lectin receptors, co-
interactors, lg-containing molecules, and cytokines. A targeted proteomic
analysis enabled to confirm transcriptional data, also highlighting a temporal
delay between transcriptional induction and protein level changes. Finally, a
protein-protein interaction network of Ciona immune molecules was rendered
to provide a wide visualization and analysis platform of innate immunity. The in
vivo inflammatory model described here reveals interconnections of innate
immune pathways in specific responses to selected microbial stimuli. It also
represents the starting point for studying ontogeny and regulation of
inflammatory disorders in different physiological conditions.

KEYWORDS

inflammatory response, innate immunity, Ciona robusta, marine invertebrates, microbial
stimuli, transcriptional analysis, proteomic analysis, protein-protein interactome
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1 Introduction

The ascidian Ciona robusta is a filter-feeding marine species
belonging to Tunicata, the sub-phylum most closely related to
Vertebrata within the phylum Chordata (1). This species
commonly thrives in polluted habitats highly enriched in
pathogenic and nonpathogenic bacteria, fungi and viruses,
sensing either potentially infectious ones or establishing
homeostatic relationships, respectively. C. robusta is a
consolidated experimental system in a wide array of biological
fields (2-5) including immunology since, like all invertebrates, it
possesses only innate immunity as a defense strategy against
infections (6). The absence of the adaptive immune system
facilitates studies of the innate immune crosstalk with the
environment and of the establishment and maintenance of
homeostasis with nonpathogenic and “foreign” microorganisms.
In recent years, this marine species has been exploited for studies of
host-microbiome interactions within the digestive tract in relation
to microbial settlement and mucus colonization, leading to the
characterization of different elements of the gut environment, such
as chitin-rich mucus and a subset of secreted immune effectors (7,
8). Ciona has also been used in the context of identifying and
defining immunological memory as a consequence of sophisticated
responses mediated by trained immunity after inflammatory
challenges (9).

The study of inflammatory mechanisms is essential to
understanding the role of the immune system in the interaction
with microbiota (10), and as a sentinel in cellular and tissue
homeostasis (11-13). When these conditions deviate from
homeostasis, activation of inflammatory pathways can help to
restore the physiological equilibrium (11). In Ciona, several
genomic and transcriptional studies have focused on the role of
the innate immune system in the inflammatory response after
challenges mainly with lipopolysaccharide (LPS) (reviewed in
(14)), a component of Gram-negative bacterial membrane that
belongs to the category of pathogen-associated molecular patterns
(PAMPs). The knowledge of the immune repertoire of C. robusta is
based on domain sequence similarities and phylogenetic
relationships with their vertebrate counterparts (14), while the
immunological role was functionally confirmed at the protein
level in only few cases (15-17).

Several classes of immune factors have been recognized in C.
robusta, such as i) pathogen recognition receptors (PRRs) like the Toll-
like receptors (TLRs) TLR1 and TLR2 (17, 18) and C-type lectin
receptors (CLRs) like CD94 (19); ii) cytosolic lectins like galectins,
collectins (i.e. mannose-binding lectins) and intelectins (14, 20-24); iii)
molecules of the complement system like C3 and its receptor C3aR (15,
16, 25, 26); iv) cytokines like the three interleukin-17 family members
IL17-1, IL17-2 and IL17-3, the interleukin receptor IL17-R (27), the
tumor necrosis factor oo (TNFox) (28), the transforming growth factor
beta (TGF-B) (29) and the macrophage migration inhibitory factor
(MIF) (30), v) defensins like the molecule against microbes A precursor
(mamA) (31); and vi) cytokine induction mediators like the gene
coding for the transcription factor nuclear factor kappa B (NF-xB) (17,
32). All these immune molecules are transcriptionally, and sometimes
translationally, upregulated in hemocytes and pharynx following

Frontiers in Immunology

10.3389/fimmu.2023.1217077

subtunical injection of LPS in the pharyngeal wall, the first portion
of the digestive tract of adult individuals of C. robusta (14). Moreover,
C3 and C3aR have been proven to exert a chemotactic activity on
ascidian hemocytes (15, 16). Here, our analyses of mRNA and protein
expression patterns included most of these molecules, as well as
additional genes putatively involved in the inflammatory response
that were identified by homology search analysis in the current study.

An important experimental advantage of adopting C. robusta in
comparative immunology is the capacity to perform in vitro
fertilization and rear thousands of transparent filter-feeding
juveniles. Metamorphic stage 4 of juvenile development (1
ascidian stage) is the first filter-feeding stage in the life cycle of
Ciona (33), and can be used for investigating the inflammatory
response to environmental microbial components at the early phase
of immune system development and maturation. While the
inflammatory response in adult ascidians usually involves
stimulus injection in the body wall, stage 4 C. robusta juveniles
can be exposed to resuspended, exogenous, and sometimes harmful
compounds that can be ingested by filtration, thus reproducing a
more natural physiological condition. In this work, this juvenile
stage was used to explore the activation of key components of the
innate immune response in the whole animal after exposure to
different PAMPs.

The inflammatory molecules used in this study include
components of bacterial [i.e., LPS and diacylated lipopeptide
(Pam2CSK4)] and fungal (i.e., zymosan, an insoluble preparation of
Saccharomyces cerevisiae cell wall, consisting of B-glucans, mannans,
mannoproteins and chitin) cell walls. Of note, the effect of Pam2CSK4
[present in both Gram-positive and Gram-negative bacteria (34, 35)]
on Ciona immune response has not been previously investigated. In
mammals, these stimuli are described to be agonists of TLRs and
Dectin-1. Specifically, LPS is an agonist of human TLR4 (36, 37),
Pam2CSK4 is an activator of TLR2/TLR6 heterodimer (38), and
zymosan is an agonist of human TLR2 and Dectin-1 (39). In a
previous study conducted by Sasaki and coworkers using Ciona
adults, activation of TLRs was induced by zymosan and not by
another lipopeptide, Pam3CSK4 (17).

Here, we gathered evidence in support of specific transcriptional
and translational changes induced by PAMPs, and of possible
interactions between molecules and pathways involved in the
immune response, specifically TLRs and Dectin-1 pathways. In
summary, this study depicts C. robusta as a unique chordate
organism for studying factors and mechanisms that modulate
immune activation and homeostasis, thus supporting its use as a
viable experimental system in translational research and
biotechnological approaches.

2 Materials and methods

2.1 Ethics statement and animal sampling
The research described herein was performed by using Ciona

specimens collected in the Mar Piccolo of Taranto (Taranto, Italy, ~40°

2929”N, 17°17°55”E) and in the Fusaro lagoon (Naples, Italy, ~40°
49’10”N, 14°03"28”E), in locations that are not privately-owned nor
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protected in any way, according to the authorization of Marina
Mercantile (Decree of the President of the Republic (DPR) 1639/68,
Sep. 19, 1980, confirmed on Jan. 10, 2000). The study did not involve
mammalian or vertebrate subjects, or endangered or protected species,
and was carried out in strict accordance with European (Directive
2010/63/EU) and Italian (Legislative Decree n. 26/2014) legislation for
the care and use of animals for scientific purposes. C. robusta is
considered an introduced species and is not regulated or protected by
environmental agencies in Italy. The animal collection services
contracted in this study maintain current permits and licenses for
collection and distribution of marine invertebrates to academic
institutions. No special permission was required to collect ascidians,
and animal handling was in accordance with the guidelines of our
academic institutions. Animals were recovered and brought to the
laboratory alive and maintained in clean water with aeration,
temperature control and properly fed. In accordance with general
animal protocols, the least number of specimens required per
experiment were utilized. Animal waste products were
disposed appropriately.

2.2 Juvenile treatment and sample
preparation for gene expression and
proteomic analyses

To obtain stage 4 Ciona juveniles, in vitro fertilization was
performed using eggs and spermatozoa surgically collected from the
gonoducts of different animals that had been exposed to constant light
to elicit gamete maturation. In vitro egg fertilization follows the
procedure described previously (40), with the exception that 0.22 uM
filtered seawater (FSW) was used and no sterilization step was
performed. After the time required for egg fertilization (about 10
minutes), fertilized eggs were diluted in FSW in 150 mm Petri dishes
and raised at 18°C. Eighteen hours (hr) later, when animal have
reached the non-feeding swimming tadpole larval stage, batches
containing at least 90% normally developed larvae were selected for
inflammatory treatments. Then, larvae were gently transferred to 6-well
plates containing 4 ml FSW and 600-700 larvae per well. Animals were
let to grow O/N at 18°C, and the day after the FSW was replaced with
fresh one to eliminate post-metamorphic stages not attached to the
dish, or unsettled larvae not properly developed. When juveniles have
reached stage 4 (33), 3-4 days post fertilization, they were ready to be
treated with different inflammatory stimuli, such as LPS (Sigma
#1.2880), Pam2CSK4 (InvivoGen #tlrl-pm2s-1) and zymosan
(InvivoGen #tlrl-zyn). We referred to literature for the concentration
of each inflammatory agent that best suits the activation of the immune
system. LPS is usually injected in adults in the quantity of 100 ug
dissolved in marine solution (27-29), or resuspended in a cell line-
based heterologous system at the concentration of 2.5 and 5 pg/ml (17).
Here, we used LPS at an intermediate concentration of 10 pg/ml. The
triacylated form Pam3CSK4 was tested on cell lines in a heterologous
system at the concentration of 0.5 and 2 pg/ml (17). Here, we used
Pam2CSK4 at 1 and 10 pg/ml concentrations. The third inflammatory
agent, zymosan, was reported in Ciona as a modulator of TLR
activation in an in vitro heterologous system at the concentration of
100 pg/ml (17). Here, we used it at 10 and 100 ug/ml concentration.

Frontiers in Immunology

10.3389/fimmu.2023.1217077

Each compound was resuspended at the appropriate concentration in
4 ml of 0.22 pm FSW, and animals were treated with these solutions for
30 minutes (min), 2 hr and 4 hr, while control animals were exposed to
normal FSW. At the end of each time treatment, samples for gene
expression analysis were collected in RNAlater by replacing the FSW
supplemented with the microbial stimulus with 1 ml RNAlater solution
in each well. Sample storage followed the manufacturer’s instruction;
briefly, after O/N incubation in RNAlater at room temperature (RT),
RNAlater solution was removed and samples (whole animals still
attached to the bottom of 6-well plates) were frozen at -20°C for
long term storage until RNA extraction. In turn, samples for proteomic
analyses were processed by removing FSW supplemented with the
microbial stimulus followed by fast freezing in dry ice and storage at
-80°C until protein extraction.

2.3 Gene expression analysis

2.3.1 The identification of immune molecules

To search for new immunocompetent molecules, we used
orthologous gene search and homology domain approaches to
explore the C. robusta genome annotation databases ANISEED
(v.2019) (41), NCBI (42) and UCSC Genome Browser (assembly ID:
ci3 (43)). A combination of tools (e.g., PSI-BLAST (44), BLAST v.2.13.0
(45) and Jalview v.2.11.2.0 (46)) and resources (e.g, UniProt (47),
InterPro (48) and SMART (49)) was used to compare protein
functional and structural domains and to analyze the percentage of
sequence identity of molecules of interest between Ciona robusta and
Homo sapiens. The following protein domains were used as queries: 7)
C-type lectin (CTL) or carbohydrate-recognition domain (CRD)
(CLECT); ii) interferon regulatory factor (IRF) domain (also known
as tryptophan pentad repeat); and iii) immunoglobulin (Ig) and
immunoglobulin-like (Ig-like) domains.

2.3.2 RNA extraction

Total RNA was extracted from whole-body Ciona juveniles using
RNAqueousTM—Micro Total RNA Isolation Kit (Invitrogen #AM193)
following manufacturer’s instructions. Briefly, juvenile samples
collected in 6-well plates as described in the previous section, were
allowed to thaw slowly before proceeding to RNA extraction. After
adding lysis bufter, samples were detached by scraping using flat blade
cell lifter, collected, and transferred to 1.5 ml microtube, and
mechanically broken using an ultra sonicator (Branson) for 15
seconds (sec) at 20% of maximum power. RNA extracted was eluted
in 20 pl elution buffer, and subsequently DNA contamination was
eliminated by performing DNase step as described in the
manufacturer’s procedure. RNA quality and quantity were evaluated
through agar gel electrophoresis and NanoDrop spectrophotometer
(ThemoFisher) reading, respectively.

2.3.3 Quantitative reverse transcription
PCR analysis

Single-stranded cDNA was synthesized from 1 pg of total RNA
employing QuantiTect Reverse Transcription kit (Qiagen
#205311). Gene expression was analyzed by quantitative reverse
transcription PCR (RT-qPCR) on cDNA from control juvenile
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samples and juvenile samples exposed to the different microbial
stimuli. Primer sequences for the genes to be examined are listed in
Supplementary Tables 1A, B. Actin gene was used as reference for
internal standardization.

The amplification efficiency of each RT-qPCR primer set was
assessed employing 10-fold serial dilution of juvenile cDNA or it
was already tested in a previous work, employing 10-fold serial
dilution of cDNA synthetized from Ciona digestive tract (50)
(Supplementary Tables 1A, B). RT-qPCR was performed
according to the manufacturer’s recommendation with the Fast
SYBR Green MasterMix (Applied Biosystems #4385612), 0.28 uM
of each primer and 5 ng of cDNA per reaction. A denaturation step
at 95°C for 20 sec, 40 amplification cycles (95°C for 1 sec and 60°C
for 20 sec) and a Melt Curve step (95°C for 15 sec, 60°C for 1 min
and 95°C for 15 sec) were employed. Reactions for each sample were
performed in triplicate on five or six biological replicates. In order
to calculate mRNA expression level (mRNA RQ) relative to the
control sample of each fertilization, data were analyzed with Vi ™ 7
Real-Time PCR software (Life Technologies) and quantified with
the comparative C; method (27241 based on Ct values. Expression
level of the selected genes is indicated as fold change. Results
are represented as violin plots, showing the full distribution of
the data, reported as value of the fold change of each sample
(biological replicate), and the median for each condition analyzed.

Significance of the relative 24"

of each group (biological replicates
n =5 or 6), compared to the controls, was determined using ‘paired
parametric t-test’. One-way ANOVA analysis, according to
normality test results, performed on each gene, was employed to
determine statistically significant differences between the three time
points for each microbial stimulus treatment. The statistical
analyses were performed using GraphPad PRISM software,

version 9.3.1.

2.4 Targeted proteomics analysis

2.4.1 Protein extraction and samples preparation
for mass spectrometry analysis

Total protein extraction from whole-body C. robusta juveniles
followed the same procedure used for RNA extraction (paragraph
2.3.2) with the exception that the juveniles were lysed in 2% CHAPS
buffer (100 ul per well, Sigma #C9426) and mechanically broken
using an ultra sonicator (Branson) for 30 sec at 20% of maximum
power. Sample lysates were then centrifuged at 13,000 rpm for
15 min at 4°C, supernatants were collected in 1.5 ml microtubes and
stored at -80°C. An aliquot of 30 ul of each protein lysate was
subjected to the in-solution digestion protocol by reducing with 100
mM dithiothreitol (dissolved in 50 mM ammonium bicarbonate) to
a final concentration of 20 mM and incubated for 60 min at 60°C.
After cooling the protein solution at RT, the protein cysteines were
alkylated by adding iodoacetamide to a final concentration of 40
mM, followed by incubation in the dark for 45 min at RT. A
solution of formic acid was added at a final concentration of 1% to
block the alkylation reaction and proteins precipitated by a
chloroform/methanol/water precipitation protocol (51).
Supernatants were removed and the pellets dried. Digestion of
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protein mixtures was carried out in 10 mM ammonium
bicarbonate by using trypsin at 50:1 protein:enzyme mass ratio.
The samples were incubated at 37°C for 16 hr, and the trypsin
digestion stopped by acidification of the peptide’s mixture.

The peptides were dried under vacuum and finally resuspended
in 50 ul of 0.1% HCOOH for a further desalting step using manually
equipped tips with three Empore disc C18 (Merck, #66883-U)
before the liquid chromatography-mass spectrometry tandem
(LC-MS/MS) analysis in Multiple Reaction Monitoring ion
mode (MRM).

2.4.2 LC-MS/MS analysis

The peptide mixture was analyzed by LC-MS/MS analysis using
a Xevo TQ-S (Waters, Milford, MA, USA) equipped with an ionkey
coupled to an Acquity UPLC system (Waters, Milford, MA, USA).
For each run, the peptide mixture (2 pl) was injected and separated
on a BEH C18 peptide separation device (1304, 1.7 um, 150 um X
50 mm) at 45°C with a flow rate of 3 pl/min using an aqueous
solution (LC-MS grade) containing 2% ACN as a mobile phase A
and 98% ACN of an aqueous solution as a mobile phase B, both
acidified with 0.2% HCOOH. The gradient for the MRM method
started with 7% buffer B for 5 min, from 5 to 40 min reached 50%
buffer B to 95% buffer B during the next 2 min. The column was
finally re-equilibrated to initial conditions for 4 min. The
parameters of the MS source were as follow: 3900 V as ion spray
voltage, 150°C interface heater temperature, 150 I/h gas flow with
7 bar nebulizer pressure.

MRM mass spectrometric analyses were performed in positive
ion mode for the run time with 5 points per peak and 3 min dwell
times. The cone voltage was set to 35 V. A range of 300-1000 m/z
was preferentially selected as precursor or product ions.

2.4.3 Informatics tools

The latest version of Skyline software (22.2 - 64 bit version
MacCossLab Software, University of Washington, USA) (52) was
used for in silico selection of peptides with proteotypic sequences for
each selected protein. For each peptide, m/z precursor ion, m/z
product ion, and relative collision energy were provided by Skyline
(Supplementary Table 2). Seven and thirty amino acid-long tryptic
proteotypic peptides, preferably without missed cleavages and
devoid of methionine and cysteine residues, were chosen for the
development of MRM assays. Sequences with a proline (P) on the
C-terminal side of arginine (R) or lysine (K) or showing the NXT or
NXS glycosidic consensus motif were also excluded. The six
transitions of proteotypic peptides were selected for method
development based on the y-fragment ions.

2.4.4 Statistical analysis

The areas of extracted ion chromatograms of all proteotypic
peptides for each protein were averaged to get a value representative
of a specific protein. Such values were uploaded on Perseus software
(53) used for the statistical analysis. Expression values of each
protein were log2 transformed to obtain a Perseus matrix. Finally,
heatmap of cluster analysis and principal component analysis
(PCA) were performed by using the obtained Perseus matrix.
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2.5 In silico analysis of
potential interactions

To increase knowledge about the landscape of molecular
dynamics triggered by inflammation, a protein-protein interaction
map was generated using the STRING database (54). Multiple
sequence queries were followed by evaluation of protein sequence
identity by means of Multiple Sequence Alignment (MSA) in
Jalview (46) and BlastP (44, 45). The resulting interaction
networks were modified and merged with the Cytoscape v.3.9.0
software (55) in order to build a complete protein-protein
interactome in which to connect all molecules whose gene
expression was analyzed in this study. Among the applications
available in Cytoscape “App Manager” for functional analyses of
immune-related pathways, we installed and used the STRING
Enrichment application, that is based mainly on KEGG
(56), SMART, COMPARTMENTS (57), Panther (58, 59),
AmiGO 2 (60) and QuickGO (61), Pfam (62), InterPRO and
Reactome (63) databases. This application was used to retrieve
annotations about compartmentation, Gene Ontology (GO),
pathway analysis and domain analysis of the selected nodes of
the map. The main findings are reported in the protein-protein
interaction network.

3 Results

3.1 Experimental setup: concentration and
exposure time to microbial stimuli

In this study, the effect of 30 min, 2 hr and 4 hr exposure to
microbial stimuli in C. robusta juveniles has been investigated by
evaluating changes in the expression levels of immune genes and
proteins in the whole-body animal (Figure 1A). Also, juveniles were
exposed for 4 hr at all selected concentrations (10 pLg/ml LPS, 1 and
10 pg/ml Pam2CSK4, 10 and 100 pg/ml zymosan), raised in FSW
for 24 hr, and then analyzed for survival and altered gross
phenotypes. In all experimental conditions, juveniles were alive
and morphologically normal, suggesting that the concentrations of
the microbial stimuli did not trigger a strong immune response that
could be lethal for the animals (Figure 1B).

3.2 Immune gene mining and expression

Previous studies have identified the main molecular actors of
the innate immune system of C. robusta, revealing high-rate
conservation of PRRs, cytokines and complement system
molecules, to name a few. In our work, to widen the spectrum of
molecules that could be responsive to the inflammatory stimuli here
tested, more counterparts of genes involved in the inflammatory
response of vertebrates were included. The genes encoding the
tyrosine-protein kinase SYK and Nuclear factor of activated T-cells
5 (NFATS5), respectively co-interactor and transcription factor of
PRR pathways, were identified by orthologous gene search and had
already been annotated (http://www.aniseed.cnrs.fr). Then, more
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immune genes were uncovered by homology search analysis of C.
robusta genome and proteome (Table 1). Specifically, we searched
for molecules containing the CLECT and the Ig domains, since they
are present in proteins with immune functions (64-67), and the IRF
domain contained in the homonymous transcription factor
involved in PRR pathways (68).

The CLECT domain allowed to identify the Dectin-1 CLR
family 4 members M (CLEC4M) and F (CLEC4F), and
Macrophage mannose receptor 1-like (MR). Ig- or Ig-like
domains were found in FAM187A, fibronectin (FN), fibronectin
like (FN-like), and tyrosine-protein kinase receptor 3 (TYRO3).
TYRO3 is a receptor which is also characterized by FN and Tyrosine
kinase catalytic domains and is involved in inflammation resolution
(69, 70). FAM187A (Cirobu.g00001161) groups together with the
ascidian Botryllus schlosseri Triggering receptor expressed on
myeloid cells (TREM)-like 2 gene (TREML2) (Boschl.g00005277)
in the “Gene Phylogeny” section of the ANISEED database. In
human, the TREM2 pathway is expressed in various tissue
macrophages, such as the microglia of the central nervous system,
and increasing evidence suggests that TREM2 is involved in
neuroinflammatory responses and neurodegenerative diseases like
Alzheimer and Parkinson (71, 72) and contributes to mucosal
inflammation in the digestive tract during the development of
colitis in mice (73). The IRF domain was present in IRF-like
gene. Furthermore, search for C. robusta NFATS5 led to the
identification of FAM136A, a mitochondrial protein conserved
across metazoans (74) whose human orthologue shows a
correlation with Meniere’s disease, an inner ear problem with an
autoimmune condition (75).

In detail, the effect of LPS, Pam2CSK4 and zymosan has been
tested on the activity of the following Ciona factors: i) immune
receptors such as TLR1, TLR2, CLEC4M, CLEC4F and MR; ii) Ig-
like V-type domain-containing proteins as FAM187A, FN, FN-like
and TYRO3; iii) the co-interactor SYK; iv) transcription factor
coding genes NF-kB, IRF-like and NFAT5; v) FAMI36A; vi)
cytokines IL17-1, IL17-2, IL17-3, and their receptor IL17R,
TNFa, TGFB and MIF; vii) defensins like mamA and viii)
complement system genes C3 and C3aR. The results obtained for
each stimulus are described below. For sake of simplicity in the
presentation, FAM136A and IL17R were included in the categories
of transcription factors and cytokine signaling, respectively, besides
their different roles.

3.2.1 LPS: effects on TLR2 and TYRO3 genes

LPS is the inflammatory agent more widely used in Ciona adults
(by injection). Here, 10 ug/ml LPS did not induce a significant
immune response in stage 4 juveniles, as shown by lack of changes
in the expression of most genes (Supplementary Figure 1) apart
from the upregulation of TLR2 and TYRO3 after 30 min treatment
(Figure 2). Thus, the modest activation of an immune response
following LPS infection is rapidly resolved.

3.2.2 Pam2CSK4: effects on genes encoding for
PRRs, transcriptional factors, and cytokines

Unlike LPS, the inflammatory stimulus Pam2CSK4 was seen to
induce transcriptional modulation of several molecules and
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FIGURE 1

LC-MS/MS in MRM mode analysis

1 ug/ml Pam2CSK4 10 pg/ml Pam2CSK4

10 pg/ml zymosan 100 pg/ml zymosan

Experimental setup and effect on morphology of .C. robusta juveniles after 24 hours from the treatment. (A) Scheme of C. robusta juveniles’
treatment with different microbial stimuli, concentrations and duration, followed by quantification of immune molecules through gene expression
(RT-gPCR technigue) and protein level (LC-MRM/MC technique). (B) On the left, schematic representation of C. robusta juveniles at stage 4 showing
the main anatomical features observed at this metamorphic stage. On the right, after 24 hours juveniles (exposed for 4 hours to diverse
concentration of microbial stimuli) appear morphologically normal. Scale bar, 100 um

pathways at all concentrations and time points. Following 1 ug/ml
Pam2CSK4 treatment, TLRI was upregulated after 30 min
treatment, TLR2 after 30 min and 2 hr, and CLEC4F receptor
after 4 hr treatment (Figure 3). While the expression of the genes
encoding the receptor, CLEC4M, the Ig-domain containing proteins
FAMI187A, FN, FN-like and TYRO3, the cofactor SYK, was not
regulated by Pam2CSK4 exposure, the expression of FN, FN-like
and TYRO3 was significantly modulated between 30 min and 4 hr
treatments (Supplementary Figure 2). The expression of the
transcription factor coding gene NF-xB was affected at all time
points analyzed, with upregulation at 30 min and down-regulation
at 2 hr and 4 hr; IRF-like was upregulated at both 30 min and 2 hr,
whereas NFAT5 was downregulated at 4 hr (Figure 3). Significant
upregulation of FAMI136A was observed after 30 min exposure
(Figure 3). Concerning cytokines, IL17-3 and TGFf were
significantly upregulated at 30 min and 2 hr treatment,
respectively (Figure 3). Upregulation of ILI7R was also observed
at both 30 min and 2 hr time points (Figure 3). Conversely,
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cytokines IL17-1, IL17-2, TNFo and MIF, defensin mamA, and
molecules of the complement system C3 and C3aR were not affected
in their transcriptional levels (Supplementary Figure 2). Statistical
analysis by using one-way ANOVA test revealed that 1 ug/ml
Pam2CSK4 had a significant effect on the modulation of genes
coding for receptors (TLR2, CLEC4F and MR), transcription factors
(NF-kB, IRF-like and NFAT5) and cytokines (IL17-3 and
TGFp) (Figure 3).

Pam2CSK4 at the concentration of 10 pg/ml induced
downregulation of CLEC4M and CLEC4F after both 2 and 4 hr
treatment. TLR receptor coding genes were only affected after 4 hr,
with downregulation of TLRI and upregulation of TLR2 (Figure 4).
Cytokines were upregulated following 30 min and 4 hr treatment
(IL17-1), at all-time points (IL17-3) and 2 and 4 hr (TGEf), while a
downregulation of MIF was observed at 2 and 4 hr treatment
(Figure 4). The highest concentration of Pam2CSK4 also induced
upregulation of both defensin mamA and molecules of the
complement system C3 and C3aR after 4 hr treatment (Figure 4).

45 frontiersin.org


https://doi.org/10.3389/fimmu.2023.1217077
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liberti et al.

10.3389/fimmu.2023.1217077

TABLE 1 Ciona robusta immune-related molecules identified by in silico analysis.

Protein Name NCBI Protein UniProtKB PSI-BLAST MSA Human Protein
Acc. Number Acc. Number % identity % identity
C. robusta C. robusta
CLECT CLEC4M XP_026689560.1 F7BDF2 34 23.40 CLEC4E
domain
33 21.40 CLEC4M
CLEC4F XP_002121230.2 H2XYQ6 23 18.40 CLEC4F
23 20.73 CLEC4K
MR XP_026691626.1 F6TDBO 31 27.74 Macrophage mannose
receptor 1 (MRC1)
28 24.18 C-type mannose receptor
2 (MRC2)
Ig- FAMI187A (A/B) XP_002120037.3 F6RE92 27 19.83 FAMI187B
domain
25 19.60 FAMI87A
FN A0095899.1 F6TTHO 24 21.30 Fibronectin
F6UFX8
21 20.77 Tenascin x
FN-like XP_002120276 F6TWX3 24 21.51 Fibronectin
20 22.14 Tenascin x
TYRO3 XP_002124888.2 F6U7K8 35 27.01 Tyro3
33 26.02 Tyrosine-protein kinase
receptor UFO
IRF IRF4-like NP_001071743.1 Q4H3B3 32 28.92 IRF4
domain
28 26.54 IRF5
SYK XP_002123000.1 F6QTW3 35 35.25 Syk
33 33.33 Zap70
NFAT5 XP_018666864.1 H2Y0S5 31 24.19 NFATC3
29 26.07 Nfat5
FAM136A XP_002129880.1 AOATW2W]YO 36 33.82 Fam136A
24 17.99 NOP56

Protein names, accession numbers in NCBI and UniProtKB databases of C. robusta immune-related molecules are reported, together with the percentage of identity respect to human orthologs,
investigated with both Protein Similarity Search (PSI-BLAST) database and Multiple Sequence Alignment Viewer application (MSA).

No change in gene expression was observed for MR, FAM187A, EN,
FEN-like, TYRO3, SYK, NF-kB, IRF-like and NFATS5, protein coding
gene FAMI36A, and cytokines TNFaq, IL17-2 and the receptor
IL17R (Supplementary Figure 3). Statistical analysis by using one-
way ANOVA test revealed that 10 pug/ml Pam2CSK4 induces a
significant modulation in the expression of CLEC4F, IL17-1, IL17-3
and TGFp (Figure 4).

Taken together, these data show that Pam2CSK4 is able to
trigger the activation of both PRR pathways investigated,
modulating the transcription of receptors (TLRs and CLEC4M)
and transcription factors (NF-xB, IRF-like and NFAT5) with
concentration-dependent timing of activation. The inflammatory
state induced by this bacterial stimulus is demonstrated by the
activation of pro-inflammatory cytokines like IL17-1 and IL17-3.
Finally, the upregulation of TGFf3 cytokine at late time point
indicates a resolution of the inflammatory response.
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3.2.3 Zymosan: effects on genes encoding for
CLRs, lg-containing molecules, cofactors,
transcriptional factors, and cytokines

Ciona juveniles exposed for 4 hr to the lower concentration of
zymosan, 10 ug/ml, showed a significant downregulation of the
receptors CLEC4M, MR, FN, FN-like and the cofactor SYK
(Figure 5). A similar effect was observed on the transcription factor
coding genes NFAT5 and IRF-like, the last one being downregulated
also at 2 hr (Figure 5). Downregulation of the cytokine IL17-2 (2 and
4 hr) and of the complement component C3 (30 min and 4 hr) was
also observed (Figure 5). The other genes analyzed, such as receptors
(TLRI1, TLR2, CLEC4F), Ig domain-containing proteins (FAM187A
and TYRO3), transcription factor coding genes (NF-kB), FAM136A,
cytokines (IL17-1, IL17-3, IL17R, TGFP, TNFo and MIF), defensins
(mamA) and complement system components (C3aR) were not
affected by this inflammatory stimulus (Supplementary Figure 4).
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FIGURE 2

Effect of 10 ug/ml LPS treatment on gene expression. C. robusta juveniles at stage 4 of metamorphosis treated with 10 ng/ml LPS show significant
changes in gene expression of TLR2 and TYRO3, detected by RT-qPCR, after 30 min treatment. Truncated violin plots represent the distribution and
the density of numerical data of gene expression reported as fold changes (2" of mRNA Relative Quantification (MRNA RQ) compared to the
corresponding control samples (no treated juveniles), that are reported as dotted black line. The black lines in each violin plots indicate the median
of data set (n = 6, biological replicates). Statistical methods: paired samples t-test, significance indicated by black asterisk. (*p. value < 0.05).

One-way ANOVA analysis revealed a modulation in IRF-like, IL17-2
and C3 expression (Figure 5).

Zymosan at the concentration of 100 pg/ml induced significant
upregulation in the expression of genes coding for the Ig-domain
containing proteins FAMI87A (4 hr) and TYRO3 (2 hr), cofactor
SYK (2 hr), cytokines IL17-3 (30 min and 4 hr), TGFf (2 and 4 hr),
MIF (30 min) and complement component C3aR (2 hr) (Figure 6).
No effect was observed on the expression of the genes coding for
receptors and Ig-domain containing proteins (TLRs, CLE4M,
CLEC4F, MR, FN and FN-like), transcription factors (NF-xB, IRF-
like and NFAT5), FAM136A, cytokines (IL17-1, IL17-2, ILI7R,
TNF¢), defensins (mamA) and complement system molecules (C3)
(Supplementary Figure 5). One-way ANOVA analysis showed a
significant modulation of IL17-3 expression during the analyzed
time points, and a significant shift in the transcriptional response
of FAM187A between 30 min and 4 hr treatments (Figure 6).

Collectively, the immune response induced by zymosan
involves CLRs (CLEC4M and MR), cofactors (SYK) and
transcription factors (IRF-like and NFATS5), suggesting an
interplay of distinct PRR pathways. Among immune stimuli
tested in this study, zymosan was the only one that affected the
expression of Ig-containing molecules (FAM187A, FN, FN-like and
TYRO3). Moreover, the activation of the inflammatory state
following exposure to the higher concentration is highlighted by
the modulation of the cytokine’s transcripts, pro-inflammatory
(IL17-3), and consequently anti-inflammatory (TGFf), indicating
again a resolution of the inflammation.

3.3 Targeted proteomics

To explore the effect of each stimulus treatment at protein level,
the targeted proteomic approach has been conceived for detecting
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changes in protein amount of the immune molecules here
investigated. Indeed, A LC-MRM/MS method was developed for
the detection of changes in protein abundance for the immune
molecules. We first selected a panel of 1-3 proteotypic peptides for
each protein and then recorded from 3 to 6 transitions (a
combination of each precursor ion to several fragment ions) for
each peptide. A total number of 32 peptides belonging to 16
proteins (listed in the Supplementary Table 1 and in the
Figure 7B) was selected by monitoring 139 transitions displaying
a good instrumental response (the same retention time for all
transitions and a peak area higher than 1,000). An example of
MRM chromatogram was reported for one peptide of the NFAT5
protein (Supplementary Figure 6). After selecting the best
instrumental response (see instrumental parameters in
Supplementary Table 2), the relative quantification was
performed by comparing the areas underlying the extracted
ion chromatogram (EIC) peaks reflecting the differential
expression of selected 16 proteins following the various
stimulation versus the control sample. As an example, the EIC
peak areas of two proteins, e.g. FAM136A and FN, were reported in
a histogram representation (Supplementary Figure 7), displaying a
similar trend in the samples. A significant downregulation was
observed for the FAM136A and fibronectin protein along the
Pam2CSK4 and zymosan treatment (independently from the
stimulus kinetics) in comparison to the other samples, included
the control.

The EIC peak areas were then uploaded on Perseus software to
discover the response of C. robusta juveniles to stimulation with 10
pg/ml LPS, 1 ug/ml Pam2CSK4 and 100 ug/ml zymosan at 30 min,
2 hr and 4 hr of treatment compared to the control samples. The
PCA analysis allowed to summarize and visualize the overall
protein response to the microbial stimulation within a biplot
where the control and treated samples were graphically
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FIGURE 3

Effect of 1 ug/ml Pam2CSK4 treatment on gene expression. C. robusta juveniles at stage 4 of metamorphosis, treated with Pam2CSK4 at the
concentration of 1 ug/ml, show significant changes in gene expression of TLR1, TLR2, CLEC4F, MR, NF-«xB, IRF-like, NFAT5, FAM136A, IL17-3, IL17R
and TGFp, detected by RT-gPCR, after 30 min, 2 hr and 4 hr of treatment. Truncated violin plots represent the distribution and the density of
numerical data of gene expression reported as fold changes (2724“") of mRNA Relative Quantification (MRNA RQ) compared to the corresponding
control samples of juveniles (not treated) and reported as dotted black line. The black lines in violin plots indicate the median of data set (n = 6,
biological replicates). Graphics shows also significant expression changes between two different time points of the treatment, indicated by horizontal
black lines. Statistical methods: paired samples t-test, significance indicated by black asterisks; one-way ANOVA test, significance indicated by
magenta asterisks. (*p. value < 0.05, **p. value < 0.01, ***p. value < 0.001, and ****p. value < 0.0001).

represented. Among all revealed components, the first two
(Supplementary Table 3) resulted in a two-dimensional PCA
biplot (Figure 7A). PCA reduced the dimensionality of the
multivariate data to two principal components explaining almost
90% variance (79.6% for Component 1 and 9.7% for Component 2)
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with minimal loss of information. The statistical analysis revealed a
clear separation between a large cluster that included control, LPS
(30 min, 2 hr, 4 hr), Pam2CSK4 (30 min) and zymosan (30 min, 2
hr) treatments, a small cluster consisting of 2 hr Pam2CSK4 and 4
hr zymosan treatments, and the 4 hr Pam2CSK4 treatment that was
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FIGURE 4

Effect of 10 pg/ml Pam2CSK4 treatment on gene expression. C. robusta juveniles at stage 4 of metamorphosis, treated with Pam2CSK4 at the
concentration of 10 ug/ml, show significant changes in gene expression, detected by RT-qPCR, of TLR1, TLR2, CLEC4M, CLEC4F, IL17-1, IL17-3,
TGFp, MIF, mamA, C3 and C3aR, after 30 min, 2 hr and 4 hr. Truncated violin plots represent the distribution and the density of numerical data of

gene expression reported as fold changes (2724%Y

of mMRNA Relative Quantification (MRNA RQ) compared to the corresponding control samples of

juveniles (not treated) and reported as dotted black line. The black lines in each violin plots indicate the median of data set (n = 6, biological
replicates). Graphics shows also significant expression changes between two different treatment time points, indicated by black lines. Statistical
methods: paired samples t-test, significance indicated by black asterisks; one-way ANOVA test, significance indicated by magenta asterisks.
(*p. value < 0.05, **p. value < 0.01, ***p. value < 0.001 and ****p. value < 0.0001).

different from all other analyzed conditions (Figure 7A). This
finding suggested that the stimulation of C. robusta juveniles with
zymosan for 4 hr and Pam2CSK4 for 2 hr, and with Pam2CSK4 for
4hr induced a significant dysregulation of protein abundance as a
consequence of microbial treatment response. Even the heatmap
representation enabled the visualization of hierarchical clustering
where the aforementioned microbial stimuli displayed the greatest
response of immune molecules (Figure 7B).
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3.4 Interactome of immune molecules

A protein-protein interaction network, based on STRING
output and then modified and merged in Cytoscape, has been
constructed to include all the immune molecules whose gene
expression has been investigated in this study (Figure 8). The
interactome shows that both receptors TLR1 and TLR2 are
connected with the three transcription factors NF-«B, IRF-like,
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FIGURE 5
Effect of 10 pg/ml zymosan treatment on gene expression. C. robusta juven
concentration of 10 ug/ml, show significant changes in gene expression, de

iles at stage 4 of metamorphosis, treated with zymosan at the
tected by RT-gPCR, of CLEC4M, MR, FN, FN-like, SYK, IRF-like, NFAT5,

IL17-2 and C3 after 30 min, 2 hr and 4 hr. Truncated violin plots represent the distribution and the density of numerical data of gene expression

reported as fold changes (2°24¢Y

of mMRNA Relative Quantification (MRNA RQ) compared to the corresponding control samples of juveniles (not

treated) and reported as dotted black line. The black lines in each violin plots indicate the median of data set (n = 5, biological replicates). Graphics

shows also significant expression changes between two different treatment
paired samples t-test, significance indicated by black asterisks; one-way AN
**p. value < 0.01).

NFATS5, and with the interleukin receptor IL17R. Notably, TLR2 is
also connected with cofactor SYK, receptors MR and TYRO3,
complement molecule C3, cytokine MIF and the molecule
FAMI136A. Although the lack of STRING annotations for IL17
gene products, possibly due to difficulties in investigating such
proteins in C. robusta, the presence of connections with the
receptor, IL17R, could provide clues about the interactions of
these interleukins (Figure 8).

As reported for IL17s, lack of annotation information also
affects other proteins, such as CLEC4M, CLEC4F, C3aR, mamA
and TNFo. However, we found connection of similar domains
belonging to other proteins, as in the case of CLEC17A-like that
reveals a connection with the protein SYK (Figure 8). The
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time points, indicated by horizontal black lines. Statistical methods:
OVA test, significance indicated by magenta asterisks. (*p. value < 0.05,

interaction map shows that other main players of TLR
signaling are connected, including MyD88, IRAK4, IKK, TAKI,
p38, TRAF3 (13, 76, 77) and MAPKs. The genes coding for these
proteins were not investigated in this work but should be
future objects of similar studies. All the molecules included in
the interaction map that were not investigated by transcriptional
and proteomics analyses in this study, are listed in the
Supplementary Table 4.

The enrichment analysis has been performed through STRING
Enrichment app in Cytoscape to depict the Biological Processes,
Molecular Functions and Cellular Components in which these
molecules are involved. Some of the results are represented as
Split Donut Chart (chosen option in the Network specific settings
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FIGURE 6

Effect of 100 ug/ml zymosan treatment on gene expression. C. robusta juveniles at stage 4 of metamorphosis, treated with zymosan at the
concentration of 100 pg/ml, show significant changes in gene expression, detected by RT-qPCR, of FAM187A, TYRO3, SYK, IL17-3, TGFf, MIF and
C3aR after 30 min, 2 hr and 4 hr. Truncated violin plots represent the distribution and the density of numerical data of gene expression reported as

fold changes (224

of mMRNA Relative Quantification (MRNA RQ) compared to the corresponding control samples of juveniles (not treated) and

reported as dotted black line. The black lines in each violin plots indicate the median of data set (n = 6, biological replicates). Graphics shows also
significant expression changes between two different time points of the treatment, indicated by horizontal black lines. Statistical methods: paired
samples t-test, significance indicated by black asterisks; one-way ANOVA test, significance indicated by magenta asterisks. (*p. value < 0.05).

for STRING Enrichment table) in the protein-protein interaction
network, using certain colors from the Enrichment color palette to
underline specific outputs. To generate a map easier to understand,
we have highlighted the biological processes that are more
significant for this study. These comprise TLR signaling pathways
(G0O:0002224), innate immunity including inflammation and
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response to external stimulus (GO:0050896, GO:0002682,
GO:0050794, GO:0050778), regulation and response to cytokine
production (G0O:0034097, GO:0001817, GO:0001818,
GO0:0001819), CTL or CRD domains (SM00034), and leukocyte-
mediated immunity and adhesion to endothelial cells (GO:0045785,
G0:0050900, GO:0002443) (Figure 8).
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overall protein level variations at each time point of animals treated with microbial stimuli, shows similar protein level among control, LPS treated-, 2
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levels that cluster together and differs from control samples; whereas 4 hr Pam2CSK4 treated samples have protein level that highly differ from all
the other treatment conditions. (B) Heatmap shows both hierarchical clustering of the treatment conditions and protein levels of the analyzed
immune molecules, extracted from C. robusta juveniles expose to 10 ug/ml LPS, 1 pug/ml Pam2CSK4 and 100 ug/ml zymosan for 30 min, 2 hr and 4
hr and detected through LC-MRM/MS method. "P" and "Z" indicate Pam2CSK4 and zymosan treatments, respectively

4 Discussion

The marine invertebrate C. robusta has recently become an
excellent experimental organism for studying gut mucosal
immunity, including processes mediating host mucosal-microbial
associations (7, 8, 40, 78-82). In this work we used Ciona for
investigating the inflammatory response activated by three PAMPs
(LPS, Pam2CSK4 and zymosan) and for developing an invertebrate
inflammatory model to use in research fields, from comparative
immunology to translational biology and drug discovery.
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4.1 Inflammation and the “patterns of
pathogenesis” hypothesis

To interpret the inflammatory response in ascidian juveniles, it
is important to recall some basic immunological concepts, such as
the definition of inflammation and which factors/conditions
activate it. The term “inflammation” defines the process triggered
by innate immune cells when the homeostatic state is altered due to
microbial infection or tissue injury (11-13). Marine organisms are
continuously exposed to, and challenged by, a multitude of
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Protein-protein interaction network of Ciona robusta immune molecules. Protein-protein interaction map constructed with the STRING database
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analysis is also indicated, highlighting in the color-legend some of the Biological Processes, related with immunological features, in which the

molecules present in the map are involved.

microorganisms (e.g., bacteria, archaea, fungi, viruses, protozoans)
inhabiting the surrounding environment (83). These microbes may
be beneficial for the host by helping to shape the immune system
and influencing developmental and physiological processes (84).
The superorganism theory emphasizes how the concept of self and
non-self has changed over time by incorporating host microbiota in
the definition of self (84-86). During early development, the
crosstalk between host and microbes is crucial to shape immune
system maturation, that will allow to discriminate between self and
non-self, and to establish a homeostatic state with beneficial
components (86). These processes are mostly studied within the
gastrointestinal tract where the symbiotic interactions mostly take
place (87, 88). This equilibrium is broken when pathogenic
microbes, or their components (as PAMPs), invade the host
epithelial barrier and induce infection. Colonization and invasion
by pathogens activate an inflammatory response that primarily
involves PRRs (and their signaling pathways), the main players of
the innate immune system (13, 68, 89, 90), with the aim to eliminate
the infectious agents and to restore homeostasis (11, 12). PRRs have
broad specificity and can recognize many PAMPs, which have a
common structural motifs or patterns, thus representing a sort of
pathogenicity markers (89, 91). In 2009, Vance and coauthors have
proposed the “patterns of pathogenesis”, or POP hypothesis,
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according to which the immune system recognizes pathogens not
only by virtue of the presence of PAMPs but also by their
pathogenic behaviors (92). These include growth upon host
invasion, cytosolic invasion and disruption of the normal
functions in the host cell cytoskeleton (92). On these grounds, a
microbe can be considered pathogenic or nonpathogenic depending
on the site of infection and on the immune state of the host. Hence,
POP do not define a pathogen, rather a pathogenic behavior (86,
92). These new concepts may help to better understand the effect of
PAMPs on the immune response, and thus on the onset of the
inflammation, in different organisms and physiological states.

Based on the POP hypothesis, it is important to consider the
physiological conditions at which the immune challenge is
encountered. Ciona stage 4 juveniles are immunological naive and
probably they still do not have a stable microbiota. As they start
interacting with the surrounding environment by seawater
filtration, ascidian juveniles are here exposed to resuspended
microbial components (8, 33, 40) and an immune response is
observed if microbial components interact with the epithelial
barrier. In line with Ciona LPS injection-based studies (14, 25,
93), the resuspension approach used herein may act differently in
terms of immune activation patterns on older juveniles, like stage 8
(2™ ascidian stage) (33).
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4.2 Stimulus-specific response of innate
immunity in C. robusta juveniles

In this work we found that LPS, the most common inflammatory
stimulus used in vertebrates (13, 68, 94, 95), ascidians and other
marine invertebrates (96-99), does not significantly alter gene
expression in the adopted experimental setup, that are naive
metamorphic stage 4 juveniles. In line with the transcriptional
results, targeted proteomics data show that LPS treatment does not
elicit protein level variations. The POP hypothesis may help to
explain the lack of an immune response to LPS in C. robusta
juveniles treated by LPS resuspension. Since these organisms
inhabit a habitat rich in LPS-containing Gram-negative bacteria
(78) that are continuously filtered by the organism and interact
with host mucosal sites, ascidian juveniles may not recognize LPS as a
PAMP and/or LPS may not cross the epithelial barrier of their
gastrointestinal tract. Instead, the other two microbial components
that we used as inflammatory stimuli, the bacterial Pam2CSK4 and
the fungal zymosan, are apparently able to interact with the epithelial
barrier and then be sensed by host immune surveillance as PAMPs,
thus triggering an immune response.

Pam2CSK4, which is not commonly used as a microbial
stimulus in vertebrates as well as marine organisms, has been
shown to bind the heterodimer TLR1/TLR6 (38) and, in
monocytes, to enhance expression and function of Fcy, a receptor
involved in phagocytosis and inflammatory cytokine production
(100). In mice, in vitro and in vivo stimulation of macrophages
induces the activation of MAP kinase and NK-«B pathways upon
TLR2 binding (101). Also, Pam2CSK4 treatment of human platelets
in vitro activates TLR2/TLR6 complex and initiates signaling events
that stimulate increase of NF-kB protein level and interactions
between platelets and endothelial cells (ECs). This event increases
inflammatory cytokine production and reduces EC permeability
(102). In our experiments, Pam2CSK4 was the most effective
inflammatory stimulus in ascidian juveniles, featuring a
concentration-dependent influence on both TLR and Dectin-1
pathways. Also, it is worth mentioning that 1 pg/ml is lower than
the concentration of Pam2CSK4 used on human cell lines (10 ug/
ml) (100, 102), suggesting that ascidian juveniles are highly
responsive to this microbial stimulus. The immune response to
Pam2CSK4 observed in Ciona juveniles at stage 4 include the
modulation of the PRRs expression, TLRs and CLECs, and of the
transcription factors just at the lower concentration tested. While
expression data show that Pam2CSK4 exposure modulates both
TLR and Dectin-1 pathways, the protein-protein interaction
network could not confirm it, as long as CLEC4M and CLEC4F
receptors are concerned.

The time of activation of each pathway depends on the amount
of microbial component that interacts with host mucosal barrier.
We may hypothesize a stronger, but vital, immune response
induced by 10 pg/ml Pam2CSK4 that can penetrate mucus
barrier (due to the higher amount of Pam2CSK4 molecules),
interact with epithelial layer and affect gene expression of Ciona
complement system components C3 and C3aR, that consequently
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can activate cell adhesion, chemotaxis and phagocytosis processes
in order to fight the invading microbial molecules (103, 104).
Moreover, as in human platelets (102), Pam2CSK4 is able to alter
transcriptional levels of cytokines (e.g., IL17-3 and TGFp) in Ciona.
The activation of TGFf following IL17-3 modulation could be
explained as a possible resolution of the inflammation induced by
this microbial stimulus (105), in agreement with the observation
that juveniles after 24 hr treatment are healthy (Figure 1B). That 10
pg/ml Pam2CSK4 can induce a strong inflammatory response is
corroborated by the evidence of expression changes of other
cytokine coding genes like IL17-1 and MIF. In mammals, MIF
has pro-inflammatory and immunoregulatory properties, and
upregulates TLR4 expression (106). In LPS-injected Ciona adults,
a major role of MIF signaling pathway has been described in
regulating IL17s and TGFf expression (93). A similar effect is
observed also here in the inflammatory state induced by
Pam2CSK4 treatment, where a downregulation of MIF expression
is concurrent with the upregulation of IL17s and TGFf3 (after 2 and
4 hr treatment with 10 ug/ml Pam2CSK4).

Compared to Pam2CSK4 infection, zymosan modulates a smaller
and diverse set of molecules and pathways in Ciona juveniles
(Figure 9). As a cell wall preparation of yeast S. cerevisiae, zymosan
is a mix of glucans, mannans, mannoproteins and chitin (107). These
components are implicated in yeast recognition by innate immune
cells, stimulating phagocytosis by macrophages (108) and cytokine
production (i.e. TNFo, IL1f, IL-10 and TGFP) by monocytes,
macrophages and dendritic cells (39, 109-111). In vertebrates,
zymosan activates both TLR and Dectin-1 pathways (39).
Moreover, a cell signaling cascade activated by the binding of [3-
glucan to Dectin-1 receptor can initiate both Syk-dependent and Syk-
independent cascades (68, 112). In mammals, Syk is involved in
cytokine transcription upon recruitment by Dectin-1 (113). However,
Syk factor is involved in both PRR pathways (68, 114).

In Ciona, the protein-protein interaction network here
generated highlights a potential connection among TLR2, SYK
and MR molecules. Although activation of Ciona TLRs was
induced by zymosan in a heterologous cellular system (17), here
we did not observe changes in the expression of the two TLR genes
investigated, but we found an alteration of SYK expression that does
not permit us to rule out the hypothesis of an involvement of TLR
pathway. The high zymosan concentration seems to induce a
stronger inflammatory response that affect mainly gene
transcription of cofactors involved in both TLR and Dectin-1
pathways, highlighting again an interconnection between the two
pathways as observed in juveniles exposed to Pam2CSK4, although
we did not observe a direct effect on the expression of the PRRs
investigated. The finding that high concentration induces
upregulation of the gene coding for TYRO3, a coreceptor
involved in the resolution of inflammation, is in line with the
upregulation of TGFf3 observed after the increase of the expression
of the two pro-inflammatory cytokines IL17-3 and MIF. The role of
TYRO3 in the negative regulation of cytokine production has been
depicted also by GO analysis of the biological process of Ciona

protein-protein interaction map.
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Summary of gene expression modulation at 30 min, 2 hr and 4 hr treatment. Radar plots show a summary of the genes that are (significantly) modulated at
each time point treatment (30 min, 2 hr and 4 hr) by 10 ug/ml LPS, 1 and 10 pug/ml Pam2CSK4 and 10 and 100 ug/ml zymosan. 10 ug/ml LPS modulated just
2 genes at 30 min treatment. 1 ug/ml Pam2CSK4 modulate a higher number of genes at 30 min (7 genes) and 2 hr (4 genes) respect to 4 hr (3 genes)
treatment. On the contrary, 10 ug/ml Pam2CSK4 has a major effect at late time points, 2 hr (5 genes) and 4 hr (11 genes), respect to the 30 min (2 genes)
treatment. zymosan treatment, at both concentrations used, has an effect at the late time points, 2 hr (10 ug/ml, 2 genes; 100 ug/ml, 4 genes) and 4 hr (10
ug/ml, 9 genes; 100ug/ml, 3 genes) respect to the 30 min treatment (10 pg/ml, 1 genes; 100ug/ml, 2 genes).

In this study, we have observed an effect on the transcriptional
levels of Ig-domain containing molecules (FAM187A, FN and FN-
like) at both zymosan concentrations. Of note, the connection of
these molecules with the Dectin-1 and TLR immune pathways was
confirmed by the protein-protein interaction network. The immune
role of these Ig-domain containing molecules represents an
interesting starting point for future investigation in deciphering
their role in the inflammatory response to fungal wall components.
Moreover, the finding that Ciona FAMI87A is phylogenetically
related to B. schlosseri TREML2 gene and that homology search
analysis of C. robusta genome and proteome revealed the presence
of genes coding for SYK (a downstream effector of the TREM2
pathway) and TYRO3, the latter binding in mammals TYRO
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protein tyrosine kinase binding protein (TYROBP), also known as
DNAX-activating protein of 12 kDa (DAP12) whose putative
receptor is TREM2 (115), induce to hypothesize that the existence
of the TREM2 signaling is an ancient trait whose origin dates back
to the common chordate ancestor. It also prompts for a better
understanding of the evolution of this pathway in immune function,
and in particular in the response to molecules of fungal origin.

Finally, we report that zymosan affect the transcription of the
Ciona complement system, suggesting the activation of a
phagocytosis process. This has been observed also in mammals,
where zymosan is phagocytosed by macrophages with or without
opsonization and can activate alternative pathway of complement
system (116-118).
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4.3 Targeted proteomics supports
transcriptional data and show time delay
between mRNA and protein expression

Proteomic data reveal an effect on protein level modulation after
2 hr Pam2CSK4 and 4 hr zymosan treatments, and a major effect
after 4 hr treatment with Pam2CSK4. Here, the targeted proteomic
analysis performed on a small subset of proteins (encoded by the
genes analyzed at the transcriptional level) and experimental
conditions highlights that i) Pam2CSK4 has a major effect in the
immune regulation respect to zymosan, and that ii) the immune
response to these two PAMPs differs in the time of activation. As to
the latter aspect, low concentration of Pam2CSK4 is sufficient to
induce early expression changes (30 min and 2 hr) as suggested by
the transcriptional modulation of a higher number of genes at these
time points (Figure 9). This evidence corresponds to a significant
effect in a general protein modulation at 2 hr and 4 hr of treatment
(Figure 7). A similar delay is observed also in the case of zymosan,
which induces a significant modulation of protein levels only at 4 hr,
compared to the transcriptional response observed at 2 and 4 hr
(Figures 7, 9). These analyses help draw a first consideration
concerning the temporal delay observed in the synthesis of
proteins with respect to mRNA expression. The initiation of
protein translation occurs within minutes after mRNA export into
the cytoplasm, thus justifying the lag between transcription and
translation. However, we cannot exclude the involvement of
mechanisms, such as translational control through RNA
binding proteins, that tightly regulate the production of specific
proteins, thereby helping to resolve the inflammatory response
(119). In mouse dendritic cells treated with LPS, time delay
between transcriptional induction and protein level increases was
described, with rapid expression of immune response genes (5 hr
post LPS treatment) followed by the best quantitative correlation of
protein levels to the mRNA levels at 12 hr (120).

4.4 Concluding remarks

In our study, we have added a further tile in the use of the
ascidian C. robusta as an experimental system in comparative
immunology field. Specifically, we have i) developed Ciona as an
in vivo inflammatory model for studying the activation of the
immune response to selected microbial stimuli, showing an
interconnection between different PRR pathways and indicating
the upregulation of cytokines gene expression (IL17-3 and TGFp)
as markers of inflammation, ii) constructed a first protein-protein
interaction map that can help to predict potential molecular
interactions, and iii) correlated changes observed at transcriptional
and translational levels. This new marine invertebrate inflammatory
model represents the starting point for future studies, that include
either large-scale sequencing or other “-omics” approaches for better
defining the cellular pathways or biological processes affected by
microbial treatments, but also for investigating host response to
PAMPs in different physiological conditions and at different stages
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of maturation of the immune system. These advancements will
contribute to our understanding of the crosstalk between host and
microbiota and to test the POP hypothesis. As suggested by Newton
and Dixit (2012), it is important to understand how, in a whole
organism, innate immune cells exposed to multiple inflammatory
stimuli can integrate signaling triggered by different receptors to
identify critical components that can be targeted for therapeutic
benefit in inflammatory disorder (13). In this framework we believe
that, based on the results obtained in this study, this marine model
organism could represent a proficient experimental system. Future
studies can lead to the use of C. robusta experimental system in
translation research or in any kind of approach (i.e., biotechnological
or ecotoxicological) where the effect of molecules, either drugs or
pollutants, on the activation and regulation of the innate immune
system has to be investigated, like in large-scale screening of
inflammatory modulators.
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IL-2 and IL-15 drive intrathymic
development of distinct
periphery-seeding CD4 Foxp3™
regulatory T lymphocytes
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Oxford, Oxford, United Kingdom, °Department of Biosystems Science and Engineering, ETH Zurich,
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Development of Foxp3-expressing regulatory T-lymphocytes (Treg) in the
thymus is controlled by signals delivered in T-cell precursors via the TCR,
co-stimulatory receptors, and cytokine receptors. In absence of IL-2, IL-15 or
their receptors, fewer Treg apparently develop in the thymus. However, it was
recently shown that a substantial part of thymic Treg are cells that had
recirculated from the periphery back to the thymus, troubling interpretation
of these results. We therefore reassessed the involvement of IL-2 and IL-15 in
the development of Treg, taking into account Treg-recirculation. At the age of
three weeks, when in wt and IL-15-deficient (but not in IL-2-deficient) mice
substantial amounts of recirculating Treg are present in the thymus, we found
similarly reduced proportions of newly developed Treg in absence of IL-2 or IL-
15, and in absence of both cytokines even less Treg developed. In neonates,
when practically no recirculating Treg were found in the thymus, the absence
of IL-2 led to substantially more reduced Treg-development than deficiency in
IL-15. IL-2 but not IL-15 modulated the CD25, GITR, OX40, and CD73-
phenotypes of the thymus-egress-competent and periphery-seeding Treg-
population. Interestingly, IL-2 and IL-15 also modulated the TCR-repertoire
expressed by developing Treg. Upon transfer into Treg-less Foxp3*" mice,
newly developed Treg from IL-2- (and to a much lesser extent IL-15-)
deficient mice suppressed immunopathology less efficiently than wt Treg.
Taken together, our results firmly establish important non-redundant
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quantitative and qualitative roles for IL-2 and, to a lesser extent, IL-15 in
intrathymic Treg-development.

KEYWORDS

thymus, T lymphocyte, regulatory T cell (T reg), immunopathology, cytokines

Introduction

Regulatory T lymphocytes expressing the forkhead/winged
helix transcription factor Foxp3 (Treg) play a central role in the
control of innate and adaptive immune responses (1). This is
best illustrated by the observation that the absence of Treg in
individuals and animals carrying mutations in the gene encoding
Foxp3 leads to a rapidly lethal inflammatory autoimmune
syndrome (2, 3). The thymus is the major organ where Treg
development occurs, even if Treg can also differentiate from
conventional T cells (Tconv) in the periphery (4). In the thymus,
development of T cell precursors into either Treg or Tconv is
governed by several parameters including signals transmitted by
the TCR, co-stimulatory receptors, and cytokine receptors. Thus,
it was shown that high affinity interactions between the
precursor’s TCR and MHC/peptide complexes expressed by
thymic stromal cells are required for Treg development (5-7),
which results in a Treg population enriched in autospecific cells
(as compared to the Tconv-population) (8, 9). Several co-
stimulatory molecules are selectively implicated in the
development of Treg, including CD28, LFA-1, and CD27 (10-
13). Finally, also cytokines appear important for Treg
development (14).

Previous reports indicated roles for the cytokines IL-2 and
IL-15 in the intrathymic development of Treg (15-23). Mice
deficient in IL-2, IL-15, the IL-2-receptor o chain CD25, the 3
chain shared between the receptors for IL-2 and IL-15 (CD122),
or the “common” cytokine-receptor 7y chain (Y., CD132), all have
reduced proportions of Treg in the thymus. In vitro, these
cytokines drive differentiation of CD25"Foxp3~ Treg
precursors to fully mature Treg (21). IL-2 was reported to
prevent apoptotic cell death of autospecific Treg-precursors
and appears to induce Foxp3-expression (22, 24). IL-15 was
shown to be involved in the development of CD25 Foxp3™ (but
not CD25"Foxp3~) Treg precursors (19). Similar mechanisms
apparently also operate in the human thymus (25, 26). However,
in at least one report unaltered numbers of TCR-transgenic Treg
developed in absence of IL-2 (27). Moreover, a large fraction of
thymic Treg are cells that had recirculated from the periphery
back to the thymus (28). Since IL-2 is required for peripheral
survival of Treg (29), this recirculation-process would be
expected to be strongly reduced in mice deficient in IL-2,
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which would, at least in part, explain reduced Treg levels in
mice carrying a null-mutation of the II2 locus (I12°). Therefore,
the roles of IL-2 and IL-15 in development of Treg
remain unclear.

In the thymus, IL-2 and IL-15 appear to be produced by
stromal cell-types involved in selection of the TCR-repertoire
expressed by Treg, including dendritic cells (DC) and medullary
epithelial cells (nTEC), as well as by T lymphocytes, but this issue
remains controversial (19, 30-34). Through trans-presentation by
their respective high affinity receptor o-chains, IL-2 and IL-15 can
have very local effects (19, 31, 35). Distinct thymic stromal cell-types
have distinct phenotypes and thus apparently convey distinct
signals to developing T cells (36). It is therefore conceivable that
Treg developing in an IL-2 vs. IL-15-dependent manner are
phenotypically and/or functionally distinct.

Mice deficient in IL-2 or its receptor develop a severe and
rapidly lethal autoimmune pathology (37-40), which is at least
in large part due to the requirement of this cytokine for
peripheral survival and function of Treg (29). Also mice
deficient in IL-15 or its trans-presenting receptor o-chain
develop symptoms of autoimmune-disease, though much later
and much less severely. Defects in thymic negative selection of
autospecific precursors of CD4" T cells may be involved in the
development of these symptoms (32). It remains to be
investigated if IL-2 and IL-15 modulate the selection of the
TCR-repertoire expressed by Treg developing in the thymus
and/or their functional potential, both of which may be involved
in the development of symptoms of autoimmune-pathology.

We reassessed the involvement of IL-2 and IL-15 in Treg-
development using mice in which we could distinguish newly
developed from recirculating Treg. Thus, we firmly confirm that
in IL-2- and, to a lesser extent, in IL-15-deficient mice
substantially less Treg develop in the thymus. Our data also
reveal that these cytokines drive development of thymus-egress
and periphery-seeding competent Treg that are phenotypically
distinct and that express partly distinct TCR-repertoires. Upon
adoptive transfer into new-born Treg-deficient mice, thymus-
exit-competent Treg that had developed in IL-2-deficient mice
protected less efficiently from immune-pathology than Treg
from wt or IL-15-deficient mice. Finally, we found that
whereas the IL-2 involved in Treg development is non-
redundantly produced by T cells and by DC, the IL-15
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appears, at least in part, derived from DC. Based on our and
previously reported data, we discuss mechanisms potentially
involved in our finding that IL-2 and IL-15 apparently drive
development of different Tregs.

Materials and methods
Mice

Rag2-Gfp mice (41, 42) were kindly provided by Drs. A.
Liston and P. Fink; Foxp3-Thy1” mice (43) by Dr. A. Liston; I115°
mice (44) by Dr. Y. Tanriver; and CD4-Cre (45) and CD11c-Cre
mice (46) by Dr. J.-C. Guéry. Kaa Tcrb-transgenic mice (7) and
5t-Cre mice (47) were previously described. I12° (B6.129P2-
112"1HT 1y mice, Tera® mice, and Foxp3$f mice were purchased
from JAX laboratories, I115" (C57BL/6N-1]15"1(EUCOMMHmgu,
H) mice (48) from MRC Harwell Institute/Mary Lyon Centre,
Oxfordshire, UK. 112" mice were generated as described in the
Supplementary Materials and Methods section. All animals were
on a C57BL/6 genetic background.

Rare sick animals, identified based on abnormally high
proportions of CD4SP cells (>10% of total thymocytes), were
excluded from analysis. 112" or 1115" mice with germline
recombination (as determined by PCR on tail biopsies)
were excluded from analysis. Because mice were analysed
before sexual maturity, we have not observed any differences
between male and female mice, and all data are pools of
both sexes.

Generation of 112"°* knock-in mice

The mouse II2 gene (ENSMUSG00000027720) was edited
using a double-stranded homology-directed repair (HDR)
template (targeting vector) with 3.5 and 3.3 kb-long 5" and 3’
homology arms, respectively. It included a first loxP site located
173 bp upstream of exon 3, a second loxP site located 150 bp
downstream of exon 3, and a frt-neo’-frt cassette. The final
targeting vector was abutted to a cassette coding for the
diphtheria toxin fragment A (49). JM8.F6 C57BL/6N ES cells
(50) were electroporated with 20 mg of targeting vector. After
selection in G418, ES cell clones were screened for proper
homologous recombination by Southern blot and PCR
analysis. A neomycin specific probe was used to ensure that
adventitious non-homologous recombination events had not
occurred in the selected ES clones. Mutant ES cells were
injected into BalbC/N blastocysts. Following germline
transmission, excision of the frt-neo'-frt cassette was achieved
through genetic cross with transgenic mice expressing a FLP
recombinase under the control of the actin promoter (51). A pair
of primers (sense 5-GCCACAGAATTGAAAGATCTTC-3’ and
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antisense 5-TCTTGTGGAATTCTACTCCG-3’) amplified a
418 bp-long band in the case of the wild-type II2 allele and a
500 bp-long band in the case of the mutant LoxP-flanked
112" allele.

The resulting I12"* knock-in mice (official name B6-I12"™1%"
mice) have been established on a C57BL/6N background. When
bred to mice that express tissue-specific Cre recombinase, the
resulting offspring will have exon 3 removed in Cre-expressing
cells, preventing them to produce IL-2. Germline-recombination
was tested by tail DNA genotyping using 5-AGATTGGAACA
ATAGTCTGAACTTGTGCT-3’, 5-TTGCAGGTGATGGTA
GGTGGAAAT-3’, and 5-TCAAATCCAGAACATGCCGCA-3’
primers, allowing to detect 633bp, 755bp, and 245bp bands

flox flox

corresponding to wt, II2 and recombined II2 alleles,
respectively. Requests for 112" mice should be addressed to BM.

Flow cytometry

Sample preparation and staining were performed using
standard procedures. SIP1 staining was performed on ice as
follows: after blocking non-specific labelling with mouse IgG
(100pg/ml), cells were stained with unlabelled anti-S1P1 (50ug/
ml, 90°), then stained with donkey-anti-rat IgG-biotin (1/100
diluted) in presence of mouse IgG (100 pg/ml, 30°), then blocked
with rat anti-mouse FcyR antibody 2.4G2 (10 pg/ml, 15°) and
then incubated with streptavidin-PE (30°). Finally, staining with
antibodies to indicated surface markers was performed in
presence of 2.4G2 (10 pg/ml, 30). Antibodies are listed in
Table S1IA. For MOG (35-55)/1-A® tetramer (NIH tetramer
facility) staining, after organ digestion, cells were washed,
resuspended in RPMI medium, and incubated 15min on ice
with an Fc block mix (2.4G2 at 10pg/ml; mouse and rat IgG at
25ug/ml) and 100nM dasatinib (Sigma-Aldrich). 6x10° cells
were then incubated for 2 hours at 25°C with 1.5 pl tetramer
in 100 ul RPMI medium. Labelled cells were acquired using an
LSRII or a Fortessa flow cytometer (BD Biosciences, San Jose,
CA) and the data analysed using FlowJo software (Tree Star,
Ashland, OR). Doublets and dead cells were excluded from the
analysis by using appropriate FSC/SSC gates.

Generation of TCRseq libraries

CD4"CD8 Thyl.1"GFP" thymic Treg (105) were FACS sorted
from individual three-week-old wt (n=4), II2° (n=4), or Il15° (n=4)
Rag2-Gfp Foxp3-Thyla Tcra™® Kaa TCRp-transgenic B6 mice.
RNA was extracted by Nucleospin RNA XS (Macherey-Nagel)
according to the manufacturer’s instructions, and was quality
controlled (RIN > 8) using Agilent 2100 BioAnalyzer (Agilent
technology). cDNA synthesis and library preparation were
performed as previously described (52), and was adjusted to our
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different conditions. In brief, cDNA synthesis was performed in a
thermocycler using 1 UM of reverse transcription oligonucleotides
mixture corresponding to the TCRo constant region (Table S1B:
TRAC_RT_1-9), a DNA-RNA hybrid template-switch
oligonucleotide with 12 random nucleotides serving as unique
molecular identifier (UMI) to tag individual mRNA molecules
(Table S1B: UNIV5_TSv2), 5 U/ul of SMART Scribe reverse
transcriptase (Clontech), 2 U/ul of Recombinant RNase inhibitor
(Clontech), 0.5 mM of each ANTP, Ultra low fast first strand buffer,
5mM of DTT, 1M of Betaine, 6 mM of MgCl,, incubated during 45’
at 42°C, 10’ at 70°C. After removal of hybrid oligonucleotide with
1U of Uracil-DNA Glycosylase (Biolabs) incubated during 40’ at
37°C, the cDNA was purified using Agenecourt AMPure XP beads
(Beckman Coulter) according to the manufacturer’s instructions.
The first PCR reaction was performed with 0.2 uM of the
oligonucleotides UNIV5_P12v2 and TRAC3_P1v2 (Table S1B),
in the PCR-mix-solution (manufacturer’s buffer with 1.5 mM
MgSO,, 0.2 mM of each dNTP, and 0.02 U/uL Hot Start DNA
Polymerase (Millipore)), with the parameters 2’ at 95°C; 10 cycles of
20” at 95°C, 15” at 59°C, 45” at 70°C; and a final incubation of 3.5 at
70°C. The amplicons were then purified using Agenecourt AMPure
XP beads. The second, semi-nested PCR was done using 2’ at 95°C
followed by 20 cycles of 20” at 95°C, 15” at 59°C, 45” at 70°C; and a
final incubation of 3.5’ at 70°C with UNIV5_P12v2 and
TRAC3_P2v2 (Table S1B). In the third PCR a 3’ index, P5 and
P7 Mlumina sequences, and readl, read2, and index sequencing
sequences were added. It was performed using UNIV5_P3v2 and
TRAC3_P3v2-index (Table S1B), as follows: 2" at 95°C, 1 cycle of
207 at 95°C, 15” at 59°C, 45” at 70°C; 5 cycles of 20” at 95°C, 15” at
75°C, 45” at 70°C; and a final incubation of 3.5 at 70°C. For the
fourth amplification PCR, primers UNIV5_P4v2 and UNIV3_P4v2
(Table S1B) and thermocycler parameters 2" at 95°C, 5 cycles of 20”
at 95°C, 15” at 60°C, 45” at 70°C; and a final incubation of 3.5 at 70°
C, were used. The quality of each library was checked by using
Agilent 2100 BioAnalyzer with a 640pb mean peak size. The
samples were indexed and sequenced with 300pb paired end on
Nlumina MiSeq sequencer (Illumina).

Processing of TCRseq data

Initially, reads were processed with the toolkit pRESTO (53)
as follows. Using FilterSeq, reads with a quality higher than 20
were selected. Using MaskPrimers and PairSeq algorithms, the
sequences corresponding to the Tcra constant region
(AGCAGGTTCTGGGTTCTGGA) and indicating location of
the UMI (CTTGGGGG) were searched for and indexed to the
head of the paired reads. Using BuildConsensus, consensus-
sequences of the reads with the same UMI were constructed.
Next, the forward and reverse reads were aligned to assemble the
Tcra sequences (AssemblePairs) and the UMI groups containing
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at least two reads were selected. The sequenced fragments from
each selected UMI were aligned to the Tcra genomic region
using the toolkit MiXCR (54), with the tools “align” and
“assemble”. The aligned fragments were exported as data
tables “clonotype-tables” using the tool “exportClones”. Using
VDJtools (55) these clonotype-tables were then processed to
graph with customized scripts in R. For all graphics described
below, the “clonotypes” were selected according to their
differences in the amino-acid sequences of the V segments,
CDR3, and ] segments. The Chaol and Shannon-Wiener
diversity-measures of the total Tcra repertoires were calculated
using the command CalcDiversityStats from VDJtools. The
Morisita-Horn similarity measure of clonotypes represented at
> 5 UMIs in individual samples was determined using the R
package “divo”. “Public repertoires” were defined as the
clonotypes present in all four replicates for each condition.
Custom scripts used are available at https://github.com/
arielgalindoalbarran/IL2_IL15_Tregdependents.

In vivo Treg-assays

New-born (Foxp3YRag2° x Foxp3YTcra®)F1 mice were i.v.
injected into the temporal vein (56) with 4x10°
GFP*CD4"CD8 Thyl.1" Treg cells FACS-sorted from Rag2-
Gfp Foxp3-Thyl® thymi. At three weeks of age, mice were
euthanized, macroscopically analysed, and blood and organs
collected for analysis.

Determination of antibody titres and
of autoantibodies

Serum antibody titres were determined using LegendPlex
(BioLegend), according to the manufacturer’s instructions. For
tissue-immunoblots, organs/tissues were harvested from RAG2-
deficient B6 mice, rinsed in PBS, and lysed with a Dounce
homogenizer in RIPA buffer containing a protease inhibitor
cocktail. The crude tissue extracts were centrifuged (10*G,
12 min) and the soluble protein extracts were aliquoted and
stored at -80°C. The protein concentration was determined
using standard Bradford Protein Assay. 35 ug of total soluble
protein-extract was run on SDS-PAGE, then blotted on a
nitrocellulose membrane. Membranes were incubated in
Odyssey blocking buffer (Li-Cor) for 30" at RT, then incubated
o/n at 4°C with 800-fold-diluted sera from scurfy mice injected
or not with Treg. Bound immunoglobulin was detected using
IRDye® 800CW-labeled Goat-anti-Mouse IgG(1/2a/2b/3)
(LiCor, 1h at RT). This antibody also reacts with Igk and IgA.
Fluorescence was visualized and quantified using the Odyssey
Classic Imaging System and ImageStudio software (Li-Cor).
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Data and materials availability

The TCRseq data reported in this study are available from
Gene Expression Omnibus with accession code GSE153484.
Mice are available upon request.

Statistical analysis

The statistical significance of differences between groups of
data was analysed using the two-tailed Mann-Whitney test or
the Wilcoxon matched pairs signed rank test, as indicated.

Results

IL-2 and IL-15 play major non-redundant
quantitative roles in intrathymic
Treg development

We and others recently showed that a substantial proportion
of the thymic Treg-pool is composed of cells that had
recirculated from the periphery back to the thymus (28, 57-
60). Thus, in young B6 adults, typically analysed in reports, 40 to
80% of thymic Treg are recirculating cells (28). This issue was
not taken into account in the studies demonstrating reduced
numbers of Treg in the thymus of mice deficient for IL-2, IL-15,
or their receptors, and may dramatically impinge on
interpretation of results. We therefore first reassessed the
respective roles of IL-2 and IL-15 in intrathymic
differentiation of Treg strictly focusing on newly developed
Treg. To do so, we used mutant mice expressing green-
fluorescent-protein (GFP) under control of the Rag2 promoter
and the allelic cell-surface marker Thyl.1 under control of the
Foxp3 promoter (Rag2-Gfp Foxp3-Thyl?). In the thymi of such
mice, GFP"Thyl.1" and GFP Thyl.1" cells are newly developed
and recirculating/thymus-resident Treg, respectively (28). Initial
analyses were conducted on thymi of three-week-old mice to
avoid any potential confounding effects due to the thymic
involution resulting from the immune-pathology developing
later-on in IL-2-deficient mice. Importantly, Treg developing
early in life play a central role in the prevention of lethal
immunopathology (61), validating this choice. We compared
IL-2- and/or IL-15-deficient (I12° and 1115°, respectively), Rag2-
Gfp Foxp3-Thyla mice with II2"""" or 15" (“wt”)
littermates. The absolute numbers of total thymocytes
recovered from wt, I12°, and II15° mice were similar (Figure
SI1A). We determined the percentages of Foxp3™ Treg among
newly developed (GFP*) CD4*CD8 TCRM$" (CD4SP)
thymocytes (Figures S1B, 1A) and thus observed that in the
absence of IL-2 substantially (39 + 14%) less Foxp3"* Treg
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developed in the thymus (Figure 1B). Remarkably, a similar
analysis revealed that, as compared to wt littermates, also in I/15°
mice substantially (25 + 12%) less Treg newly developed. Mice
lacking both IL-2 and IL-15 (II2°[l15° mice) displayed the
strongest decrease in newly developed Treg among CD4SP
cells (reduction of 74 + 11%). These effects were specific to
Treg as the development of CD4SP Tconv was not much affected
(Figure S1C). Further analysis of the absolute numbers of newly
developed Treg in the thymi of wt and mutant mice confirmed
that IL-2 and IL-15 play quantitatively non-redundant roles in
intrathymic Treg development (Figure S1D).

Negative selection through induction of apoptosis can
happen up to late stages of T cell development (62). To assess
the involvement of IL-2 and IL-15 in Treg development up to
late stages of this process, we therefore first quantified
developing Treg expressing the sphingosine 1-phosphate
receptor (S1P1), sufficient for thymic egress of T lymphocytes
(63). As expected, a large proportion of Treg expressed S1P1
(Figure S1E). Analyses of thymocytes from wt and cytokine-
mutant mice revealed substantially lower levels of Treg among
newly developed GFP*S1P1"CD4"CD8™ thymocytes in I12° and
in I115° mice, as compared to wt littermates (reductions of 20 +
11% and 31 + 9%, respectively), with a defect that was most
pronounced in I12°I115° mice (reduction of 70 + 6%, Figure 1C).
To assess involvement of IL-2 and IL-15 up to the very last stage
of intrathymic Treg development, we also assessed the influx of
recent thymic emigrants (RTE) Treg into the spleen of the
various mutant mice. In Rag2-Gfp transgenic mice, these cells
can be identified by their remaining low but detectable levels of
GFP (Figure S1F). We found substantially less Foxp3™ Treg
among CD4" RTE in spleens of I12° 1115° and II2°I115° mice
than in wt controls (Figure 1D). Taken together, these data
indicate that IL-2 and IL-15 non-redundantly and to similar
extents control the thymic production of Treg that egress into
the periphery.

These data suggest that IL-2 and IL-15 play quantitatively
similar roles in Treg development in the thymus. However, we
previously showed that Treg recirculating from the periphery
inhibit de novo development of Treg (28). Since IL-2 plays a
crucial role in the survival of Treg in the periphery (29), it would
be expected that in II2° mice much less recirculating Treg
recirculate to the thymus. We indeed found much less
recirculating Treg in thymi of I12° and of 112°1115° (but not of
I115°) mice as compared to wt animals (reduction of 87 + 5% and
90 + 6%, respectively, Figures 1E, S1G). To assess the implication
of IL-2 and IL-15 in Treg-development independently of their
effect on recirculation of peripheral Treg to the thymus, we
quantified Treg in four-day-old mice, in which the thymus only
just started to produce Treg and inhibition of Treg development
by recirculating cells is minimal (28). Given the consistent
results we obtained when analysing Treg-proportions among
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FIGURE 1

IL-2 and IL-15 quantitatively regulate intrathymic Treg-development. Thymocytes from (A—E) three-week-old or (F) four-day-old Rag-Gfp
Foxp3-Thyl1® mutant, /2° and/or /l15° mice, and /(2"** and /115""** littermates (for absolute numbers see Figure S1A), were stained with
fluorescent antibodies against indicated markers and analysed by flow cytometry. (A) Representative histograms of Thyl.1 expression (indicating
Foxp3-expression) on GFP™ (i.e. newly developed) CD4*CD8 TCRMI" (CD4SP) thymocytes (gated as in Figure S1B). Indicated gates were used
for the quantification of Thyl.1* Treg. (B) Percentages of Treg among GFP* CD4SP thymocytes from indicated mice (n=31, 17, 11, and 13 wt,
I12°, 1115°, and 112°1l15° mice, respectively). (C) Percentages of Treg among GFP* S1P1* CD4*CD8™ thymocytes (n=18, 12, 10, and 12 mice). For
S1P1 gates see Figure S1E. (D) Percentages of Treg among RTE in the spleen (n=19, 16, 7, 10 mice). For RTE gates see Figure S1F.

(E) Percentages of GFP™ (recirculating) Treg among CD4SP thymocytes (n=19, 17, 7, and 15 mice). For recirculating Treg-gates see Figure S1G.
(F) Percentages of Treg among GFP* S1P1* CD4SP thymocytes from four-day-old mice (n=10, 4, and 25 mice) For absolute numbers see Figure
S1H. Dots indicate individual mice. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (Mann-Whitney test). Bars indicate

mean values + SD.

GFP"CDA4SP and among GFP* S1P1* CD4"CD8™ thymocytes in
three-week-old mice (cf. Figures 1B, C), and the observation that
Treg only start to leave the thymus at four days of age and are
therefore quite rare in the spleen (64), we limited these analyses
to GFP" S1P1" CD4SP thymus egress-competent cells. We
found substantially (76 + 4%) less Treg among GFP* S1P1*
CD4SP thymocytes in II2° as compared to wt mice (Figure 1F).
Absence of IL-15 led to a more modest (19 + 10%) reduction in
Treg-development. Analysis of absolute numbers of SIP1" Treg
newly developed in four-day-old mice confirmed the major role
for IL-2 in Treg-development (Figure S1H).

Taken together, our data unequivocally demonstrate that IL-
15 and, more prominently, IL-2 play substantial and non-
redundant quantitative roles in intrathymic Treg development,
which directly impacts the influx of newly developed Treg into
peripheral secondary lymphoid organs.
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IL-2 and IL-15 differentially drive
development of thymus-exit-competent
and periphery-seeding CD25" and
CD25™ Treg subsets.

The peripheral Treg pool consists of cells expressing or not
the IL-2Roa-chain CD25, and CD25" vs. CD25~ Treg have
distinct properties (65). The observation that IL-2 and IL-15
quantitatively controlled intrathymic Treg development in a
non-redundant manner led us therefore to assess expression of
CD25 by newly developed Treg.

In 112° and I12°I115° mice, we found an almost complete lack
of newly developed CD25"8" Treg, while a deficiency in IL-15
did not have a statistically significant impact on the development
of this population (Figure S2A). Consistently, we found strongly

high

reduced proportions of CD25™¢" cells among newly developed
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S1P1-expressing Treg in the thymus of II2° and II2°I115° mice
(reductions of 92 + 9% and 100 + 0%, respectively) but unaltered
percentages in I115° mice (Figures 2A, B). Whereas 112° and I12°
I115° mice also displayed a nearly complete (93 + 5% and 97 +
6%, respectively) loss of CD25Msh
I115° mice, we found a smaller decrease of this population (28 +

RTE Treg in the spleen, in

9%, Figure 2C). We obtained similar results in thymi of four-
day-old mice, indicating that they are due to absence of IL-2 or
IL-15 and not to differences in accumulation of Treg that had
recirculated back from the periphery (Figure 2D).
The total absence of newly-developed CD25"&"
thymus of I12° mice suggested that development of CD25

Treg in the
~/low
Treg might be much less affected by the deficiency in IL-2.
Importantly, in wt animals, thymus-exit-competent
S1P1*CD257"'°" Treg were even more abundant than
S1P1*CD25™¢" Treg (Figure S2B) and we obtained similar
results for RTE in the spleen (Figure S2C). Since S1P1-
expression is sufficient for thymus-egress (63), these
observations indicate that Foxp3*CD257/°Y CD4'CD8"
thymocytes can leave the thymus and are not, or at least not

exclusively, precursors for Foxp3"CD25™e"

newly developing
thymic Treg. As compared to three-week-old wt animals, newly
developed CD25°" Treg were abundant and even somewhat
increased in the thymus of I12° mice (Figure S2D). We also
observed unaltered proportions of exit-competent (S1P17)
CD25 """ Treg among CD4"CD8" cells in the thymus and
increased percentages among RTE in the spleen (Figures 2E, F).
The increase in CD25 /" Treg in the thymus (Figure $2D) and
among RTE (Figure 2F) in I12° mice may be due to (an expected)
failure in CD25-expression and/or absence of recirculating Treg.
To study the implication of recirculating Treg, we analysed four-
day-old II2° mice. As compared to wt animals, we observed
strongly (63 + 6%) reduced levels of newly developed CD25 "%
Treg in the thymus of II2° mice (Figure 2G). In absence of IL-15,
we consistently found substantial reductions in the proportions of
CD25 " Treg among S1P1" Treg in the thymus (reduction of 41
+ 13%) and among RTE in the spleen (reduction of 57 + 14%) of
three-week-old mice, as well as in the thymi of four-day-old
animals (reduction of 24 + 11%, Figures 2E, F, G, S2D). In
thymi of II2°Il15° mice, we found even more reduced
proportions of CD25 1w Treg among exit-competent SIP1*
CD4"'CD8 cells than in I115° mice (54 + 8% vs. 41 + 13%),
indicating non-redundant roles of IL-2 and IL-15 in the
development of these cells (Figure 2E).

Combined, these data indicate that IL-2 is strictly required

high

for the development of thymus-exit-competent CD25™¢" Treg

and, to a lesser extent, also drives that of CD25~ low Treg. By
contrast, IL-15 modestly drives development of CD25"" as well
as of CD25 7" Treg. Since peripheral CD25™ vs. CD25" Treg
have distinct in vivo functional properties (65)(cf. discussion-
section), these data suggest that IL-2 and IL-15 drive

development of functionally distinct Treg.
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IL-2 but not IL-15 modulates expression
of GITR, OX40 and CD73 by the newly
developed Treg-population

We then searched for further phenotypic differences of Treg
developing in wt, I12° and Il15° mice. It was previously reported
that GITR is expressed at distinct levels on newly developed
Treg-subsets (66) and, among several markers studied, we found
that OX40 and CD73 are expressed in a bi-modal manner in wt
animals (Figure S3A). Moreover, in wt animals, GITR, OX40
and CD73 are expressed at higher levels on CD25"€" than on
CD25"°" Treg (Figures S3A, B). As a consequence of reduced
development of CD25"" Treg in I12° mice, average expression
levels of these three markers were lower on Treg from I12° than
from wt and I115° animals (Figures 2H, I, ], S3A). Expression of
these cell-surface molecules by Treg developing in I115° mice was
similar to that on wt Treg (Figures 2H, I, ], S3A). Together with
the data on CD25, these results indicate that IL-2 (but not IL-15)
modulates the phenotype of the Treg population newly
developing in the thymus and suggest that it may thus affect
the functional potential of these cells.

The TCR-repertoires expressed by Treg
that developed in an IL-2 vs. IL-15-
dependent manner are distinct

Very localized activity of the IL-2 vs. IL-15 produced by in
part distinct thymic (stromal) cell-populations appears involved
in Treg development (19, 31). Different thymic stromal cells
present distinct self-peptides and thus select Treg with different
specificities (33). We therefore hypothesized that the TCR-
repertoires expressed by Treg that developed in an IL-2 vs. IL-
15-dependent manner are dissimilar. To address this possibility,
we bred Rag2-Gfp Foxp3-Thyl® mice expressing a transgene
encoding the public TCRP clonotype (“Kaa”) of the MOG-
reactive CD4" T cell response during EAE in C57BL/6 mice
(7, 67), and that were either I12° I115° or wt littermates. We
analysed the development of MOG (35-55)/1-AP-specific Treg
by flow-cytometry. A quite substantial proportion (26 + 6%) of
newly developed Treg stained positive with the MOG (35-55)/I-
AP-tetramer in Kaa TCRB—transgenic mice, but not in non-
transgenic littermates used as controls (Figures 3A, B). We did
not observe a significant difference between wt and I12° mice. By
contrast, we found 22 + 8% less MOG (35—55)/I—Ab—speciﬁc cells
among newly developed Treg in I/15° than in wt mice. We
conclude that IL-15 plays a significant quantitative role in the
development of MOG (35-55)/I-A® -specific Treg while IL-2
appears not involved. These data therefore show different
contributions of IL-2 and IL-15 to the development of Treg
specific for a self-antigen.
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IL-2 and IL-15 differentially affect the phenotype of thymus exit-competent Treg. Thymocytes from Rag-Gfp Foxp3-Thyl? mutant, /[2° and/or
1115° mice, and /12"7** and 1115"** littermates, were stained with fluorescent antibodies against the indicated markers and analysed by flow
cytometry. (A) Foxp3 vs. CD25 expression by GFP* S1P1* CD4*CD8™ thymocytes from indicated mice. Depicted gates were used to quantify
CD257'°" and CD25"9" Treg. Percentages of (B—D) CD25M" or (E-G) CD25/*°" Treg among (B, E) newly developed S1P1* CD4*CD8~
thymocytes (n=16, 9, 9, and 13 wt, /12, /115°, and /12°/l15° mice, respectively) and (C, F) CD4*CD8 TCR™" RTE in the spleen from three-week-
old animals (n=16, 16, 7, and 9 mice), and (D, G) newly developed S1P1* CD4*CD8" thymocytes from four-day-old animals (n=11, 6, and 25
mice). (H-J) Expression (MFI, % positive cells, as indicated) of indicated markers on GFP*S1P1*CD69'°" CD4*CD8" thymic Treg from indicated
mice (n=16, 9, and 9 mice). Typical cytometry-plots are shown in Figure S3. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001 (Mann-Whitney test). Dots indicate individual mice. Bars indicate mean values + SD.

Frontiers in Immunology

68

frontiersin.org


https://doi.org/10.3389/fimmu.2022.965303
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Apert et al. 10.3389/fimmu.2022.965303

B
GFP*CD4*CD8- TCRp Tg* TCRB Ty~ o ns
thymocytes thymocytes thymocytes 8 *
— 1 S 401 ©
Elg o0 _ °
H* ] v 55
re) = o> 8 °
§ 3] ] g E‘ 2 20 a
o ] 222% | ] 0.7% £z
—_— joaT
! TS 5 ST o 0
-10° 0 10° 10 10 -10° L] 10° 10 10 ‘06 o °
Thy1.1-BV421 I-APIMOG(35-55) tetramer-APC < WT 1L2° IL15
ns
ns N
¢ ETp. s g °
9000 ns 3000
5}
g 2000
_ 6000 2
B B
@ c
& g
© 3000 £ 1000
L
7]
0
WT IL2°IL15° WT IL2°IL15°
E
R —_ IL-2-dependent A4
9 § 168
= > 100
Q c
S g 10t
=l T
g 2 107 70 289 111
= o SR 350 | 1 wof B 400
ND 107 107 10° ND 102 10" 10°
wt-frequency (%) wt-frequency (%)
G
M IL-2 dependent M IL-15 dependent
50 M IL-2 independent 50 W IL-15 independent M IL-2 dependent M IL-15 dependent
> * n 307 ns M IL-2 independent S0 W IL-15 independent
0 40 ns 40 * " ™
3= <3
s >
C 0 30 30 o2
o c c o
-] N . e <
g OS2 20 . = %
bl . " L
® 10 To10 = o
~ * * °\°
0 <

10 11 12 13 14 15 16 0 10 11 12 13 14 15 16
CDR3 length (AA)

FIGURE 3

The TCR-repertoires expressed by Treg developing in an IL-2 and IL-15-dependent manner are partially distinct. (A) Flow-cytometry analysis of
thymocytes from Rag2-Gfp Foxp3-Thyl® Kaa TCRB-transgenic (Tg*) or non-transgenic (Tg™) mice. Representative I-A°/MOG (35-55) tetramer-
stainings on GFP*Thy1.1*CD4*CD8" wt thymocytes (i.e. newly developed Treg) are shown. (B) Proportions of tetramer positive cells, gated as in
(A), in wt (n=17), I12° (n=5), and Il15° (n=10) mice. Dots indicate individual mice. (C—H) TCRseq analysis of TCRa. repertoires expressed by newly
developed Treg from Rag2-Gfp Foxp3-Thy1® Tcra*/® Kaa TCRB-transgenic wt (n=4), I12° (n=4) and 1115° (n=4) mice. (C) Chaol and Shannon-
Wiener diversity of the TCR-repertoires. (D) Morisita-Horn similarity between all individual samples from indicated mice based on clonotypes
with > 5 UMIs. Dots indicate distinct comparisons. (E) Frequency of individual clonotypes in the public TCR-repertoire expressed by Treg from
indicated mice. Red dots indicate clonotypes differentially expressed between wt and mutant Treg (p< 0.05, LIMMA test). N.D., not detected.

(F) Venn diagram showing the partial overlap of the IL-2 and the IL-15-dependent public clonotypes (i.e. those within the lower-right quadrants
in (E). (G) Distribution of the TCRa. CDR3-lengths of IL-2 and the IL-15-dependent and -independent public clonotypes (lower-right vs. upper-
right quadrants in E, respectively). CDR3a. start with conserved Cys and Ala and end with conserved Phe. See Figure S4 for average CDR3-
lengths. (H) TRAV- (TCR Va-segment-) usage in the indicated groups of TCRa clonotypes. Only TRAV represented at >5% in at least one
indicated group are shown. See Figures S5, S6 for clonotypes found only in cytokine-deficient mice (upper-left quadrants in (E). ns, not
significant; *p < 0.05; ***p < 0.001 (Mann-Whitney test). Bars indicate mean values + SD.
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To investigate the involvement of IL-2 and IL-15 in shaping
of the TCR-repertoire expressed by Treg in a broader manner,
we next bred Rag2-Gfp Foxp3-Thy1® mice that expressed the Kaa
transgenic TCRP chain, that were heterozygous for a Tcra null-
mutation, and that were either I12°, II115° or homozygous wt
littermates. We analysed the TCRo-repertoires expressed by
newly developed Treg in the thymus by high-throughput
sequencing of Tcra mRNAs. The diversity (i.e. the number of
clonotypes and their abundance) of the TCRo.-repertoires
expressed by Treg populations developing in wt and mutant
animals appeared similar (Figure 3C). Comparison of the TCR-
repertoires demonstrated higher similarities within the four wt
and the four I12° replicates than between the four wt and the four
112° samples (Figure 3D). We did not find significant differences
in the similarities between TCR-repertoires expressed by Treg
from wt and I115° mice (Figure 3D). These results demonstrate
that IL-2 modulates the TCR-repertoire expressed by newly
developing Treg. We argued that the principal differences in
the TCR-repertoires are the ones reproducibly found in all mice
of the same genotype, i.e., the “public” TCR-repertoires. I12°
mice lacked a substantial part (55%) of the public TCR
clonotypes we detected in wt animals (Figure 3E). Wt animals
lacked 34% of the public TCRs we detected in I/2° mice.
Similarly, I115° mice lacked 62% of the public TCRs detected
in wt animals and wt animals lacked 40% of the public TCRs we
detected in I/15° mice. A quite large proportion (61%) of the
public clonotypes lacking in II2° or I115° mice were identical, and
therefore appeared to require both IL-2 and IL-15 for their
development (Figure 3F). However, 19% of the IL-2-dependent
and 28% of the IL-15-dependent public clonotypes appeared to
specifically require these respective cytokines. Given that these
data concern TCR-clonotypes reproducibly found in wt vs. I12°
vs. I115° mice, they strongly suggest that IL-2 and IL-15
contribute to shaping of the TCR-repertoire expressed by
newly developing Treg.

To obtain insight into the potentially different characteristics
of the public TCRo-clonotypes expressed by Treg developing in
an IL-2- vs. IL-15-dependent manner, we next compared their
CDR3-lengths and TCR-Vo (TRAV)-usages. The distributions
of the CDR3-lengths were different between IL-2- or IL-15-
dependent vs. independent clonotypes (Figure 3G). The average
CDR3-sizes of the public IL-2-dependent clonotypes were
somewhat greater than those of the IL-2-independent ones
(Figure S4). By contrast, the average CDR3-sizes of the public
IL-15-dependent clonotypes were slightly smaller than those of
the IL-15-independent ones (Figure S4). Also clonotypes found
in I12° or I115° but not in wt animals had average CDR3-size and
distribution of CDR3-lengths that were significantly different
from those that were cytokine-independent (Figures S5A, B).
Analysis of the TRAV-usage revealed substantial differences
between cytokine-dependent vs. -independent clonotypes
(Figure 3H). Also clonotypes found in II2° or Il15° but not in
wt animals had TRAV-usages that were significantly different
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from those that were cytokine-independent (Figure S6). Taken
together, these observations indicate distinct characteristics of
the public TCRo-chain clonotypes expressed by Treg requiring
the presence or absence of IL-2 or IL-15 for their development.
The reproducibility of these results in the four biological
replicates for each genotype also indicated that the differences
were not due to sampling randomness.

Origins of the IL-2 and IL-15 involved in
Treg development

Probably through trans-presentation by their respective high
affinity receptor o-chains, IL-2 and IL-15 can have very local
effects (19, 31, 35, 68). Distinct thymic stromal cell-types have
distinct phenotypes and thus apparently convey distinct signals
to developing T cells (36). Our observation that IL-2 and IL-15
appear to qualitatively modulate Treg development may
therefore be due to interactions of developing Treg with
distinct stromal cell-types. We therefore sought to identify the
stromal cells producing the IL-2 and IL-15 involved in Treg-
development, which remains a controversial issue (19, 30-34).

In the thymus, TEC and DC appear to produce IL-15 and to
express the IL-15Ro chain required for its trans-presentation to
responder cells (19, 32, 34). To assess the role of the IL-15
produced by these cells in Treg-development, we generated
Rag2-Gfp Foxp3-Thyl® mice in which one Il15 allele was
constitutively and the other conditionally invalidated (1115°7").
The Cre recombinase required for invalidation of the II15 locus
was expressed under control of the promoter of the gene
encoding the thymus-proteasome B5t-subunit, active during
early stages of TEC-development (47), or that of the gene
encoding CDl11c, expressed by DC (46). The development of
iNKT cells depends on IL-15 (69). Il15-invalidation in TEC or in
DC led to reduced accumulation of CD4SP iNKT cells (Figures
S7A, B). Interestingly, Il15-invalidation in TEC, but not in DC,
led to reduced accumulation of CD4"CD8™ iNKT cells (Figure
S7C). These data thus confirm conditional invalidation of the
I115 locus in the mice. They also suggest distinct origins of the
IL-15 involved in the development of CD4 CD8 vs. CD4"CD8"~
iNKT cells. Unexpectedly, in B5t-Cre 1115*"" mice we found
unaltered proportions of Treg among CD4SP thymocytes
(Figure 4A). By contrast, in CD11c-Cre 1115/ mice (16.8 +
24.3%) less Treg developed than in control mice not expressing
the Cre-recombinase (Figure 4A). These results suggest that the
IL-15 involved in Treg-development is, at least in part, produced
by DC.

Whereas T cells appear to produce IL-2 involved in Treg-
development in the thymus, the role of dendritic cells (DC)
remains controversial (19, 30, 31, 68). As compared to in their
Cre” littermates, in CD4-Cre"* 112°/ mice, in which T cells do not
produce IL-2, we found very strongly (90.7 + 4.4%) reduced
proportions of CD25"¢" Treg among CD4SP (Figure 4B), which
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The IL15 involved in Treg development is produced by DC and the IL-2 by T cells and, to a lesser extent, by DC. Thymocytes from three-week-
old Rag-Gfp Foxp3-Thyl® mutant, (A) 1115°/% or (B) 112°/" mice, expressing or not the indicated Cre-transgenes, were stained with fluorescent
antibodies against indicated markers and analysed by flow cytometry. (left hand panels) Representative histograms of Thyl.1 (indicating Foxp3-
expression) vs. CD25 expression on GFP™ (i.e. newly developed) CD4SP thymocytes (gated as in Figure S1B). Indicated gates were used for the
quantification of (CD257"'°" and CD25™9") Thy1.1* Treg among CD4SP cells. (right-hand panels) Quantification of (A) total or (B) CD25"9" Treg
among GFP* CD4SP thymocytes. Dots indicate individual mice and values were normalized to the average percentages found in Foxp3™™/Y
male and Foxp3™™*"t female, Cre™ littermates ((A) n=8 B5t-Cre~, 11 B5t-Cre*, 27 CD11c-Cre™, 22 CD11c-Cre*, (B) 10 CD4-Cre~,7 CD4-Cre*,
8CD11c-Cre™, and 4 CD11c-Cre* mice). ns, not significant; *p < 0.05; ***p < 0.001 (Mann-Whitney test). Dots indicate individual mice. Bars

indicate mean values + SD.

confirms that T-cell-derived IL-2 plays an important role in Treg
development. Also in CD11c-Cre 112" mice, in which DC do
not produce IL-2, we found substantially (32.2 + 8.4%) less
newly developed CD25"¢" Treg (Figure 4B). These data
therefore indicate that IL-2 derived from both T and dendritic
cells is involved in Treg-development.

Thymic Treg from 112° and from [115°
mice have distinct capacities to prevent
autoimmune pathology

Our results reveal that Treg developing in the thymi of wt,
I12° and I115° mice are phenotypically distinct and that the TCR-
repertoires they express are, in part, distinct. We therefore
postulated that Treg from wt vs. [I2°s. I115° mice may have
distinct capacities to prevent autoimmune pathology. To assess
this possibility, we adoptively transferred (by i.v. injection)
identical numbers of GFP*Thyl.1'CD4"CD8" thymic Treg,

Frontiers in Immunology

sorted from three-week-old wt, I12° or 1115°, Rag2-Gfp Foxp3-
Thyl® mice, into new-born Treg-deficient Foxp3$f mice and
analysed lymphocyte-activation, cytokine production, (auto)
antibody production, and development of immunopathology
three weeks later (Figures 5, S8, S9).

Injection of newly developed wt thymic Treg into Foxp3¥
mice reconstituted Treg levels to 11 + 3% and strongly reduced
the symptoms of the autoimmune-pathology observed in sham-
treated animals: Skin desquamation; hunched posture; spleno-
and lymphadeno-megaly (Figures 5A, B, S8); activation of
splenic CD4" or CD8" T cells (as indicated by a
CD44"8"CD62L'" phenotype, Figure 5C); IFN-y or IL-13
production by splenic CD4" Tconv (Figure 5D); circulation of
serum antibodies of IgM, IgGl, IgG2a, IgG3, and IgA isotypes
(Figure 5E); production of circulating antibodies directed against
a large array of autoantigens of all organs assessed (Figure 5F),
and infiltration by mononuclear cells in pancreas, skin, and
lungs, and associated bronchial- and ear-thickening (Figure S9).
Newly developed Treg isolated from I12° and from I115° thymi
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Treg developing in 112° vs. I115° mice have distinct in vivo functions. Newborn Foxp3*" mice were i.v. injected with electronically sorted newly
developed thymic Treg from three-week-old Rag2-Gfp Foxp3-Thyl? wt, I12°, or /l15° mice, or sham PBS-treated, and analysed three weeks later.
(A) Eye pathology, reduced motility, hunched posture, and tail-skin-pathology in control scurfy mice, and its prevention upon neonatal injection
of thymic Treg from wt, /[2° and /l15° mice. See Figure S8 for representative pictures of mice, tail close-ups, and lymphadeno- and spleno-
megaly. (B) Reconstitution of Treg levels in the spleen of Foxp3*" mice upon injection of wt, /12°, or 1l15° Treg. (C) Proportions of activated (i.e.
CD44M9"CDE2L'°") CD4 (left) or CD8 (right) Tconv in spleens. (D) IFN-y (left) and IL-13 (right) producing CD4" Tconv in spleens (as determined
by flow-cytometry). (E) Titres of serum-antibodies of indicated isotypes. “Ab titre" is expressed as mean % of that found in sham-treated Foxp3*’
mice (IgG1, 73.1 + 35.9; IgG2a, 2.4 + 2.4; 19G3, 1.2 + 0.4; IgG2b, 0.0 + 0.0; IgA, 38.0 + 6.9; IgM, 137.1 + 40.6 pg/ml). Mice injected with Treg
from wt, 112° or Il15° mice had lower titres of all detected antibody-isotypes than sham-treated animals (p < 0.01, Mann-Whitney test).

(F) Autoantibodies in sera from indicated mice (as determined by incubating Western blots carrying total extracts from indicated Rag2° tissues
with sera). Representative blots (left panels) and semi-quantification of total signals on indicated tissues (right panel, mean ratios Treg-injected/
sham-injected mice) are shown. Numbers on the left side correspond to the tissues indicated on the right side. Statistical significance concern
differences between mice that had received IL2°vs. IL15° Treg (black asterisk in (E) and 1L15° Treg vs. wt Treg (blue asterisks in (F). Sham-treated
Foxp3*’ mice, n=14, 8 independent experiments; Foxp3*" mice injected with thymic Treg from wt mice, n=7, 3 experiments; from IL-2° mice,
n=6, 3 experiments; from IL-15° mice, n=7, 4 experiments. ns, not significant; *p < 0.05; **p < 0.01; ****p < 0.0001 (Mann-Whitney test). Dots
indicate individual mice. Bars indicate mean values + SD
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populated Foxp3? mice as efficiently as wt Treg (Figure 5B).
They also inhibited development of all of the symptoms, but to
distinct degrees (Figures 5A, C-F, S8, S9). Thus, despite similar
reconstitution, Treg from II2° (but not those from I/15°) mice
inhibited to a lesser extent than Treg from wt mice IFN-yand IL-
13 production by CD4 Tconv (Figure 5D). Treg from II2° mice
prevented the production of IgG1 less efficiently than Treg from
I115° mice (Figure 5E). Quantification of the tissue blots
hybridized with sera from Foxp3 mice injected with Treg
from wt, I12° or I115° thymi, revealed some minor differences,
but all three quite efficiently prevented autoantibody production
(Figure 5F). We did not find significant differences between the
capacity of wt vs. I12° or I115° Treg to prevent infiltration by
mononuclear cells in the pancreas, lungs and ears, or thickening
of bronchus-walls or ears (Figure S9). Combined, these data
indicate that the intrathymic availability of IL-2 is essential for
the development of a fully functional Treg population. The role
of IL-15 in this process appears more subtle.

Discussion

In the study reported here, we investigated the quantitative
and qualitative roles of IL-2 and IL-15 in the intrathymic
generation of Treg. By focusing on newly developed Treg and
by analysing young mice in which Treg development is
practically uninhibited by recirculating Treg, we showed
important quantitative roles of IL-2 and, to a lesser extent, IL-
15 in Treg development. IL-2 and IL-15 drive the development
of phenotypically distinct, thymus egress-competent and
periphery-seeding Treg, and differently modulate the selection
of the TCR-repertoire they express. Treg developing in absence
of IL-2 (but not of IL-15) had clearly detectable, though limited,
defects in the control of immune-responses in vivo. Combined,
these data consolidate and extend the suspected quantitative
roles of IL-2 and IL-15 in Treg-development in the thymus and
indicate that these cytokines also play important qualitative roles
in this process.

The thymi of mice deficient in the IL-2Rat or 8 chains, in IL-2
or in IL-15 contain fewer Treg (16, 18-20, 23, 70-72). However,
among thymic Treg, the proportion of cells that had recirculated
from the periphery back to the thymus is very large in wt animals
(28). These data therefore mostly failed to formally demonstrate a
role for IL-2 and IL-15 in Treg development in the thymus. In our
experimental mouse model, we could unambiguously identify
newly developed Treg and found substantially less Treg in IL-2-
or IL-15-deficient mice than in wt animals. Using an elegant
experimental model in which T cell-development was induced
through induction of ZAP70-expression, Marshall et al. showed
that antibody-mediated IL-2-blockade reduced de novo
development of Treg, which is consistent with our results (19).
It now therefore appears clearly demonstrated that IL-2 affects
Treg development in the thymus.
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IL-2 and IL-15 do not only act on Treg-precursors but also
on other cell-types (potentially) involved in Treg development in
the thymus. Thus, IL-2 plays a crucial role in the peripheral
survival of Treg (29). Accordingly, in IL-2-deficient mice we
found almost no Treg that had recirculated from the periphery
back to the thymus. Therefore, as compared to wt mice, in IL-2-
deficient mice at least two parameters affecting Treg
development had changed: availability of IL-2 and inhibition
of Treg development by recirculating cells. To exclude this
additional parameter, we analysed Treg-development four days
after birth, i.e. when Treg just start to develop and leave the
thymus, the proportion of recirculating Treg in the thymus is
very low, and inhibition of Treg-development is minimal (28).
We observed that in absence of IL-2 substantially fewer Treg
developed than in absence of IL-15. Our results thus confirm and
substantially extend an earlier report in which de novo
development of Treg was studied through induction of
ZAP70-expression (19). Interestingly, we observed a more
robust decrease in Treg development in neonate than in three-
week-old IL-2-deficient mice (as compared to wt animals). A
hypothesis that may explain this observation is that in three-
week-old (but not in neonatal) mice, Treg development is
substantially inhibited by recirculating Treg, in part through
limitation of the availability of IL-2 (28). Further limiting IL-2-
availability through genetic invalidation of the gene encoding it
would affect Treg development to a lesser extent in three-week-
old mice than in neonates, in which recirculating-Treg-mediated
inhibition of Treg-development is minimal. Assessing this
hypothesis will require the generation of mice in which
recirculating Treg do not accumulate in the thymus.

Also iNKT cells may, through production of IL-4, modulate
Treg development (73). As we here confirmed, in absence of IL-
15 substantially fewer iNKT cells accumulated in the thymus. It
remains therefore unclear if the reduced Treg development we
observed in IL-15-deficient mice was due to a direct effect on
Treg precursors or on iNKT cells. It will be important to study
the effect of IL-15 deficiency on Treg development in iNKT cell-
deficient mice.

Deficiency in IL-2 or IL-15 will also affect differentiation
and/or maintenance of other cell-types known to modulate T
cell-development in the thymus but not addressed in this study.
For example, IL-15 drives differentiation of CD8 memory T cells
(74), reported to reduce negative selection of autospecific
thymocytes through deletion of DC and mTEC (75).
Therefore, it will now be important to address the involvement
of other cell types potentially involved in the effects of IL-2 or IL-
15-deficiency on Treg-development.

Combined, our results thus firmly demonstrate quantitatively
substantial and non-redundant (direct and/or indirect) roles for IL-
2 and, to a lesser extent, IL-15 in Treg development. We also found
that the phenotypes of Treg developing in an IL-2- vs. IL-15-
dependent manner are distinct: Whereas IL-2 is strictly required for
the differentiation of CD25" Treg, IL-15 only plays a modest role,
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and both cytokines play a role in the development of CD25
Treg. Our results thus support and extend an earlier report on the
distinct roles of IL-2 and IL-15 in Treg development in the thymus
(19). Importantly, in wt animals, the egress-competent phenotype
of the thymic CD25™°™ Treg subset and the fact that these cells
were abundant among RTE in the spleen indicated that it is not
(only) a precursor population for newly developing thymic CD25"
Treg. The fact that we readily detected these cells among splenic
RTE in IL-2-deficient mice supports our conclusion that they do
not need to go through a CD25" phase to leave the thymus.
Komatsu and colleagues showed that CD25™ Treg have a less
stable phenotype than CD25" Treg and can lose Foxp3-
expression and suppressive activity and acquire the capacity to
produce IL-2, IFN-y, IL-4, and IL-17 (65). In vitro, IL-2 did not
stabilize Foxp3-expression of peripheral CD25™ Treg, suggesting
that availabilities of IL-2 in the thymus and in the periphery play
non redundant roles. Our results indicate that this apparently
functionally distinct CD25 "™ Treg subset may, in part, have a
thymic origin. Also the GITR, OX-40 and CD73-phenotypes were
differentially affected by absence of IL-2 or II-15. Together, these
observations suggest that IL-2 and IL-15 may drive the
development of potentially in vivo functionally distinct
Treg populations.

We hypothesized that IL-2 and IL-15 may drive
development of Treg expressing distinct TCR-repertoires. We
found that 73% of the public clonotypes observed in wt animals
required IL-2 and/or IL-15 for their development. Much smaller
proportions of the public clonotypes observed in wt animals
specifically required IL-2 (but not IL-15: 11%) or IL-15 (but not
IL-2: 17%) for their development. Since distinct proportions of
CD25™ vs. CD25" Treg developed in 112° vs. wt and 1115° mice,
these observations are consistent with a recent report showing
that intrathymic CD25” vs. CD25" Treg express distinct TCR-
repertoires (73). The non-redundant roles of IL-2 and IL-15 may
in part be due to an anti-apoptotic action of IL-2 (22) which
would allow selection of Treg expressing TCRs recognizing self-
MHC/peptide complexes with higher affinity. The public TCRo.-
repertoires expressed by Treg developing in an IL-2- or IL-15-
dependent manner have different CDR3-lengths and TRAV-
usages than those developing in wt mice. Previous work
demonstrated shortening of the CDR3o during T cell selection
in the thymus (76). Interestingly, whereas IL-2-dependent
TCRo-chains have larger CDR3 than IL-2-independent ones,
IL-15-dependent TCRo-chains have smaller CDR3 than IL-15-
independent ones. Distinct CDR30-lengths and TRAV usages
will probably have an influence on the affinities of the TCRs for
peptide/MHC complexes expressed by thymic stromal cells,
suggesting an interplay between cytokine-receptors and TCR
in driving development of the Treg-subsets. Whatever the
precise origin(s) of these distinct characteristics may be, they
also indicate that the differences in the TCRo.-repertoires we
observed are not due to sampling biases.
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Intriguingly, some Treg newly developing in the thymus of
I12° and of 1l15° mice expressed public TCR-clonotypes that we
did not observe in wt animals. Limiting our analysis to
clonotypes found in all four replicates will constrain but not
entirely avoid effects of sampling randomness, which may
therefore be involved in the detection of clonotypes exclusively
in I12° or I115° mice. However, small but statistically significant
differences in CDR3 lengths and in TRAV-usage of public TCRo
found in IL-2° but not in wt mice vs. those found in wt and in IL-
2° mice, indicated that a substantial proportion of Treg-
clonotypes found exclusively in II2° or I115° mice is not due to
sampling biases. By contrast, they suggested that these cells have
distinct peptide/MHC-recognition characteristics. A hypothesis
that may explain this observation is, again, that signals through
the TCR synergize with signals through the receptors for IL-2
and IL-15 to drive differentiation and selection of Treg-
precursors, i.e. the cytokines would act as a rheostat.

The differences in the TCR-repertoires expressed by Treg
from wt, IL-2- and IL-15-deficient mice may be due to the
distinct sources of these cytokines in the thymus. Consistent
with this postulate, it was previously shown that Treg specific for
a model-antigen expressed by mTEC do not require IL-2 for
their development (27). IL-2-deficient DC supported the
development of Treg less efficiently than wt cells in an in vitro
thymus culture system (31). In agreement with this observation,
we observed a reduction in newly developed Treg in mice with
an IL-2-ablation targeted to DC. DC trans-presenting IL-2 via
the IL-2Ro-chain (35) may favour differentiation of Treg specific
for ligands expressed by these stromal cells, as previously
suggested (68). Whereas II2-mRNA was detected in thymic
DC (31), using an experimental model in which Ii2-
expression-history could be traced, Hemmers et al. did not
find evidence for expression in CD90 CD19 Ly6G Ly6C™
thymic DC (30). Together with our data, these observations
suggest that IL-2 expression by thymic DC is limited to a
particular subset of these cells (or of other CD11c" cells). It
appears rather unlikely that the reduced Treg development we
observed in the 112" CD11c-Cre mice was due to the previously
reported very limited activity of the transgenic construct in T
lymphocyte-progenitors (<10%) (46). In mice with an IL-15-
ablation targeted to DC, we found fewer newly developed Treg,
and DC are known to express the IL-15Rat-chain (32). It remains
to be investigated if the IL-2Ro and IL-15Rov chains are
expressed by the same or by distinct DC and if these DC
present the same repertoires of MHC/peptide complexes.
Similarly, mTEC trans-presenting IL-15 via the IL-15Ro.-chain
(32) might favour differentiation of Treg specific for ligands
expressed by these stromal cells. It was indeed shown that
radioresistant stromal cells play an important role in the trans-
presentation of the IL-15 involved in Treg development (19).
However, even if the abridged development of iNKT cells
indicated reduced IL-15 production in our mice with an IL-
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15-deficiency targeted to TEC, we have not observed a reduction
in Treg development. The precise stromal origin of the IL-15
involved in Treg development will therefore require
further work.

A non-mutually exclusive explanation for the differences in
TCR-repertoires expressed by Treg that had newly developed in
wt, IL-2 or IL-15-deficient mice is related to the indirect effects of
these cytokines. Both recirculating Treg and iNKT cells (and
potentially other cell-types), the presence of which is controlled
by IL-2 and IL-15, respectively, appear to modulate Treg
development in the thymus (28, 73), and these cells may also
modulate selection of the TCR-repertoire, e.g. through affecting
thymic stromal cells. This postulate would imply that also the
TCR-repertoires of Tconv developing in wt vs. I12° vs. I115°
animals may be distinct. Assessing these possibilities will require
analysis of TCR-repertoires expressed by Tconv and Treg
developing in mice lacking recirculating Treg and iNKT cells.

Treg developing in absence of IL-2 or IL-15 therefore are
phenotypically (and potentially functionally) distinct and they
express distinct TCR-repertoires. We postulated that these cells
may have distinct capacities to prevent (auto)immune pathology
in vivo. To distinguish between roles of these cytokines in the
thymus vs. the periphery, we transferred Treg isolated from wt,
IL-2 or IL-15-deficient thymi into Foxp3? hosts sufficient for
these cytokines. Upon transfer into neonatal scurfy mice, newly
developed thymic Treg from wt, I12° and II15° mice equally
efficiently reconstituted adoptive hosts. However, Treg from 1/2°
mice less efficiently inhibited IFN-y and IL-13 production by
CD4 T cells than wt Treg. Consistent with their reduced capacity
to inhibit production of a Th2 cytokine, they also less efficiently
inhibited serum accumulation of antibodies of IgGl isotype.
Treg from I115° mice had a slightly lower capacity to inhibit
formation of autoantibodies to pancreas and liver. However, we
did not observe differences in the capacity of newly developed
Treg from wt, I12° and I115° mice to prevent the histological
lesions observed in Treg-deficient Foxp3 mice. These results
indicate that IL-2 (and potentially IL-15) plays a qualitative role
in the intrathymic development of Treg, a role that cannot be
replaced by exposure to this cytokine in the periphery.
Redundancy of Treg with distinct antigen-specificities and/or
effector-functions may explain the modest nature of the defects
we observed.

The reduced capacity of Treg from IL-2-deficient mice to
inhibit cytokine production by T cells in vivo may be due to
reduced stability of Foxp3-expression by these cells. In absence
of IL-2, Treg precursors failed to express high levels of CD25.
Komatsu and colleagues showed that CD25~ Treg have a less
stable phenotype than CD25" Treg: They lose Foxp3-expression
and suppressive activity, and even acquire the capacity to
produce IL-2, IFN-y, IL-4, and IL-17 (65). Taken together,
these two observations suggest that, upon adoptive transfer
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into IL-2-sufficient mice, (CD25") thymic Treg from IL-2-
deficient animals will have a defect in Foxp3-stability and
therefore less efficiently control T cell-activation in vivo.
Extensive (e.g. single cell transcriptomic) analysis of the
similarity of the CD25 /" Treg-populations developing in wt
vs. 112° mice and assessment of their differentiation upon
adoptive transfer into neonatal Foxp3¥ mice will be required
to assess this hypothesis. Whatever the precise explanation, IL-2
in the thymus and in the periphery apparently has non
redundant effects on Treg.

The data presented here indicate a more complex role for the
cytokines IL-2 and IL-15 in the intrathymic differentiation of
Treg than what was previously appreciated. Rather than only
quantitatively controlling this process, they appear to also
qualitatively do so by guiding differentiation of Treg with
distinct phenotypes and by shaping the antigen-specificity of
Treg emerging from the thymus. This is, in part, potentially due
to the distinct thymic cell-types known to produce and to
respond to these cytokines. The relative availability of IL-2 and
IL-15 in the thymus may change during life. We thus previously
described that Treg recirculating from the periphery back to the
thymus limit the availability of IL-2 and thus inhibit Treg
development (28). It will now be important to assess how such
potential changes influence the development of Treg in the
thymus and the immunosuppressive activity of these cells in
the periphery.
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The chemokine landscape: one
system multiple shades
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Elaheh Ghovehoud and Mariagrazia Uguccioni

Institute for Research in Biomedicine, Universita della Svizzera italiana, Bellinzona, Switzerland

Leukocyte trafficking is mainly governed by chemokines, chemotactic cytokines,
which can be concomitantly produced in tissues during homeostatic conditions
or inflammation. After the discovery and characterization of the individual
chemokines, we and others have shown that they present additional
properties. The first discoveries demonstrated that some chemokines act as
natural antagonists on chemokine receptors, and prevent infiltration of leukocyte
subsets in tissues. Later on it was shown that they can exert a repulsive effect on
selective cell types, or synergize with other chemokines and inflammatory
mediators to enhance chemokine receptors activities. The relevance of the
fine-tuning modulation has been demonstrated in vivo in a multitude of
processes, spanning from chronic inflammation to tissue regeneration, while
its role in the tumor microenvironment needs further investigation. Moreover,
naturally occurring autoantibodies targeting chemokines were found in tumors
and autoimmune diseases. More recently in SARS-CoV-2 infection, the presence
of several autoantibodies neutralizing chemokine activities distinguished disease
severity, and they were shown to be beneficial, protecting from long-term
sequelae. Here, we review the additional properties of chemokines that
influence cell recruitment and activities. We believe these features need to be
taken into account when designing novel therapeutic strategies targeting
immunological disorders.

KEYWORDS

Chemokines, Antagonism, Repulsion, Synergism, CXCL12/HMGB1 heterocomplex,
Autoantibodies

Introduction

Chemokines, chemotactic cytokines, engage in a promiscuous fashion a panel of over
20 chemokine receptors, key regulators of leukocyte migrations and functions. The
chemokine system includes approximately 50 ligands, which play a fundamental role
both in physiological and pathological immune responses (1).
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The three-dimensional structures of all chemokines, as
determined by nuclear magnetic resonance (NMR) spectroscopy
or by X-ray crystallography, reveal remarkably similar protein
backbones, tied together by two disulfide bonds formed among
the four cysteines conserved in almost all chemokines. In all known
structures, the N-terminal domain is unordered and contains two of
the four cysteines. The loop region after the second cysteine, often
referred to as “the N-loop”, is followed by three antiparallel
B—strands and a C-terminal o—helix, all of which are connected
by short, random-coiled loops. The proximity of the cysteines in the
N-loop has been used to classify chemokines in subfamilies: CC,
where the cysteines are adjacent, CXC, in which one amino acid is
interposed between the cysteines and CX;C, where three amino
acids are present in between, while XC chemokines lack the first and
the third conserved cysteine (2-4).

To mediate their activity, chemokines bind to cell surface
receptors, which belong to the largest branch of the y subfamily
of rhodopsin-like G protein-coupled receptors (GPCRs). Today, 19
signaling receptors have been identified: 6 CXCRs, (CXCR1-6), 10
CCRs (CCR1-10), CX3CR1 and XCR1 (5). In addition, there are
four “atypical” receptors (ACKR1-4) that use B-arrestins to elicit
their functions. Atypical chemokine receptors impacts chemokine
availability by scavenging and degrading the chemokine in the
lysosomes, or by transporting the chemokines across different
barriers via transcytosis (6).

Initial studies on structure-function relationships of
chemokines were performed with CXCL8, using N-terminal
truncations and amino acid substitutions. NMR-studies of
CXCLS8 in complex with peptides derived from the N-terminus of
CXCRI, together with single-site mutagenesis, led to the
identification of the major receptor-binding region: a positively
charged groove between the N-loop and the third B—strand, into
which the N—terminus of the receptor binds (7). Further studies of
other chemokine receptor-peptide complexes corroborated this
model (2).

Despite the apparent redundancy within the chemokine system,
characterized by multiple chemokines binding to a single receptor
and one receptor being activated by multiple chemokines, the
system has been demonstrated to exhibit a high degree of
specificity and complexity. Chemokine receptors are selectively
expressed on specific subsets of cells, which contributes to their
functional characteristics and homing abilities. Their ligands, on the
other hand, can be expressed either individually or in combination
within a particular tissue, both under normal and pathological
conditions (8).

Studies investigating expression of chemokines in human
samples from different diseases have revealed that many
chemokines can be produced during the disease process (9). In
vivo models and in vitro studies have highlighted the importance of
chemokine binding to extracellular matrix components, and their
activities as complexes (10). However, in pathological conditions,
chemokine production does not always entirely account for the
disease characteristics. This discrepancy might be partially
explained by the additional chemokine activities and their natural
regulation that we, and others, have described in the last three
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TABLE 1 Modulators of chemokine activities.

Activity Receptor Modulator Reference
CCRI1 CCL4 (11)
CCL26 (12)
CCR2 CCL2 (9-76) (13)
CCL11 (14)
g
£ CCR3 CCL18
o
> CXCL9
15-17
2 CXCL10 (15-17)
< CXCL11
CCR5 cCL7 (18)
CCL26 (12)
CXCL11 (19)
CCR2 CCL26 (20, 21)
c
.
K]
:’-,. CXCR4 CXCLI12 (22-24)
.3
CCR2 CCL1Y (25)
cCr21
CCR4 CXCL10 (26)
€ CCR5 CXCL4 (27)
(7]
® CCR7 CXCL13 (28)
Q
c
@ CXCR3 CXCL12 (29, 30)
CXCR4 CXCL9 (31)
HNPI1 (32)
Galectins (33)
HMGB1 (34, 35)

decades (Table 1). This review aims to summarize these findings
and their relevance to disease progress and treatment.

Natural chemokine antagonists

The concomitant expression of several chemokines in inflamed
tissues led us to explore the possibility that leukocyte infiltration may
occur stepwise in response to gradients of different chemokines, and
that chemokines can modulate, as natural antagonists, the activity of
receptors that are different from their “traditional” target ones.

Chemokine receptor antagonism by unmodified naturally
occurring ligands, therefore, constitutes a potentially important
regulatory principle of chemokine-driven reactions.

Several reports have described that natural chemokine
antagonists block the migration of inflammatory cells or provide
an additional mechanism for selecting the leukocyte sub-type to be
recruited at site of inflammation (Figure 1A).

A thorough pharmacological characterization of CCR5 revealed
CCL7, a promiscuous agonist for CCR1, CCR2, and CCR3, as a
highly potent, complete antagonist (18). An extensive study by
Loetscher et al. showed CXCLI11, an agonist of CXCR3, to be a
highly selective and potent antagonist for CCR3, while CXCL9 and
CXCL10, the other two agonists of CXCR3, were less efficient
inhibitors (15). CCL18 and CXCL11 have independently been
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Mechanisms of regulation of chemokine activities. (A) Directional migration (indicated with an arrow) of a chemokine (blue circles) on its respective
receptor, and the gradient formation (left panel). Antagonistic effect and impairment of migration elicited by the co-presence of high levels of a
non-agonist chemokine (CCL7, orange circles) (middle panel) or by neutralizing autoantibodies (autoAbs) targeting the chemokine (right panel)

(B) Repulsive effect of CCL26 on monocytes that move away from the chemokine gradient (right panel) compared to eosinophils, which are
attracted by it (left panel). (C) Absence of migration at low concentrations of the agonist (blue circles) (left panel). Enhanced migration (represented
as a thick arrow) in the presence of an heterocomplex formed at low concentration of the agonist (CXCL12) and concomitant high concentration of
a non-agonist chemokine (CXCL9, orange circles) (middle panel) or the alarmin High Mobility Group Box 1 (HMGB1) (red half-circles) (right panel).

confirmed as CCR3 antagonists (16, 17). We have reported on the
antagonistic effects of CCL11 on CCR2 (14), while another report
characterized CCL11 as a partial antagonist of CCR2 (36). Similarly,
CCL4 has been described as an antagonist (11) or partial agonist
(37) for CCRI, possibly depending on the cellular background.
Furthermore, we have characterized CCL26 as a natural antagonist
for CCR1 and CCR5 (12), and CXCL11 for CCR5 (19).

In addition, naturally occurring post-translational
modifications of chemokines, such as proteolytic processing of the
N-terminus domain (38), as well as synthetic N-terminal truncated
forms (13) have been shown to have antagonist activity. As an
example, a truncated variant of CCL2 (MCP- 1 (9-76)) prevents the
onset of arthritis, and reduces symptoms and cellular infiltrates in
the MRL-Ipr mouse model. Despite this important finding, clinical
trials aimed at blocking CCL2/CCR2 interaction in Rheumatoid
Arthritis (RA) failed to reach phase IIT (5), most likely due to the
complexity of the disease in humans (e.g.: synovial infiltrate with
predominant follicle like structure, monocyte/macrophages, or
fibroblasts) and the different chemokines produced.

The unmodified natural antagonists act similarly to the
truncated variants, which lack the N-terminal motif, and bind to
the receptors via the structurally conserved N-loop and third
B-strand, but then present the receptor with an N-terminal motif
that is incapable of activating it. This notion is supported by
experiments showing that a CCL11 variant, featuring the
N-terminal motif of CXCL11 instead of its native one, acted as a
highly potent CCR3 antagonist (39).

Frontiers in Immunology

Repulsive chemokines

A second feature of chemokines is their potential to exert a
repulsive effect on selected cell types (Figure 1B). This feature was
first described in 2000 by Poznansky and colleagues: high
concentrations of CXCL12 exert a repulsive rather than an
attractive effect on mature T cells (22).

While low concentrations of the chemokine attract a variety of
leukocyte subpopulations, high concentrations of CXCLI2 induce a
repulsive effect on both naive and memory CD4" and CD8" T cells,
which move away from the source of the stimulus. The repulsive effect
of CXCL12 on T cells is mediated by distinct signaling pathways as
compared to those involved in chemotaxis: while the first is inhibited
by cAMP agonists, the second requires tyrosine kinase activity, and
they both depend on CXCR4, Gou protein and phosphatidylinositol 3-
kinase activities. Differences in i) receptor dimerization and
internalization, ii) signal transduction pathways elicited by surface
or endocytosed receptor/ligand complexes, and iii) ratio between
GAG-bound and free CXCL12, have been theorized as mechanisms
involved in the different activity exerted by low or high chemokine
concentrations, but no definitive experimental evidence has been
provided to support these possibilities (40). It has been speculated
that the repulsive effect exerted by CXCL12 on T cells prevents their
infiltration in organs that produce abundant amounts of the
chemokine, such as the bone marrow or the thymus, or can act as a
limiting mechanism to avoid excessive accumulation of lymphocytes
at site of inflammation to avoid self-perpetuating immune responses.
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The relevance of the repulsive effect of CXCL12 on T cells in
physiology has been later proven in the setting of mature
thymocytes emigration from the thymus (23). Mature single
positive CD4" and CD8" thymocytes, but not immature triple
negative or double positive thymocytes, migrate away from
thymic fragments through a Bordetella Pertussis toxin sensitive
process, indicating that Goi protein-coupled receptors are
responsible for the active movement of cells away from the tissue.
Lack of a negative CXCL12 gradient and/or inhibition of CXCR4
prevent thymocytes emigration from thymic fragments, thus
demonstrating that the repulsive effect is dependent on the
presence of CXCR4 on mature thymocytes and on the high
concentrations of CXCL12 produced by the thymic stroma.

Elevated levels of CXCL12 are also found in dysplastic tissues,
such as primary brain tumors, melanomas, and ovarian carcinomas.
Despite high concentrations of the chemokine, these tumors are
rarely infiltrated by T cells. In 2006, Vianello and colleagues
provided evidence that melanomas expressing elevated levels of
CXCLI12 can repel T cells, thereby abrogating Antigen (Ag)-specific
T cell infiltration into the tumor and allowing it to escape immune
control (24). Melanomas engineered to express low or high
concentrations of CXCL12 display distinct levels of tumor
infiltrating lymphocytes. Ag-specific T cells infiltrate tumors
expressing low levels of CXCL12, but not those expressing
elevated levels of the chemokine. The infiltration of Ag-specific T
cells into these tumors is therefore affected by the concentration of
CXCL12, with low concentrations leading to chemotactic effects
and high concentrations to repulsion. These activities are mediated
by CXCR4, as Ag-specific T cell pre-treatment with the antagonist
AMD3100 results in decreased infiltration of low CXCLI2
expressing tumors, but abrogates the repulsive effect, and restores
infiltration in tumors expressing high levels of CXCL12, possibly via
different chemokine receptors.

The ability to induce migration away from the stimulus is not an
exclusive feature of CXCL12. Indeed, we showed that CCL26
actively repulses monocytes (20), a finding that was later
confirmed in an independent study (21). While both the
chemotactic and repulsive effects exerted by different CXCL12
concentrations are mediated by CXCR4, the repulsive effect of
CCL26 does not require the expression of its cognate receptor
CCR3. This repulsive effect on monocytes depends on CCR2
availability, and requires Goi protein and tyrosine kinase
activities. Moreover, monocyte migration along a CCL2 gradient
is significantly increased in the presence of an opposite CCL26
gradient, indicating that the concomitant presence of two opposite
gradients in the microenvironment could enhance monocyte
responses to CCL2. This effect could be relevant in vivo to direct
monocytes from the blood stream to the site of inflammation, with
CCL26 being expressed by vascular endothelial cells, during allergic
reactions (41), and CCL2 by the inflamed tissue.

Synergy-inducing chemokines

A third level of modulation in chemokine activity is their ability
to interact with other chemokines or molecules in the
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microenvironment, leading to synergistic effects on leukocyte
functions in response to chemoattractants (Figure 1C). This can
occur through direct interactions between molecules or through
engagement of different receptors on the same cell. The first
description of this mechanism dates to 2002 when the bovine
chemokine regakine-1 was discovered to induce an enhanced
neutrophil migration when combined with CXCL7, CXCL8 and
C5a (42). The receptor or the mechanism of regakine-1 induced
synergism were not identified. Competition with labelled C5a for
binding to neutrophils or receptor transfected cell lines demonstrated
that regakine—1 does not alter receptor recognition. The protein
kinase inhibitors 2’-amino—3’-methoxyflavone (PD98059),
wortmannin and staurosporin had no effect on the synergy
between C5a and regakine—1. This first observation was followed
by the description that migration of natural type I IFN—producing
cells, a subpopulation of murine and human lymphocytes, to the
CXCR3 agonists requires stimulation of CXCR4 by CXCL12 (29).
The mechanism by which CXCL12 induces enhanced migration in
response to CXCR3 agonists remains unknown. CXCL12 does not
upregulate the expression of CXCR3 and does not increase the affinity
of CXCR3 for its agonists. Apart from chemotaxis, the authors did
not investigate other cell functions, and did not assess the signaling
pathways involved. Similarly, the same enhanced migration in
response to CXCR3 agonists, induced by stimulation with CXCL12,
was observed by Vanbervliet et al. on human plasmacytoid dendritic
cells (30). These reports undoubtedly indicated, as for natural
antagonist chemokines, the necessity to further investigate the
mechanisms governing concomitant expression of chemokines and
cell functions, fostering research in this area.

Assessing the activity of chemokine heterocomplexes, von
Hundelshausen et al. demonstrated that the complex between two
chemokines, CCL5 and CXCL4, triggers the arrest of monocytes on
activated endothelium (27), while concomitantly we demonstrated
that the heterocomplex between CXCL13 and CCL21 or CCLI19
modulates CCR7-expressing cell activities (28). Likewise, CCR4™
lymphocytes migrate toward low concentrations of CCL22 in the
presence of CXCL10 (26), monocytes migrate toward low
concentrations of CCL7 in the presence of CCL19 or CCL21 (25),
and lymphoma cells respond to the heterocomplex formed by
CXCL12 and CXCL9 via CXCR4 (31).

Von Hundelshausen et al. extensively studied how human
chemokines interact with each other and demonstrated their
relevance in enhancing receptor triggering or inhibiting receptor
activities (43). Several studied performed in vivo highlighted the
importance of disrupting the heterocomplex formation to
ameliorate inflammation (44-46).

Recently, a non-dissociating CXCL4-CXCL12 heterodimer was
used as a new tool to further study chemokine-chemokine and
chemokine heterodimer-receptor interactions in breast cancer
cells (47).

Chemokine heterocomplexes might provide an amplification
system, when the concentration of the agonist is too low to trigger a
proper receptor response (48). On the other hand, when synergy-
inducing molecules are present in an environment rich of the
agonist, they could possibly dampen cellular responses, as
indicated by in vitro migration (26, 28, 34).
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Chemokine activity can also be modulated by their interaction
with other molecules such as the alarmin High Mobility Group Box
1 (HMGB1) (34), as described in the next section, the o-defensin
HNP1 (32), or galectins (33), further supporting the relevance of the
tissue microenvironment in modulating cellular recruitment and
responses in inflammation.

CXCL12/HMGB1 heterocomplex

Damage-associated molecular patterns, also known as alarmins,
are danger signals released upon tissue damage to activate the
inflammatory response. The alarmin HMGB1 has been shown to
form a heterocomplex with CXCL12, favoring cell migration via
CXCR4 both in vitro and in vivo. This synergistic activity,
demonstrated in vitro using mouse fibroblasts and monocytes,
was further assessed in an in vivo model of sterile inflammation.
Moreover, this effect is blocked by glycyrrhizin, which prevents the
formation of the heterocomplex, by anti-CXCL12 antibodies, or by
AMD3100, inhibiting CXCR4 activation (34).

HMGBI is characterized by two DNA binding domains, Box A
and Box B, connected by a flexible linker region, and a long acidic C-
terminal tail. In the tissue microenvironment, HMGBI can be present
in two different redox isoforms: reduced-HMGBI1 in which the two
conserved cysteines at position 23 and 45 within Box A are reduced,
and oxidized-HMGBL1 in which these two cysteines form a disulfide
bond. Only reduced-HMGBI1 synergises on CXCL12 activities (49).
Results from NMR and Surface Plasmon Resonance experiments

10.3389/fimmu.2023.1176619

revealed that CXCLI2 interacts separately with each of the HMGB1
boxes (34). Molecular dynamics simulations and protein-protein
docking calculations showed that reduced-HMGBI1 can
accommodate two CXCL12 molecules, while oxidized-HMGBI
tends to be more compact and displays a lower accessible surface for
the chemokine. Furthermore, only when the two CXCL12 bind to the
reduced-HMGBI, their N-terminal domains are oriented in the best
conformation to trigger CXCR4 dimers (Figure 2A) (50). Fluorescence
Resonance Energy Transfer studies investigating CXCR4 dimer
formation showed that the CXCL12/HMGBI heterocomplex induces
different rearrangements of CXCR4 homodimers on the cell surface,
compared to CXCL12 alone, without altering the overall number of
CXCR4 homodimers formed (34). Triggering of CXCR4 by the
heterocomplex, in comparison to CXCL12 alone, results in a
distinctive engagement of the P-arrestin proteins: B-arrestinl for
actin polymerization and B-arrestin2 for directional migration. In
addition, CXCR4 is preserved on the cell surface and this results in
an enhanced response to the chemotactic signal (51).

CXCL12/HMGB1 heterocomplex
in inflammation

The early recruitment of mononuclear cells at the site of
inflammation, also driven by the CXCL12/HMGBI heterocomplex,
is an essential step to mount a proper immune response. In such
cases, it is essential that HMGBI1 is maintained reduced in
the microenvironment.

The heterocomplex mediated migration was first assessed in an
in vivo model of sterile inflammation, achieved by the injection of
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The CXCL12/HMGB1 heterocomplex. (A) Model of two molecules of CXCL12 (blue circle) complexed with reduced High Mobility Group Box 1
(HMGB1Y) (red half-circles), binding and triggering CXCR4 homodimers on the cell surfaces. (B) CXCL12/HMGB1 heterocomplex is present in
rheumatoid arthritis, where it sustains inflammation in the synovial membrane (left panel). A positive effect of the CXCL12/HMGB1 heterocomplex
has been shown in models of sterile inflammation, fracture healing, muscle repair and hematopoiesis after chemotherapeutic myeloablation (middle
panel). The role of the heterocomplex in cancer has yet to be fully understood (right panel).
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cardiotoxin into the muscle. Endogenous production of HMGBI,
and subsequent heterocomplex formation with the CXCLI12
expressed on endothelial cells, promotes a fast recruitment of
CD11b* mononuclear cells (34). In this model, pre-treatment
with glycyrrhizin, completely abolishes leukocyte infiltration.

More recently, Ferrara and colleagues, monitored HMGB1 redox
status and leukocyte infiltration in tissues, demonstrating that in early
inflammation HMGBI is mainly reduced, while oxidized-HMGBI is
prevalent at later stages, possibly due to the production of Reactive
Oxygen Species by infiltrating leukocytes (52).

Despite its beneficial role in early leukocyte recruitment during
acute inflammation, persistent expression of the heterocomplex
might be detrimental and delay resolution of inflammation.

In patients with RA, an autoimmune condition affecting the
joints, monocytes are known to be recruited via CXCL12 (53), and
HMGBI is found overexpressed in the synovial fluid (54), where the
heterocomplex can be detected (35). Monocytes from RA patients
with active disease migrate towards the CXCL12/HMGBI1
heterocomplex formed at lower HMGBI concentration, compared
to monocytes obtained from healthy individuals, due to the
production of thioredoxin and thioredoxin reductase, enzymes
implicated in maintaining HMGBI in its reduced form (35).
In vitro treatment of monocytes from healthy individuals with
prostaglandin E2, found at high concentration in the sera of RA
patients, recapitulates the response to the heterocomplex of
monocytes from active RA. This eftect is abolished by celecoxib, a
COX2 inhibitor used in RA treatment, which restores migration
patterns to normal levels. Together, this study demonstrated the
pathological role of CXCL12/HMGBI1 heterocomplex in the
recruitment of monocytes during active disease status, where they
promote tissue damage (Figure 2B).

Indirect evidence points to a role for the CXCL12/HMGBI1
heterocomplex in autoimmune disorders affecting the eyes. In a
model of autoimmune uveitis, adoptive transfer of uveitogenic
Ag—specific T cells promotes the active secretion of HMGBI1 by
retinal cells, a process mediated by Fas-FasL interaction (55, 56).
Yun and colleagues demonstrated that, early after adoptive transfer,
retinal cells actively secrete HMGB1 and subsequently produce
CXCLI12 (57). In addition, CXCR4 inhibition significantly reduces
ocular leukocyte infiltration and improves clinical score. Although
this represents the first indication of HMGB1 and CXCL12
pathological expression in uveitis, redox status of HMGBI and
therefore heterocomplex formation remains to be proven. Local
upregulation of HMGBI1 has been shown in vitreous samples of
diabetic patients with ongoing retinopathy, and in the retinas of
diabetic rat and mice models (58-60). The presence of CXCL12/
HMGBI heterocomplex has been demonstrated after intravitreal
HMGBI injection in diabetic mice, which upregulates CXCL12
(61). Future studies should investigate heterocomplex mediated
leukocytes recruitment in the retina and how best to
pharmacologically impair this migration.

A potential pathological role of CXCL12/HMGBI has also been
suggested for infectious diseases.

HMGBI is secreted locally in response to Pseudomonas
aeruginosa lung infection (62). De Leo and colleagues have
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recently demonstrated, in an in vivo model, that a newly
discovered CXCL12/HMGBI1 heterocomplex inhibitor, pamoic
acid, can reduce lung neutrophil load during the acute and
chronic phase of the infection (63). This is the first report
highlighting neutrophil recruitment via the heterocomplex, and
future studies are needed to validate its activity in other pathological
conditions driven by this cell type.

The research on inhibitors of the CXCL12/HMGBI
heterocomplex was boosted by the results obtained in patients
with RA and in vivo models of inflammation, in view of
developing additional treatments for several pathological
conditions fueled by monocyte infiltration (63-66). Currently,
small molecules and computationally identified peptides have
been tested for their ability to inhibit the heterocomplex in vitro
and in vivo.

CXCL12/HMGB1 heterocomplex in
tissue repair

Two independent works have demonstrated that the CXCL12/
HMGBI heterocomplex enhances tissue regeneration in vivo after
muscle injury or bone fracture, acting via CXCR4 (Figure 2B) (67,
68). Tirone and colleagues showed that HMGBI accelerates tissue
regeneration by acting on resident stem cells. This process requires
the presence of both CXCL12 and CXCR4, indicating a role for the
CXCL12/HMGBI heterocomplex (67).

Systemically administrated exogenous HMGB1 in C57BL6/]
mice accelerates hematopoietic recovery after myeloablation
induced by chemotherapy (68). On the other hand, genetic
deletion of HMGBI delays fracture healing. The regenerative
process is inhibited by adding glycyrrhizin or AMD3100,
suggesting that HMGBI1 exerted these regenerative effects by
forming the heterocomplex with CXCL12 and acting via CXCR4.
By investigating the cell cycle rate, cell dimensions, ATP
concentrations, mitochondrial DNA, and mTORC1 dependence,
Lee and colleagues showed that HMGB1 drives hematopoietic stem
cells into the dynamic GAlert phase, defined as an intermediate
active state between GO and G1 (68).

Both groups proposed 3S-HMGBI, a synthetic non-oxidizable
form of HMGBI in which the cysteines are replaced by serines, as a
potential new pharmacological tool with a broad range of medical
uses, including hematopoietic recovery after chemotherapy, healing
after injury or elective surgery.

CXCL12/HMGB1 heterocomplex in cancer

While the multiple activities orchestrated by CXCL12 in the
tumor microenvironment have been well documented, as well as the
presence of HMGBI, little is known on the relevance of the
CXCL12/HMGBI heterocomplex in mediating tumor growth
and metastasis.

CXCL12 promotes cancer development by two main
mechanisms: i) directly activating signaling pathways involved in
cancer cell growth, metastasis, and angiogenesis, and ii) indirectly
promoting metastasis by recruitment of CXCR4" cancer cells to
CXCLI12-expressing organs (69).
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On the other hand, HMGBI plays paradoxical roles in cancer,
depending on its localization. While nuclear HMGBI acts as a
tumor suppressor for its roles in chromosome stability and
induction of tumor cell death, high extracellular HMGBI1
expression has been associated with poor prognosis in patients
with various type of cancers (70). Although tumor cells mainly
express reduced-HMGBI, infiltrating leukocytes are responsible for
the presence of oxidized-HMGBI in tumor microenvironment (52).

Whether tumor cell migration, metastasis formation, and
immune cell recruitment can be modulated by the heterocomplex
is yet to be demonstrated.

Naturally arising antibodies
against chemokines

A further mechanism by which chemokine activities can be
modulated is through the development of autoantibodies targeting
their binding or triggering sites (Figure 1A).

Arise of anti-cytokines antibodies is well documented in
pathology, where they prolong the half-life of circulating
cytokines, as observed for interleukin (IL)3, IL4, IL6 and IL7 (71,
72). In addition they trigger Fcy receptors and stimulate
pro-inflammatory responses (73) or promote complement

TABLE 2 Naturally arising antibodies against chemokines.

10.3389/fimmu.2023.1176619

mediated cytotoxicity (74). Similar mechanisms of action could be
envisioned for anti-chemokine autoantibodies.

Few reports described the role and functions of anti-chemokine
autoantibodies. They can promote or prolong chemokine activities,
or be beneficial to the host, through dampening excessive
inflammation, thanks to their neutralizing properties (Table 2)
(78, 79).

Anti-chemokine antibodies
sustaining pathology

Acute respiratory distress syndrome (ARDS) is a life
threatening pulmonary condition characterized by pulmonary
infiltrates, hypoxemia and edema. Bronchoalveolar lavage fluid
(BAL) of ARDS patients presents elevated levels of autoantibodies
complexed with CXCL8 (82). In a study aimed at investigating the
relationship between the presence of these complexes and
development stages of acute lung injury, Kurdowska and
colleagues demonstrated an association between elevated levels of
autoantibodies bound to CXCL8 and an adverse outcome (75).
CXCL8-autoantibodies complexes, isolated from BAL after acute
lung injury, maintain the CXCL8 chemotactic activity on
neutrophils and, in addition, can trigger superoxide release by

Anti-chemokine antibodies sustaining pathology

Disease Autoantibody specificity Mode of action Reference
Acute respiratory distress CXCL8 Associated to adverse outcome (75)
syndrome (immune-complexes) Chemotactic activity on neutrophil maintained (73)
Superoxide release via FcyRITa
Asthma CXCL8 Proinflammatory (76)
(immune-complexes)
Rheumatoid Arthritis CXCL8 Proinflammatory; (77)
CCL4, CCL19, CCL25, CXCL7, CXCLS, Increased in patients with advanced extra-articular and clinical
CXCL9 manifestations (78)

Anti-chemokine antibodies preventing adverse outcome

Disease Autoantibody specificity Mode of action Reference
Typel Diabetes Mellitus CCL3 Neutralizing activity; (79)
Counteract disease progression
Atopic Dermatitis CCL3 Neutralizing activity; (80)
Counteract disease progression
Prostate Cancer CCL2 Neutralizing activity; (81)
Limit tumor growth
COVID-19 CCL19, CCL22, CXCL17 Unknown;
Increased in COVID-19 convalescents
CXCL8, CCL25, CXCL5 Unknown;
Increased in COVID-19 convalescents with mild disease (78)

CCL21, CXCL13, CXCL16
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Increased in COVID-19 convalescents without long COVID
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binding to FcyRIIa (73). Elevated levels of both IgG and IgA
autoantibodies complexes with CXCL8 are also found in
circulation, as well as in BAL of asthmatic patients, confirming
their proinflammatory role (76). Anti-CXCL8 autoantibodies were
also identified in RA patients, with high levels of IgA anti-CXCL8
present in patients with advanced extra-articular and clinical
manifestations (77). The authors hypothesize that prolonged
CXCL8 production leads to the arising of anti-CXCL8 antibodies,
aiming at limiting the persistent inflammation; however, the
presence of such antibodies complexed with CXCLS8, instead,
promotes Fc mediated activities, contributing to the persistent
chronic inflammation. We recently confirmed elevated levels of
circulating anti-CXCL8 IgG autoantibodies in RA patients together
with other autoantibodies targeting CCL4, CCL19, CCL25, CXCL7
and CXCL9 (78).

Anti-chemokine antibodies preventing
adverse outcome

Type 1 (insulin-dependent) diabetes mellitus (T1DM) is a chronic
autoimmune disease in which insulin-secreting cells within Langerhans
islets in pancreas are eliminated by the immune system (83). Patients
with TIDM develop autoantibodies against several antigens, which
include insulin and islet cells, before symptoms onset. Of note, the
majority of TIDM patients selectively develop anti-CCL3 antibodies,
with neutralizing properties (79). Anti-CCL3 antibodies production
might be specific of T1IDM, since the authors did not find them in
other autoimmune diseases. Interestingly, anti-CCL3 antibodies are
also found in 95% of first-degree relatives of TIDM patients. Cameron
and colleagues showed that in CCL3-deficient NOD mice about 60% of
the pancreas islets display a normal histology. In contrast, in NOD
mice expressing CCL3, 40% of pancreatic islets showed sign of
moderate to severe insulitis (84). Indeed, when NOD mice were
treated with an anti-CCL3 antibody, a reduction in incidence of
diabetes was observed (84). Collectively, these data suggest that, these
antibodies might counteract disease progression.

Higher level of autoantibodies against CCL3 were shown in
atopic dermatitis (AD), a chronic skin inflammation which leads to
skin lesions (80). This is in line with previous studies on AD
patients in which CCL3 was shown to be produced by PBMCs
(85). The presence of these autoantibodies, if proven to neutralize
CCL3 activities, might play a role in suppressing disease
progression, similarly to TIDM.

In cancer, several studies highlighted the importance of CCL2 in
promoting monocyte migration from the bone marrow to the
circulation and ultimately to the tumor site, where they elicit
immune suppressive activity and stimulate tumor growth (81, 86-
89). Prostate cancer patients present high expression of CCL2 in the
tumor, and elevated levels of anti-CCL2 neutralizing autoantibodies
(81). Importantly, the presence of anti-CCL2 autoantibodies was
exclusive in patients bearing malignant, but not benign tumors.
Nevertheless, in a mouse model, CCL2 overexpression induced a
sustained autoantibody production and significantly limited tumor
growth, suggesting a potential beneficial role of these autoantibodies
(81). The authors speculated that a therapeutic strategy aiming at
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enhancing the pre-existing anti-CCL2 antibodies might be beneficial as
the sera concentration of these antibodies might not be elevated enough
to completely suppress monocyte infiltration and tumor cell migration.

A novel coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), emerged in December 2019,
causing pneumonia outbreaks worldwide (90). Autoantibodies
targeting cytokines and several immune factors have been
described in patients with coronavirus disease 2019 (COVID-19)
(91). In particular, autoantibodies targeting type I IFN have been
found in ~ 10% of life-threatening pneumonia and in ~ 20% of
deaths due to COVID-19. We have recently demonstrated that
autoantibodies targeting several chemokines, including CCL19,
CCL22 and CXCL17, are developed post-SARS-CoV-2 infection.
Convalescent individuals who experienced mild COVID-19 have
higher levels of autoantibodies targeting CXCL8, CCL25 and
CXCL5 compared to those that required hospitalization. We
showed that these autoantibodies have neutralizing properties,
and therefore could be beneficial in dampening the inflammatory
response, preventing hyper-activation of the immune system and
tissue damage associated to severe COVID-19. Long-term sequelae
(long COVID), spanning from neurological, to respiratory and
systemic/inflammatory symptoms, have been reported after
SARS-CoV-2 infection (92). We found that autoantibodies to
CCL21, CXCLI13 and CXCL16 are present in individuals that do
not develop long COVID (78). All together these data point to a
beneficial role of anti-chemokine antibodies in COVID-19, with
their presence correlating with better outcome and lack of
long COVID.

Conclusions

Even though, in modern pharmacology, the y subfamily of
GPCR represents the most successful target of small molecule
inhibitors for treating diseases affecting different systems,
inhibitors of chemokines and chemokine receptors were
unsuccessful for the treatment of inflammatory diseases, where
the involvement of the chemokine system plays a key role. The
extensive characterization of chemokine expression in tissues, both
in physiological and pathological conditions, fostered researchers to
look at the chemokine system from a distinct perspective, leading to
the identification of additional functions. The complexity of the
tissue microenvironment influences chemokine receptor mediated
cell recruitment and activities. Natural chemokine antagonism
modulates cell recruitment in response to different chemokine
gradients. Chemokines can exert a repulsive effect either at
different chemokine concentrations or acting on different
receptors, contributing to tumor immune evasion or tissue egress.
Chemokines and inflammatory molecules, concomitantly
expressed, can also synergistically act on cell migration and
activities. The presence of autoantibodies targeting chemokines,
either neutralizing their activities or promoting Fc-mediated
functions, sustain pathology or prevent adverse outcome.
Therefore, we believe that all these features should be taken into
account for future drug development studies and novel approaches
into personalized medicine.
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Culture density influences the
functional phenotype of
human macrophages
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Judith C. Sluimer®?, Pieter Goossens' and Erik A.L. Biessen™***
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University Medical Center (UMC), Maastricht, Netherlands, 2BHF Centre for Cardiovascular Science,
University of Edinburgh, Edinburgh, United Kingdom, *Institute for Molecular Cardiovascular
Research, RWTH Aachen University, Aachen, Germany

Macrophages (M®) are commonly cultured in vitro as a model of their biology
and functions in tissues. Recent evidence suggests M® to engage in quorum
sensing, adapting their functions in response to cues about the proximity of
neighboring cells. However, culture density is frequently overlooked in the
standardization of culture protocols as well as the interpretation of results
obtained in vitro. In this study, we investigated how the functional phenotype
of M® was influenced by culture density. We assessed 10 core functions of
human M® derived from the THP-1 cell line as well as primary monocyte-derived
M®. THP-1 M® showed increasing phagocytic activity and proliferation with
increasing density but decreasing lipid uptake, inflammasome activation,
mitochondrial stress, and secretion of cytokines IL-10, IL-6, IL-1B, IL-8, and
TNF-o. For THP-1 M®, the functional profile displayed a consistent trajectory
with increasing density when exceeding a threshold (of 0.2 x 10° cells/mm?), as
visualized by principal component analysis. Culture density was also found to
affect monocyte-derived M®, with functional implications that were distinct
from those observed in THP-1 M®, suggesting particular relevance of density
effects for cell lines. With increasing density, monocyte-derived M® exhibited
progressively increased phagocytosis, increased inflammasome activation, and
decreased mitochondrial stress, whereas lipid uptake was unaffected. These
different findings in THP-1 M® and monocyte-derived M® could be attributed to
the colony-forming growth pattern of THP-1 M®. At the lowest density, the
distance to the closest neighboring cells showed greater influence on THP-1 M®
than monocyte-derived M®. In addition, functional differences between
monocyte-derived M® from different donors could at least partly be attributed
to differences in culture density. Our findings demonstrate the importance of
culture density for M® function and demand for awareness of culture density
when conducting and interpreting in vitro experiments.
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1 Introduction

Macrophages (M®) have attracted growing interest as a
therapeutic target due to their dynamic role in various
pathologies, including inflammatory diseases and cancer (1-3).
Cell lines like THP-1, J774 or RAW264.7, or primary M® derived
from bone marrow cells or blood monocytes are commonly used as
models of human M® in biological assays or screening tools in vitro
(1). To ensure reproducibility and comparability of results obtained
from M® cultured in vitro, standardized cultivation protocols
optimized for each cell type and assay are essential (4, 5).
However, culture density at point of observation is an often-
overlooked factor and either not specified at all or insufficiently
substantiated by experimental data. Even though seeding density is
usually mentioned and cells are often seeded at similar densities,
differences in growing protocols, experimenters, and experimental
conditions may result in density differences during
experimentation. This is particularly worrisome in view of the
reported importance of local contact and context for M® viability
(6) and recent growing evidence of quorum sensing by M® (7).

Quorum sensing, a term adopted from bacteriology, refers to
the modulation of gene expression by diffusible molecular cues
(autoinducers) which convey information about density between
cells (8-10). Quorum sensing had originally been established for
biofilm formation of bacteria (8) but has recently also been observed
in M® (7, 9, 11). In RAW264.7 M®, gelsolin was identified as
autoinducer of programmed cell death 4 (PDCD4) expression
which increased at higher cell density (11). Moreover, a quorum
sensing mechanism has been observed in mice where the
inflammation-resolving effect of nitric oxide (NO) was found to
be dependent on the density of NO-producing M® (7).

Along with quorum sensing, cell density is vital for M®
proliferation and viability. Indeed, M® were found to resume
exponential growth faster (12), and to exhibit a more mature
phenotype (13) and improved viability (12) at lower density. At
higher density on the other hand, more M® adopted a high
activation state (9). Moreover, culture density has been shown to
influence several key functions of M®, including cytokine secretion
(9, 13), polarization (13), phagocytosis (14), accumulation of
esterified cholesterol (15), formation of multinucleated giant cells
(16), and inhibition of mycobacterial growth (17). However,
previous studies mostly compared two densities (“high” versus
“low”) for only a single function, and either focused on murine
M® cell lines or on bone marrow-derived M® (BMDM). So far, a
comprehensive study of the functional implications of density in
human M® models is lacking. Failure to account for density
differences may introduce bias as it remains unclear whether
observed effects of a treatment agent are merely attributable to its
effect on culture density, either by promoting proliferation and cell
survival, or by inducing cell death.

The aim of this study was to investigate the influence of culture
density on human M® function. Using high-throughput
measurement of 10 functional parameters, we studied the
phenotype of THP-1 M® as well as human primary monocyte-
derived M® (MDM). Moreover, we considered the colony-forming
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growth pattern of THP-1 cells, and donor-specific differences in
MDM as additional modulators of culture density-related
functional changes.

2 Materials and methods

2.1 THP-1 cell culture and differentiation
to MO

THP-1 cells were seeded at increasing densities in 96-well black
clear-bottom imaging microplates (Corning #353219) in RPMI
medium with HEPES and GlutaMAX (Gibco #72400-021)
supplemented with 10% heat-inactivated (30 minutes at 56°C)
fetal bovine serum (FBS; SERANA #S-FBS-SA-015) and 1%
penicillin-streptomycin (Gibco #15070-063). Seeding densities
were 5,000, 12,000, 21,000, 37,000, 53,000, 69,000, or 87,000 cells/
well, denoted as x 10° cells/mm? (0.16, 0.38, 0.66, 1.16, 1.66, 2.16, or
2.72 x 10° cells/mm?, respectively) that were rounded to one
decimal digit to improve readability (0.2, 0.4, 0.7, 1.2, 1.7, 2.2, or
2.7 x 10 cells/mm?, respectively). THP-1 cells were differentiated
into M® by exposure to 2000 nM phorbol 12-myristate 13-acetate
(PMA; Sigma #P1585) for 48 hours at 37°C, 5% CO, after which
they were rested for 24 hours in fresh culture medium before
performing the functional assays.

2.2 PBMC isolation, monocyte isolation,
and differentiation to M®

Peripheral blood mononuclear cells (PBMCs) were isolated
from leukocyte reduction system cones, a by-product of
thrombopheresis of routine blood donations from healthy
volunteers collected at the University Hospital RWTH Aachen,
Germany, by density centrifugation with LymphoprepTM
(STEMCELL Technologies #07861). Isolated PBMCs were
cryopreserved for later use in one-third freezing medium
containing 75% FBS and 25% dimethyl sulfoxide (DMSO;
Merck #102950). CD14 MicroBeads (Miltenyi #130-096-052)
were used to positively select CD14+ monocytes, following the
manufacturer’s protocol. Monocytes of 6 donors were pooled before
seeding at the respective densities in 96-well black clear-bottom
imaging microplates, or kept separate and seeded in 384-well plates
(Greiner Bio-One #781866) in culture medium containing RPMI
medium with HEPES and GlutaMAX supplemented with 10% heat-
inactivated FBS and 1% penicillin-streptomycin. Seeding densities
were 30,000, 64,000, 98,000, 132,000, 166,000, or 200,000 cells/well,
denoted as x 10° cells/mm? (0.94, 2.0, 3.06, 4.13, 5.19, or 6.25 x 10°
cells/mm?, respectively) that were rounded to integers to improve
readability (1, 2, 3,4, 5, or 6 x 10? cells/mm?, respectively). At 384-
well format, cells were plated at 13,000 cells/well. Monocytes were
differentiated into M® with 100 ng/ml recombinant human
macrophage colony-stimulating factor (M-CSF)
(ImmunoTools #11343113) for 7 days at 37°C, 5% CO, with one
medium change.
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2.3 Functional high-throughput
measurements

M® functions were assessed using the “MacroScreen” high-
content analysis (HCA) platform developed in-house, a semi-
automated microscale (96- to 384-well format) assay platform to
perform an expanding range of fluorescence-based functional assays
(18). All MacroScreen assays have been benchmarked against
conventional mesoscale assays. Images were taken using the BD
Pathway 855 automated fluorescent microscope (BD Biosciences)
by taking 9 images per well with a 10x Olympus 0.40 NA objective
(96-well format) or 20x Olympus 0.75 NA objective (384-well
format). All experiments were performed in n=3-6 replicates.
Images were analyzed with CellProfiler software version 4.0.4 (19)
by creating a digital segmentation mask for each cell based on its
nuclear staining signal using the IdentifyPrimaryObjects module
followed by the ExpandOrShrinkObject module. Percentage of
positive cells was measured using the MeasureObjectIntensity
module followed by the ClassifyObjects module, which
determines the amount of positive cells relative to the total
number of segmented objects in the image. Distance to the closest
neighboring cell was measured per image, for each cell, using the
MeasureObjectNeighbors module in CellProfiler 4.0.4 (19).

2.4 Phagocytosis

Cells were incubated with 25 ul/ml pHrodoTM Red Zymosan
BioparticlesTM (ThermoFisher Scientific #P35364) per well in culture
medium for 1 hour at 37°C, 5% CO,. Zymosan particles taken up by
cells are reflected by tetramethyl rhodamine isothicyanate (TRITC)
fluorescence signal. Nuclei were stained with Hoechst 33342 (Sigma
#B2261) in culture medium for 10 minutes at 37°C, 5% CO, which was
replaced by PBS before imaging.

2.5 Lipid uptake

Low-density lipoprotein (LDL) was isolated from serum of
healthy volunteers via density centrifugation and oxidized using
CuSO, as described previously (20). Cells were incubated with 8 ug/
ml oxidized LDL (oxLDL) pre-mixed with 2 pg/ml TopFlu0r®
Cholesterol (Avanti Polar Lipid #810255P) in culture medium for
3 hours at 37°C, 5% CO,, reflected by fluorescein isothiocyanate
(FITC) fluorescence signal. Nuclei were stained with Hoechst 33342
in culture medium for 10 minutes at 37°C, 5% CO, which was
replaced by PBS before imaging.

2.6 Inflammasome

Cells were primed with 50 ng/ml LPS from E. coli
(Invivogen #tlrl-eblps) for 3 hours at 37°C, 5% CO,. 10 uM
nigericin (Invivogen #tlrl-nig) for 1 hour at 37°C, 5% CO, served
as second signal for inflammasome activation. Fc receptor was
blocked with Fc receptor binding inhibitor antibody (Invitrogen
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#14-9161-73) before cells were fixed using 2% PFA with 5 mM
EDTA in PBS and permeabilized using 5% FBS and 0.5% Triton X-
100 in PBS for 20 minutes on ice. Next, the intracellular adapter
protein apoptosis associated speck-like protein containing a CARD
(ASC) was stained using PE-conjugated anti-ASC antibody (clone
HASC-71; BioLegend #653904) overnight at 4°C. Nuclei were
stained with Hoechst 33342 in PBS for 10 minutes on ice, and
cells were washed with and imaged in PBS afterwards.

2.7 Mitochondrial stress

Mitochondrial stress was induced using 1200 nM staurosporine
(Sigma #54400) for 1 hour at 37°C, 5% CO,. Mitochondria and
nuclei were stained simultaneously with 250 nM MitoTracker
Deep Red FM (ThermoFisher Scientific #M22426) and Hoechst
33342, respectively, in culture medium for 30 minutes at 37°C, 5%
CO, before imaging in PBS. Alexa 594 fluorescence signal reflects
mitochondrial staining dependent on membrane potential.

2.8 Proliferation

Cells were incubated with 10 uM 5’ethynyl-2’-deoxyuridine (EdU;
ThermoFisher Scientific #A10044) for 2 hours at 37°C, 5% CO,. Next,
cells were fixated with 3.7% PFA in PBS for 15 minutes and washed
twice with PBS before permeabilization with 0.1% Triton X-100 in PBS
for 15 minutes. After another wash with PBS, Click-iT reaction cocktail
(ThermoFisher Scientific #C10269) including Alexa Fluor 594 azide
(ThermoFisher Scientific, #A10270) prepared according to the
manufacturer’s instructions was added. After 30 minutes, cells were
washed with PBS and nuclei stained with Hoechst 33342 for 15
minutes. Cells were imaged in 1:5 KI quencher (IM KI in 10 mM
KH,PO,) in PBS.

2.9 Multiplex ELISA

THP-1-derived M® were stimulated with 50 ng/ml LPS from E.
coli for 6 hours at 37°C, 5% CO,. Supernatant was collected and
cytokine levels of IL-1B, IL-6, IL-8, IL-10, IL-12p70, and TNF-o
were measured in a custom V-plex human cytokine ELISA (MSD
Meso Scale Diagnostics) according to the manufacturer’s protocol.
Measured levels of IL-12p70 were close to or below the standard
curve (0.1169 pg/ml), thus these data are not presented here.

2.10 Dimensionality reduction
and visualization

We calculated the mean of the replicates for each feature of HCA
functional data and cytokine data at the same density, resulting in a
density-feature matrix with 7 rows (densities) and 10 columns (features/
functions). The functional profile of THP-1 M® for the 7 different
densities was analyzed in an integrated manner by two-dimensional
Principal Component Analysis (PCA), where the relative contribution
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of each individual function to the first (PCl) and second principal
component (PC2) axes was visualized outside the X and Y axes.

2.11 Statistical analysis

Data are expressed as mean + SEM, unless stated otherwise.
Normal distribution was assessed by Shapiro-Wilkes normality test,
and equality of variances by Brown-Forsythe test. For normally
distributed data with equal variance, significance was assessed by
one-way ANOVA followed by Tukey’s multiple comparisons test at
a significance level of p <0.05. For normally distributed data with
unequal variance, significance was assessed by Brown-Forsythe
ANOVA and Dunnett’s T3 multiple comparisons test, and
Kruskal-Wallis test with Dunn’s multiple comparisons test was
used for not normally distributed data. All statistical analyses were
performed using GraphPad Prism 8 software.

3 Results

3.1 Density influences the functional
phenotype of M®

We assessed the functional phenotype of THP-1-derived M®
seeded at 7 different densities ranging from 0.2 to 2.7 x 10° cells/
mm® using the MacroScreen platform, an HCA platform based on
several fluorescent imaging-based functional assays. For clarity’s sake,
we presented the p-values of all group comparisons for all assays in a
significance matrix (Supplementary Table 1). As expected, the number
of nuclei per fluorescent image increased with density in all high-
content functional assays (Supplementary Figures 1A-E). No changes
in the pH of the culture medium were observed. Whereas the
phagocytic activity of THP-1 M® was found to increase with higher
density (Figure 1A), uptake of oxLDL decreased (Figure 1B). M®
seeded at 0.2 x 10° cells/mm?, the lowest density in the tested density
range, showed the highest inflammasome activation in response to LPS
and nigericin (Figure 1C). Moreover, at lower densities, M® were
found to be more resistant to staurosporine-induced mitochondrial
stress (Figure 1D). Proliferation measured by EdU incorporation
increased with density (Figure 1E). Secretion of the cytokines IL-10,
IL-1B, IL-6, IL-8, and TNF-o in response to LPS stimulation was
measured using multiplex ELISA, and was found to decrease with
density, after an initial sharp increase between the two lowest densities
included in the density range (0.2 and 0.4 x 10° cells/mm?) (Figures 1F-
]). PCA allowed separation of THP-1 M® seeded at different densities
based on their functional profiles (Figure 1K). A large proportion of
variation (61.27%) could be explained by PC1 which loadings included
mitochondrial stress, lipid uptake, proliferation and phagocytosis,
suggesting these functions to be mostly influenced by density.
Variation along PC2 (largely attributable to inflammasome activation
and cytokine secretion) almost exclusively manifested at the lowest
density (0.2 x 10° cells/mm?). Together, these data demonstrate the
profound and variable impact of culture density on several THP-1 M®
functions. Execution of certain functions may depend on exceeding a
lower density threshold.
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3.2 Density influences the functional
phenotype of primary M®

We also investigated whether culture density influences the
functional phenotype of human MDM, pooled from 6 healthy
donors. A significance matrix with the p-values of all group
comparisons can be found in Supplementary Table 2. As seen in
THP-1 M®, the number of detected nuclei increased with increasing
seeding density (Supplementary Figures 1F-I). Phagocytic activity
increased in the lower densities but decreased again at seeding
densities exceeding 3 x 10° cells/mm”, possibly reflecting limited
substrate (Figure 2A). Using a constant substrate-to-cell ratio,
increased phagocytosis also at higher densities could be observed
(Supplementary Figure 2). OxLDL uptake between MDM seeded at
different densities was similar, contrary to THP-1 M® (Figure 2B).
With increasing density, MDM demonstrated more inflammasome
activation (Figure 2C) and were more susceptible to mitochondrial
stress (Figure 2D). Overall, our findings show that density also affects
primary M® and leads to changes in several functions. In MDM, these
changes were less pronounced and less consistent compared to THP-1
M, suggesting that the observed impact of density on M® function
may be particularly relevant for cell lines.

3.3 Colony formation may contribute to
density-dependent functional effects

We observed that THP-1 M® formed colonies in culture,
especially if cultured at higher densities. Thus, we set out to study
if at least part of the density-dependent functional changes may be
attributed to changes in the colony-forming growth pattern of
THP-1 cells. We assessed the association between the functional
outcome of an index cell with its distance to the closest neighboring
cell. Index cells that were close to neighboring cells had higher
proliferation rates compared to M® in more scarcely populated
niches (Figure 3A). However, at very low seeding density (0.2 x 10
cells/mm?), M® proliferation was low regardless of the index cell’s
distance to neighboring cells, suggesting proliferation to be linked to
colony formation. Similarly, we found that at a seeding density of
0.2 x 10° cells/mm?, M® with neighboring cells in close proximity
had taken up fewer fluorescent beads compared to equally dense
M® seeded at higher densities (Figure 3B), a finding that was less
pronounced for the uptake of oxLDL (Figure 3C). Interestingly, a
similar proximity effect on phagocytosis and lipid uptake in MDM
(Figures 3D, E), in which we did not observe colony formation in
culture, was not apparent. These findings suggest that M® only
exert certain functions beyond a local cell density threshold.

3.4 Functional differences between MDM
of different donors may arise from
density differences

Inter-donor variability has previously been proposed to

compromise reproducibility of in vitro experiments with MDM
(21, 22). Therefore, we looked at functions of MDM from 6 healthy
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FIGURE 1

Density affects M® function. THP-1 cells were seeded at the respective densities (0.2-2.7 x 10° cells/mm?) and differentiated with 2000 nM PMA for
48 hours followed by a resting period of 24 hours. Phagocytosis of zymosan-coated beads (A, red), uptake of fluorescently-labelled oxLDL
(B, green), inflammasome activation (C, red), mitochondrial stress in response to staurosporine (D, red) and EdU incorporation in proliferating cells

(E, red) were assessed using the fluorescent imaging MacroScreen platform. Hoechst was used for nuclear labelling (blue

). In the representative

fluorescent images, the scale bar refers to 50 uM. In the representative images for the inflammasome assay, the scale bar refers to 25 uM. Secretion
of IL-10 (F), IL-6 (G), IL-1B (H), IL-8 (1), and TNF-a (J) in response to 6-hour stimulation with 50 ng/ml LPS were measured by multiplex ELISA. Cells
in the control (CTRL) condition were seeded at 1.7 x 10° cells/mm? and not stimulated with LPS. The indicated p-values refer to overall significance,
p-values of all group comparisons can be found in Supplementary Table 1. (K) PCA plot of the high-content analysis (HCA) data and cytokine
measurements with the factor loadings for PC1 and PC2. MFI: Mean fluorescence intensity

donors (A-F) plated at the same density (13,000 cells/well). A
significance matrix with the p-values of all group comparisons
can be found in Supplementary Table 3. Differences in the number
of nuclei (Figure 4A), phagocytosis (Figure 4B), oxLDL uptake
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(Figure 4C), inflammasome activation (Figure 4D) and
mitochondrial stress (Figure 4E) between donors were apparent.
Interestingly, MDM from donors A and B, which showed higher

phagocytic activity and oxLDL uptake, also had a higher number of
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FIGURE 2

Density affects human primary M® function. CD14-positive
monocytes were isolated from PBMCs of 6 healthy donors, pooled
and seeded at the respective densities (1-6 x 10° cells/mm?) and
differentiated to M® using 100 ng/ml macrophage colony-
stimulating factor (M-CSF) for 7 days. Phagocytic activity (A, red),
oxLDL uptake (B, green), inflammasome activation (C, red), and
mitochondrial stress (D, red) were assessed using the MacroScreen
platform. Hoechst was used for nuclear labelling (blue). The scale
bar in the representative fluorescent images refers to 50 uM. The
indicated p-values refer to overall significance, multiple comparison
significance can be found in Supplementary Table 2. MFI: Mean
fluorescence intensity.

nuclei compared to the other donors. This suggests that functional
differences between MDM obtained from different donors may well
be related to inter-donor differences in density, possibly resulting
from differences in adherence and survival capacity.

4 Discussion

In vitro studies are an indispensable step in the screening of
genes or drugs and the safety testing of compounds, before costly
and time-consuming pre-clinical in vivo studies may commence
(23). Parameters that should be considered for robust in vitro
testing include the culture medium and supplements such as
growth factors or antibiotics, the culture dish and its coating, and
culture maintenance (24). In this study, we have shown that culture
density, a frequently overlooked factor, is an at least equally
important parameter with major impact on M® assay outcome.
As we show, density affects the functional phenotype of both THP-1
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M® and primary MDM, with individual functions showing distinct
density responses. Moreover, our data suggest the distance of index
cells to their neighbor cells to influence functionality of THP-1 M®
but less so of MDM, and the functional profiles and density
response to vary considerably between donors.

The effect of low and high culture density on individual M®
functions has been studied previously. In BMDM, secretion of TNF-o.
and other cytokines (MCP-1, RANTES, MIP-1o. and MIP-1f3) was
found to increase with cell density (9). However, another study found
BMDM at higher density to secrete less pro-inflammatory cytokines,
including IL-6 and TNF-o. (13). These contradicting results may be
explained by differences in applied seeding densities in the two studies,
as these were approximately 10 times higher in the latter study.
Although our study did not look at BMDM, our THP-1 M® results
do support a decrease of cytokine secretion with increasing density.
However, at the lowest density, cytokine secretion by THP-1 M® was
at most marginal, suggesting a defective response of sparsely seeded
M to toll-like receptor (TLR) activation, potentially due to quiescence
or compromised viability.

Although phagocytosis and lipid uptake are both clearance
mechanisms, they showed a divergent density response pattern in
both THP-1 M® and MDM. Previously, THP-1 M® seeded at a lower
density were found to show a 5-fold higher accumulation of esterified
cholesterol after exposure to acetylated LDL (acLDL), which the
authors attributed to increased scavenger receptor activity and acLDL
degradation (15). Moreover, murine peritoneal IC-21 M® showed
decreased phagocytosis of latex beads when seeded at a higher density
(14), which partly concurs with our findings in human primary MDM
and can be attributed to the limited availability of beads per cell. Bead
concentration should be increased if cells are cultured at higher density
to ensure sufficient bead availability for all actively phagocytosing cells.

Primary cells or cell lines are frequently and often interchangeably
used in M® in vitro studies; the latter offering the advantages of easier
availability and culture maintenance, and a uniform genetic
background which may increase reproducibility (21). A serious
disadvantage of cell lines is that compared to primary cells, they are
to a certain degree de-differentiated and show clear transcriptional and
functional differences. For example, the murine J774A.1 M® cell line
and BMDM were found to respond differently to mycobacterial
infection (25). Often myeloma-derived or immortalized cell lines
have aberrant contact inhibition and growth patterns (26); indeed,
we found the proximity of neighboring cells to have a greater impact on
THP-1 M® than MDM function. In THP-1 M®, this may be
attributed to increased proliferation at closer proximity which is
absent at lower density, and suggests quorum sensing to induce
functional changes locally at sites of colony formation. Comparing
primary human monocytes with the monocytic cell lines U-937, HL-
60, and THP-1, the latter were found to most closely resemble primary
monocytes (27). Nevertheless, in contrast to primary MDM, cell line-
derived M® do not capture inter-donor variability. This might be
evaded by iPSC-derived M®, although Vaughan-Jackson et al. recently
demonstrated density-related effects also in iPSC, including a more
rounded and less elongated morphology, decreased cytokine secretion,
and altered surface marker expression at higher density (28). However,
it could be argued that also primary M® in monocultures in vitro do
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FIGURE 3

Distance to neighboring cells influences THP-1 function. Distance to closest neighbor was plotted against mean fluorescence intensity (MFI) per cell
for proliferation (A), phagocytosis (B) and lipid uptake (C) assays in THP-1 M®, and (D) phagocytosis and (E) lipid uptake assay in primary MDM, for 3

plating densities each. The scale bar corresponds to 50 um

not mirror the in vivo conditions, where M® are embedded in a local
heterogenous tissue microenvironment with implications for cell
function (21). The complex cellular and molecular
microenvironment tissue M® are exposed to in vivo cannot be
mimicked by exposure to a single or a few selected stimuli such as
LPS and IFN-y, or IL-4 and IL-10, as commonly done (29, 30).

Of note, we did not observe any indications for increased
acidification of the culture medium which could explain the
observed density effects and even at the highest density, the total cell
number was most likely too low to deplete key nutrients. However, the
comparability of our results on THP-1 M® and MDM may be
impeded because different seeding densities had to be used due to
the proliferating nature of the THP-1 cell line. In addition, the culturing
process of MDM (7 days) and THP-1 M® (2 days PMA stimulation
and 1 day resting) differs considerably. An extended resting period (5

Frontiers in Immunology 9

days after 3 days PMA stimulation) has been shown to yield THP-1
M® with a phenotype closer to MDM (31). Moreover, the functional
profile we provide here is not comprehensive as it only includes
measurements of 5 cellular readouts and 5 cytokines. Future studies
could reveal if the observed culture density effects also apply to other
functions such as efferocytosis, susceptibility to apoptosis, production
of reactive oxygen species (ROS), and metabolic differences.

In conclusion, our study highlights the importance of culture
density for in vitro M® assay outcome and pleads for more
awareness and closer monitoring of differences in cell density
between conditions. This is particularly important for the THP-1 cell
line which demonstrated more pronounced density effects compared to
primary MDM, and when treatments are suspected to act pro-
apoptotic or favor cell detachment or proliferation, which in turn
impacts cell density. Moreover, a sufficiently large donor pool should be
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M® function differs between donors. CD14-positive monocytes of 6 healthy donors were seeded at 13,000 cells/well and differentiated into M® for
7 days using 100 ng/ml macrophage colony-stimulating factor (M-CSF). The number of nuclei per donor at experimentation (A) is given. Their
functional phenotype was assessed using the MacroScreen platform: phagocytosis (B, red), lipid uptake (C, green), inflammasome activation (D, red),
and mitochondrial stress (E, red). The scale bar corresponds to 25 uM. The indicated p-values refer to overall significance, multiple comparison
significance can be found in Supplementary Table 3. MFI: Mean fluorescence intensity

used in experiments with primary MDM to account for inter-donor
variability, as the number of cells after differentiation and culture
differed between donors despite seeding at the same density.
Disregarding density differences may lead to secondary effects on
M® functions, and thus misinterpretation of findings.
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Background: High cytokine levels have been associated with severe COVID-19
disease. Although many cytokine studies have been performed, not many of
them include combinatorial analysis of cytokine profiles through time. In this
study we investigate the association of certain cytokine profiles and its
evolution, and mortality in SARS-CoV?2 infection in hospitalized patients.

Methods: Serum concentration of 45 cytokines was determined in 28 controls
at day of admission and in 108 patients with COVID-19 disease at first, third and
sixth day of admission. A principal component analysis (PCA) was performed to
characterize cytokine profiles through time associated with mortality and
survival in hospitalized patients.

Results: At day of admission non-survivors present significantly higher levels of
IL-1oe and VEGFA (PC3) but not through follow up. However, the combination
of HGF, MCP-1, IL-18, eotaxine, and SCF (PC2) are significantly higher in non-
survivors at all three time-points presenting an increased trend in this group
through time. On the other hand, BDNF, IL-12 and IL-15 (PC1) are significantly
reduced in non-survivors at all time points with a decreasing trend through
time, though a protective factor. The combined mortality prediction accuracy
of PC3 at day 1 and PC1 and PC2 at day 6 is 89.00% (p<0.001).
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Conclusions: Hypercytokinemia is a hallmark of COVID-19 but relevant
differences between survivors and non-survivors can be early
observed. Combinatorial analysis of serum cytokines and chemokines can
contribute to mortality risk assessment and optimize therapeutic
strategies. Three clusters of cytokines have been identified as independent
markers or risk factors of COVID mortality.
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Introduction

Coronavirus disease 2019 (COVID-19) has emerged as a
global infectious respiratory disease caused by a novel
betacoronavirus: the SARS- CoV-2 (severe acute respiratory
syndrome coronavirus 2) (1, 2). Since its emergence in
December 2019 until December 2021, it has infected nearly
300 million people and killed more than 5 million people across
the world (3). COVID-19 infection displays a wide clinical
presentation ranging from asymptomatic or mild symptoms to
severe pneumonia and critical respiratory failure (4). Due to its
complex physiopathology, prognosis at hospital admission
remains a challenge.

Severe COVID-19 has been associated with an acute
hyperimmune response known as “cytokine storm” or
“cytokine release syndrome” (CRS) contributing to multiorgan
failure (5). Recent studies suggest its relation to an impaired type
I IFN immunity (6, 7). That hypercytokinemia, has been
correlated with respiratory failure, ARDS and adverse clinical
outcomes (8-10). Cytokines released by immune cells in case of
uncontrolled inflammation, have been studied as markers and
profiles of severity to predict outcomes (11-16). Although
individual cytokine analysis can shed some light on COVID-
19 pathology, the immune responses are complex, and a
combinatorial analysis could better explain the relations
between cytokine levels. Previous studies with principal
component analysis (PCA) and transcriptomic have
determined the cytokine profiles regarding COVID-19 severity
and mortality (7, 17-19). However, differences between the
different cytokine profiles and how they evolve through time
in hospitalized patients, comparing mortality and survival has
not been performed yet.

In this study, we aimed to establish the timeline of different
cytokine profiles that help to predict patient outcome in order to
anticipate, adapt treatment and improve survival.
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Materials and methods
Study design

We performed a prospective study at Hospital Clinico of
Valladolid (Spain). A total of 108 patients with RT-PCR-
confirmed SARS-CoV2 infection and were recruited from late
March to 11th April of 2020. Patients with other active infections
or a terminal chronic disease were excluded. Patients were divided
into two groups according to the occurrence of mortality. In
addition, 28 age and gender matched healthy volunteers with a
negative RT-PCR test for SARS-CoV2 infection were also
recruited during routine pre-anesthetic evaluation for scheduled
surgery. The present study was approved by the Valladolid
Hospital’s Clinical Ethics Committee (CEIm) (cod: PI 20-1717)
and all subjects provided a written informed consent.

Plasma samples were collected the first, third and sixth day
of hospital admission in 3.2% sodium citrate tubes and
centrifuged at 2000 g for 20 minutes at room temperature.
Plasma was aliquoted and stored at -80°C until used.

Cytokine analysis

Concentration of 45 cytokines in plasma was determined by
45-plex Human XL Cytokine Luminex Performance Panel
(R&D), following manufacturer instructions. The cytokines
analyzed are the following ones: BDNF, EGF, eotaxin (also
known as CCL11), FGF-2, GM-CSF, GRO-a. (CXCL1), HGF,
IFN-0, IFN-y, IL-10,, IL-1 B, IL-10, IL-12 p70, IL-13, IL-15, IL-
17a (CTLA-18), IL-18, IL-1RA, IL-2, IL-21, IL-22, IL-23, IL-27,
IL-31, IL-4, IL-5, IL-6, IL-7, IL-8 (also known as CXCLS8), IL-9,
IP-1 beta (CCL4), IP-10 (CXCL10), LIF, MCP-1 (CCL2), MIP-
1o (CCL3), NGF-f3, PDGF-BB, PIGF-1, RANTES (CCL5), SCF,
SDF-10, TNF-a, TNF- B, VEGF-A, and VEGE-D.
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Statistical analysis

Since most of the cytokine data did not follow a normal
distribution, continuous variables were presented in terms of
median (interquartile range, IQR) and compared among groups
using the Mann-Whitney U-test or T-test. Categorical variables
were described as count and percentages, which were compared
using the 2 test or Fisher exact test, when appropriate.

Distributions of the cytokine values were assessed and log2
transformed to render the principal component analysis (PCA).
PCA was carried out with all variables related to cytokine
concentrations that showed significant differences between
survivors and non-survivors in the univariate analysis, on at
least one of the three analyzed days. All participants for whom
the variables of interest were available were included in the final
analysis and no assumptions were made for missing data. Prior
to extraction of factors, Kaiser-Meyer-Olkin (KMO) measure
of sampling adequacy and the Bartlett test of sphericity were
checked to evaluate the fitness of the data for factor analysis. The
factor solution was formed based on the eigenvalues, which
represent the amount of variance captured by given
components. Factors with eigenvalues >1.0 were retained,
according to the Kaiser-Guttman criterion and the Scree Plot.
Then we optimized the factor solution using varimax rotation. A
factor-based-score was calculated for each component, and we
estimated the factor scores on all COVID-19 patients at the first,
third and sixth day of admission.

To assess changes over time in outcome measures within
each group, Friedman’s repeated measures test with Dunn’s
multiple comparison test was used for non-parametric data
and a repeated-measures analysis of variance (RM-ANOVA)
with Tukey’s multiple comparison test for parametric data.

A multivariable logistic regression analysis was performed to
estimate the relevance of each factor obtained in the PCA
analysis, differentiating the profile of the patients who survived
versus those who did not survive 28 days after admission. The
logistic regression model was internally validated by performing
bootstrap resampling (1000 resamples). The area under the
receiver operating characteristic curves (AUC ROC) shows the
accuracy for the final logistic regression model and individual
predictors. All statistical analyses were performed using SPSS
version 28.0 for Windows (SPSS, Inc, Chicago, Ill). A p-value of
less than 0.05 was regarded as statistically significant.

Results
Characteristics of the patients
A total of 108 hospitalized subjects admitted with clinical

SARS-CoV-2 pneumonia were enrolled, of whom 20 died within
28 days after admission and composed the non-survivors’ group.
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The other 88 patients were included in the survivors’ group.
Baseline characteristics of patients are reported in Table 1. The
group of non-survivors was significantly older than the other
group. There were no differences in terms of gender and
comorbidities between groups. Considering the analytical
variables, non-survivors presented higher levels of glycaemia,
creatinine, leukocytes, neutrophils, procalcitonin, CRP, D-dimer
and LDH. There were no significant differences in clinical
outcomes referring to the percentage of patients with invasive
mechanical ventilation and length of stay in hospital and
intensive care unit.

Cytokine profile

In bivariate analysis, the levels of 10 cytokines were
different (p< 0.05), at least in one of the three moments (1, 3
and 6 days) between survivors and non-survivors (Tables S1-
3). On the first day of admission (Table SI), significant
differences were observed regarding HGF, IL-2, IL-10., IL-15
and VEGFA levels. IL-15 and IL-2 were the only cytokines
whose levels were significantly reduced by half in the group of
non-survivors at 28 days. The rest of cytokines were
significantly increased in this group. Specifically, IL-1o and
VEGFA quadrupled and doubled their levels, respectively. On
the third day of admission (Table S2), differences between
groups were found in the case of BDNF, eotaxin, IL-18 and
again HGF and IL-15 levels. In non-survivors, levels of HGF
and IL-18 were significantly higher, where HGF tripled the
levels compared to survivors. On the other hand, levels of
BDNF, eotaxin and IL-15 were significantly lower in this
group. Finally, on the sixth day of admission (Table S3),
cytokines significantly elevated in non-survivors were SCF,
MCP-1, IL-18, VEGFA and HGF. The exception became
again IL-15, which barely showed variation over time, and
whose levels in non-survivors remained the half of those in
survivors. IL-18 increased its levels compared to day 3 of
admission; and VEGFA, which significantly doubled the level
on the first day of admission, tripled the levels in non-survivors
on the sixth day. However, HGF stands out as the only cytokine
that remained significantly elevated in the group of non-
survivors through all three measurement times, reaching its
maximum peak and difference compared to survivors, on the
sixth day of admission.

Some of these 10 cytokines and chemokines (IL-1a, IL-2, IL-
15, IL-18, eotaxin, HGF, MCP-1, SCF and VEGFA) have been
linked to different aspects of COVID-19 disease, its severity and
even mortality but a combinatorial analysis can help us to
understand its complex interaction. Principal component
analysis (PCA) is a technique for reducing the dimensionality
of such datasets, increasing interpretability but at the same time
minimizing information loss.
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TABLE 1 Clinical characteristics of the patients.

10.3389/fimmu.2022.946730

Data are represented as [median (IQR)] and as [% (n)].

Non-survivors at 28 days Survivors p-value
(N=20) (N=88)
Age in years [median (IQR)] 73.5 (14) 67 (17) 0.017
Male [n (%)] 12 (60) 47 (53.4) 0.593
Comorbidities [n (%)]
Smoking 4 (20) 5(5.7) 0.059
Coronary disease 2 (10) 8 (9.1) 1.000
Atrial fibrillation 4 (20) 8 (9.1) 0.229
Diabetes 5 (25) 14 (15.9) 0.340
Neurological disease 1(5) 1(1.1) 0.337
Stroke 0 (0) 1(L1) 1.000
Hypertension 11 (55) 39 (44.3) 0.460
Liver disease 1(5) 1(1.1) 0.337
Obesity 2 (10) 8 (9.1) 1.000
COPD 2 (10) 5(5.7) 0.611
Kidney disease 2 (10) 1(1.1) 0.087
Laboratory. [median (IQR)]
Glycaemia (mg/dL) 198 (227) 106 (67.25) <0.001
Creatinine (mg/dL) 0.995 (0.86) 0.815 (0.23) 0.007
Total bilirubin (mg/dL) 0.5 (0.58) 0.5 (0.39) 0.482
Leukocytes (x10°/L) 8.16 (10.23) 6.41 (3.72) 0.042
Lymphocytes (x10°/L) 0.72 (0.74) 1(0.56) 0.185
Neutrophil (x10°/L) 7125 (9590) 4725 (3272.5) 0.016
Procalcitonin (ng/ml) 0.3 (0.57) 0.09 (0.195) <0.001
Platelet (x10°/L) 195 (95.25) 208 (117) 0.512
CRP (mg/L) 160 (190) 76 (95.5) 0.003
Ferritin (ug/L) 1024.5 (113.25) 671 (1107) 0.126
D-dimer (mg/L) 2029 (23629.25) 711 (769.5) 0.015
LDH (mmol/L) 385 (183.25) 306 (96.25) 0.002
Clinical outcomes
Invasive mechanical ventilation [n (%)] 12 (60) 21 (23.9) 0.122
Length of hospital stay [days.median (IQR)] 15.5 (11.75) 11 (13.5) 0.153
Length of ICU stay [days. median (IQR)] 17.5 (8.75) 20 (19.5) 0.253

IQR, interquartile range; COPD, chronic obstructive pulmonary disease; CRP, C-Reactive protein; ICU, intensive care unit.

Principal component analysis

The Kaiser-Meyer-Olkin measure of sampling adequacy
(0.7) and the Bartlett test of sphericity (p < 0.001) indicated
that the factor matrix was adequate for data (Table S4).

PCA resulted in three components with eigenvalues greater
than one that describe relationships between cytokines’ levels in
patients with COVID-19. The three components accounted for
66.09% of the total variance. PC1, PC2, and PC3 accounted for
32.63%, 19.14%, and 14.32% of the variance, respectively. PCI is
composed by IL-15, IL-2 and BDNF; PC2 by HGF, MCP-1, IL-
18, eotaxin and SCF; and PC3 by IL-1a and VEGFA. Figure 1
show three-dimensional score plot illustrating how cytokines
were distributed on PCs.
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The algorithms of the principal components were applied to
all patients and calculated scores were saved as new variables
PC1, PC2 and PC3 at the first, third and sixth day of admission.

Principal components score in COVID
patients vs control group

In addition, the algorithms of the principal components
were applied to the control group and the PCA scores (PC1, PC2
y PC3) were compared between COVID-19 and healthy SARS-
CoV-2-negative control subjects on the day of admission. The
calculated scores were higher in COVID-19 patients than in
controls: PC1 (t(s226= 3.53; p=0.001); PC2 (U= 988.00; p=
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FIGURE 1

Component plot in rotated space. Results of principal component analysis (PCA) and Varimax rotation method with Kaiser normalization. The

three components accounted for 66.09% of the total variance.

0.005); PC3 (U= 1111.00; p= 0.031). These values let us confirm
that those cytokines are different between infected and healthy
subjects, emphasizing the importance of these cytokines in
COVID-19 infection.

Principal components score in survivors
VS non-survivors

Figure 2 shows PC1, PC2 and PC3 scores at the first, third
and sixth day of admission for survivors and non-survivors. In
Figure 2A, significant differences are observed between both
groups. Mortality was associated with lower scores of PC1 and
higher scores of PC2 and PC3. This indicates that higher scores
in PC1 are protective while PC2 and PC3 represent risk factors.
In contrast to PC3, which is only significantly elevated in non-
survivors at day one; the differences between survivors and
non-survivors in the cytokines of PC1 and PC2 intensified
through time. Figure 2B shows that in the first 6 days of
hospitalization, the mean score is stable and significantly
lower for patients who survived than for those who died. In
addition, a growing trend is observed for this marker in
patients who did not survive.

Multivariate analysis of principal
components associated with mortality
at 28 days

Sex and age between both groups were not significant
variables in the final adjusted model. Logistic regression
analysis (Table S5) showed that on the day of admission, only
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the combination of cytokines defined by PC3 was significant
[OR: 2.35, 95%CI: 1.09-5.06, p=0.029]. In contrast, PC1 and PC2
were significant on the sixth day of admission, where PC1
cytokines represented a protective factor relative to mortality
at 28 days [OR: 0.273, 95%CI: 0.12-0.64, p=0.003] while PC2 was
pointed out as the major risk factor [OR: 5.24, 95%CI: 2.03-
13.48, p=0.001]. ROC curves of significant factors and predicted
probability for final logistic regression model are shown in
Figure 3. The area under the curve (AUC= 0.89, 95%CI= 0.81-
0.96, p <0.001) shows a good discrimination ability of the model.

Discussion

Several studies have been carried out comparing cytokine
profiles in severe and moderate COVID-19 (20-23). However,
there are fewer studies comparing differences in cytokine profiles
between survivors and non-survivors or analyzing the
relationship between the evolution of cytokines profile in
COVID-19 hospitalized patients and mortality (17, 24). Severe
disease is characterized by acute lung injury (ALI) that can
eventually lead to highly lethal acute respiratory distress
syndrome (ARDS) and a cytokine storm (25, 26). Previous
studies have associated the significant elevation of many
cytokines such as IL-2, IL-7, IL-10, GSCF, IP-10, MCP-1,
MIP-1a and TNF-a in the blood of patients with severity of
the disease. Particularly the level of IL-6 and IL-10 (27-30).
However, we found three cytokine clusters (PC1, PC2 and PC3)
that could be considered as independent risk factors. Their
different contribution would be associated to a higher or lower
mortality risk. On one hand, IL-2, IL-15 and BDNF levels (PC1)
are significantly reduced in the group of non-survivors, which
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PC scores for COVID patients (survivors and non-survivors) and controls when applying PC estimators. In blue PC1 groups IL-15; IL-2 and BDNF.
In red PC2 groups HGF; MCP1; IL-18; eotaxin and SCF. In green PC3 groups IL-1a and VEGFA. (A) Box-plots shows the different contribution of
each of the factors obtained in the analysis of principal components for survivors and non-survivors, showing, in addition, three moments in the
evolution of the disease (first, third and sixth days of admission of the patients). (B) Shows that in the first 6 days of hospitalization, the mean
score is stable and significantly lower for patients who survived than for those who died. In addition, a growing trend is observed for this marker
in patients who did not survive. Trends over time of the PC scores for survivors and non-survivors were calculated separately by using RM-

ANOVA or Friedman test.

suggests they constitute a protective factor. In contrast, cytokines
included in PC2 (HGF, SCF, IL-18, MCP-1 and eotaxin)
together with the combination of PC3 (IL-1o. and VEGFA) are
significantly increased in non-survivors representing a risk
factor for mortality at 28 days. It is interesting that, while PC1
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and PC2 are significantly reduced and increased, respectively, at
the three stages evaluated; PC3 only showed to be significantly
increased in non-survivors at the day of admission. In addition,
whereas no trend is observed in PC1 or PC3, PC2 seems to

display an increasing trend through time.
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Receiver operating characteristic (ROC) curves for the predicted probability of the logistic regression model and significant predictors for 28-
day mortality (PC3 at the day of admission, PC1 and PC2 at the sixth day after admission).

PC3, constituted by the combination of IL-1oc and VEGFA is
only significantly increased at day of admission. The importance
of this set at day 0 may be explained by its implication in the
initial response to COVID-19 severe infection. Initial COVID-19
studies revealed higher levels of IL-1cai, which is a cytokine of
initial states of the innate immune response (31). Actually, IL-1o
has recently been described as an early marker to predict a bad
outcome in COVID-19 severe patients (23). This could be
explained by the fact that the precursor of IL-1q, in contrast
to IL-1p or IL-1ra, does not need to be activated and is capable of
triggering a powerful inflammatory response when it is released
by damaged cells (32). Its main biological activities are activation
of T lymphocytes, and B cell proliferation along with synthesis of
immunoglobulins (31). On the other hand, VEGFA has a key
role in lung development resulting in an appropriate
organization of the pulmonary vascular network (33). VEGFA
can be released during hypoxia, in inflammatory situations
where there is damage to the endothelium. Its effect is
mediated by VEGFR-1 and VEFGR-2 that contribute to
hematopoiesis and monocyte chemotaxis and increased
permeability, respectively. PC3 component could be
interpreted as the initial expression of the existence of a severe
cell damage in lungs due to macrophage infiltration produced by
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SARS-CoV-2 virus (34), which would initiate the subsequent
fatal pathogenesis and exacerbate the immune response
observed in following stages of disease. As a matter of fact, our
results support previous studies that prove the early use in severe
disease of treatments with IL-1 antagonists such as anakinra,
improves outcome by blocking progression of the cytokine
storm (35).

Our results showed that despite cytokine levels were
increased in both survivors and non-survivors, in the first
group levels remain similar through time. However, there is a
significant upward trend in PC2 in non-survivors through time,
which could remark their importance as mortality markers, as
they are particularly elevated at day 6. The cytokines of PC2 are
HGEF, SCF, IL-18, MCP-1 and eotaxin. The importance of PC2 is
that, altogether, represent the intense and probably irretrievable
damage in lung tissue due to the virus itself as well as the extreme
immune response. First, IL-18, a cytokine belonging to the IL-1
family and intervening in cellular immune response it is secreted
upon macrophage activation in viral infections and courses with
endothelial damage in lung tissue (32). IL-18 binds in its mature
form to specific receptor IL-1 receptor 5 (IL-1R5, known as IL-
18 receptor alpha chain), leading to the recruitment of the
coreceptor, IL-1 receptor 7 (IL-1R7, known as IL-18 receptor
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beta chain). IL-18BP, a natural inhibitor of IL-18, circulates
maintaining a balance between both of them. Severe COVID-19
patients have been shown to have an imbalance of IL-18/IL-
18BP (36, 37). Actually, an antibody against IL-1R7 has been
proposed to reduce inflammatory signalling of IL-18 in COVID-
19 patients (38). SCF, HGF and eotaxin are upregulated by
inflammatory processes and secreted by mast cells upon
cytokine stimulation including IL-18. All of them have also
been related to severe lung injury. Eotaxin and SCF play a central
role in mast cell and eosinophilic infiltration and, SCF promotes
the expression and release of MCP-1 from lung mast cells (39-
41). In addition, HGF can promote the development of different
cell lineages, including thrombocytes, as to contribute to tissue
repair and modulate the adaptive immune response to control
inflammation (15, 42). Worthy of remark is that HGF and
eotaxin were found to be elevated in patients with severe
influenza A (HIN1) virus and other viral infections and in
patients with inflammatory lung injury (43-46).. Finally, we
have MCP-1, which has been previously described as a factor to
predict severity in COVID-19 patients due to its activity in
monocyte recruitment to arterial wall (47). More than 70% of the
deaths related to COVID-19 are associated with deregulation of
the mechanisms that control blood clotting, as a part of the
innate immune response to limit pathogen spread in a process
known as immunothrombosis (48, 49). Moreover, hypoxic
environment due to pulmonary affection activates pro-
coagulation factors that may promote thrombosis (50). In our
work, both MCP-1 and D-dimer are elevated in non-survivors
indicating thrombotic events were taking place. Taking together
PC2, has a potential as a marker of bad prognosis due to extreme
inflammation and lung injury.

According to the logistic regression model, the most
contributing factor to survival in this case is a protective factor
for mortality that involves high plasma levels of the cytokines IL-
2, IL-15 and BDNF in survivors compared to those determined
in deceased patients. The elevation of the plasmatic levels of
some of these three cytokines would, therefore, increase this
protective factor. BNDF has a pivotal role in neuroplasticity that
is considerably affected by inflammatory states. The most
common pro-inflammatory cytokines are IL-1f3, IL-6, TNF-o
and IFN-y cause a significant reduction of BDNF gene
expression (51). In fact, low serum BDNF levels were
correlated with severe SARS-CoV-2 infection in a recent study
where BDNF levels were restored during patients” recovery. This
has been linked to the lymphopenia observed in critical COVID-
19 patients as lymphocytes contribute to peripheral BNDF
secretion (52). IL-2 and IL-15 have several similar functions.
Both cytokines stimulate the proliferation of T cells; induce the
generation of cytotoxic T lymphocytes; facilitate the
proliferation of B cells as well as immunoglobulin secretion;
and induce generation and persistence of natural killer cells (53).
On one hand, IL-15 has a pivotal role in viral clearance by long-
lasting, high avidity T-cell responses to invading pathogens by
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ensuring survival of memory cells. Actually, influenza and other
respiratory viruses induce peripheral and local expression of IL-
15, which is critical for anti-viral responses by different
lymphocyte populations. Low levels of circulating IL-15 have
been associated with high viremia and poor disease outcome
(54). On the other hand, IL-2 is involved in maintenance of
peripheral regulatory T cells and elimination of self-reactive ones
(53). What is more important, both IL-2 and IL-15 can regulate
cell proliferation, thus controlling excessive response (31).The
progressive decrease of BDNF, IL-15 and IL-2 in plasma may be
a warning factor of disease deterioration in severe patients with
COVID-19 pneumonia. For that matter, IL-2 and IL-15
supplementation have been proposed as to improve the
immune disorder and reduce mortality (55, 56).

The independence of the three factors suggests three possible
independent therapeutic pathways of intervention. One aimed at
stopping the initial proinflammatory response by blocking IL-1
and VEGFA. Other aimed at regulating the immune response by
increasing IL-15 levels, IL-2 and BDNF. And other aimed at
limiting lung tissue by interfering with HGF, SCF, IL-18, MCP-1
or eotaxin. As a multiphasic disease, immune monitoring and
multiple targets would be a great approach to improve outcomes.

The main limitations of the study are that we only performed
a plasma analysis including 45 cytokines. This means some
relevant cytokines in severity of COVID-19, might not be
included. However, we selected this panel as it was the most
complete available for cytokine analysis and eligible for clinical
implementation. As future directions, we considered it would be
interesting to confirm our results, especially in relevant cytokines
by a classic ELISA analysis. In addition, we consider it would be
interesting to evaluate cytokine profiles in healthy population
and how these levels correlate with clinical parameters and
outcomes. Also, a further multicentric corroboration of our
findings would be of interest.

Conclusions

In summary our findings unravel the cytokine evolution in
relation to mortality caused by COVID-19 disease. We propose
the use of PC2 associated with clinical data as a marker of strong
lung damage, and evolution of values of PC1 and PC3 to predict
outcome thus personalize treatment. In addition, we consider
early target of the markers of dysregulation of immune responses
and therapies to promote tissue repair could be a better approach
in severe patients as antiviral therapy could not be useful at
that point.
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Introduction: Biomarkers predicting mortality among critical Coronavirus
disease 2019 (COVID-19) patients provide insight into the underlying
pathophysiology of fatal disease and assist with triaging of cases in
overburdened settings. However, data describing these biomarkers in Sub-
Saharan African populations are sparse.

Methods: We collected serum samples and corresponding clinical data from 87
patients with critical COVID-19 on day 1 of admission to the intensive care unit
(ICU) of a tertiary hospital in Cape Town, South Africa, during the second wave of
the COVID-19 pandemic. A second sample from the same patients was collected
on day 7 of ICU admission. Patients were followed up until in-hospital death or
hospital discharge. A custom-designed 52 biomarker panel was performed on
the Luminex® platform. Data were analyzed for any association between
biomarkers and mortality based on pre-determined functional groups, and
individual analytes.
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Results: Of 87 patients, 55 (63.2%) died and 32 (36.8%) survived. We found a
dysregulated cytokine response in patients who died, with elevated levels of
type-1 and type-2 cytokines, chemokines, and acute phase reactants, as well as
reduced levels of regulatory T cell cytokines. Interleukin (IL)-15 and IL-18 were
elevated in those who died, and levels reduced over time in those who survived.
Procalcitonin (PCT), C-reactive protein, Endothelin-1 and vascular cell adhesion
molecule-1 were elevated in those who died.

Discussion: These results show the pattern of dysregulation in critical COVID-19
in a Sub-Saharan African cohort. They suggest that fatal COVID-19 involved
excessive activation of cytotoxic cells and the NLRP3 (nucleotide-binding
domain, leucine-rich—containing family, pyrin domain—-containing-3)
inflammasome. Furthermore, superinfection and endothelial dysfunction with
thrombosis might have contributed to mortality. HIV infection did not affect the
outcome. A clinically relevant biosignature including PCT, pH and lymphocyte
percentage on differential count, had an 84.8% sensitivity for mortality, and

outperformed the Luminex-derived biosignature.

KEYWORDS

biomarkers, cytokines, COVID-19, SARS-CoV-2, prognostic, mortality

1 Introduction

Understanding the mechanisms driving severe disease and
causing mortality or recovery among Coronavirus disease 2019
(COVID-19) patients is crucial for developing future clinical
decision support systems, planning disease control strategies, and
developing host-directed therapies. Older age, obesity, diabetes,
hypertension, lymphopenia, and neutrophilia have been
consistently identified in many studies as predictors of mortality
(1, 2). HIV has also been associated with poor outcomes from
COVID-19 in multi-center prospective studies, especially in people
with alow CD4 cell count (3, 4). Many immunological biomarkers of
mortality have been reported, such as interleukin-1lo (IL-1ar), IL-1j3,
IL-6, IL-10, IL-18, and tumor necrosis factor (TNF) (5, 6). Along
with ferritin, D-dimer, C-reactive protein (CRP), and procalcitonin
(PCT), these immunologic biomarkers are found in the group of
people infected with Severe Acute Respiratory Syndrome
coronavirus-2 (SARS-CoV-2) who develop hyperinflammation,
known as a ‘cytokine storm’ (2). Excessive cytokine production
from inflammatory cell death is associated with acute organ damage
which is life-threatening. This is mediated in part by synergism
between TNF and interferon gamma (IFNYy), which triggers the
PANoptosis (pyroptosis, apoptosis, and necroptosis), a mechanistic
compendium of programmed cell death pathways (7). In addition to
hyperinflammation, endothelial markers such as intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), and E-selectin have been associated with disease severity
and death. This highlights the important role of vascular endothelial
cells as targets of SARS-CoV-2, and of endothelial activation with
dysfunction in the pathogenesis of severe COVID-19 (8, 9).

Despite the extraordinary number of publications on this topic
during the pandemic, few data from African countries are available
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in the public domain. Furthermore, Sub-Saharan African
populations have a low vaccination coverage to mitigate the
effects of future waves or variants which escape immunity
acquired from previous infection (10). Therefore, data on the
predictors of mortality in Sub-Saharan African populations are
greatly needed. The second wave of COVID-19 in South Africa,
which occurred between October 2020 and February 2021, was
dominated by the B.1.351 Beta variant of SARS-CoV-2 (10). The
rapid spread of infection in the population resulted in a high rate of
admission of critically ill patients that overwhelmed the health care
services. The B.1.351 Beta variant was associated with a high
mortality rate among patients admitted in the Intensive Care Unit
(ICU) and other healthcare environments (10).

In this study, our team examined the serum of critical COVID-
19 patients in Cape Town, South Africa, for key immunological and
endothelial cell biomarkers of mortality. The aim was to gain insight
into the immune mechanisms underlying fatal COVID-19 and
identify the biomarkers with the best predictive potential.

2 Materials and methods

This investigation was a sub-study of a large prospective cohort
spanning the whole COVID-19 pandemic, performed in the ICU of
Tygerberg Hospital, Cape Town, South Africa. Participants for this
sub-study were admitted during the second wave of the COVID-19
pandemic from 9 October 2020 to 10 February 2021. All adult
patients admitted to the ICU during this timeframe with laboratory-
confirmed SARS-CoV-2 infection on quantitative real-time reverse
transcription polymerase chain reaction (RT-qPCR) from
nasopharyngeal swab testing, and COVID-19 acute respiratory
distress syndrome (ARDS) according to the Berlin definition (11),
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were recruited on the day of admission to ICU. They were followed
until the primary endpoint of death or survival to hospital
discharge. Eligibility for ICU admission was predetermined by the
provincial Department of Health guidelines, based on the severity of
illness, likely prognosis, and ICU bed availability (12).

Baseline demographic characteristics, comorbidities, medication
history, and indicators of the severity of illness (i.e., type and intensity
of respiratory support, arterial blood gas values, and evidence of other
organ dysfunction) were collected and transferred by authorized
study staff to an access-controlled Research Electronic Data
Capture (REDCap®) database hosted by Stellenbosch University
(13). Baseline laboratory measurements were retrieved from the
National Health Laboratory Service (NHLS) Laboratory
Information System (TrakCare® Lab Enterprise). Only results from
blood taken on the day of ICU admission were used. In cases where a
full panel blood test was not performed on the day of ICU admission,
the results from blood taken within 48 hours of the date and time of
ICU admission were used. The first arterial blood gas performed after
admission to ICU was selected for the analysis, irrespective of the type
of respiratory support at that time. Further data on the patient’s
clinical progress during admission were collected, including the
primary outcome of death or discharge from the hospital,
progression to mechanical ventilation, and initiation of new
medications. Data were verified remotely using electronic hospital
records and the TrakCare® system. Serum samples were collected
from all patients on day 1 (the day of ICU admission), and a second
sample was collected from those who survived to day 7, to capture the
trajectory of key analytes at a time point when they were likely to
differentiate between survivors and non-survivors (5).

2.1 Laboratory procedures

The baseline blood tests and SARS-CoV-2 RT-qPCR were
performed according to the protocols of the NHLS at Tygerberg
Hospital, accredited as ISO15189 compliant by the South African
National Accreditation Services (SANAS), and all methods are
subjected to both internal and external quality control schemes.
These methods have been described in a previous publication (14).

Day 1 and day 7 serum samples were aliquoted and frozen at -80°
C on the day of sampling. After a single freeze-thaw cycle, a magnetic
Luminex® assay with a Luminex® MAGPIX® CCD Imager
[XxPONENT® software; Research and Diagnostics Systems Inc.® a
Bio-techne® brand (Catalog number LXSAHM); Minneapolis, NE,
USA] was used to determine the levels of a custom-designed 52-
analyte panel of immune and vascular/endothelial cell biomarkers
including: Arginase-1, CRP, D-dimer, Endothelin-1 (ET-1), E-
Selectin, ferritin, growth differentiation factor-15 (GDEF-15),
granulocyte macrophage colony stimulating factor (GMCSEF),
granulysin, hypoxia inducible factor 1-o. (HIFlo), High mobility
group box 1 (HMGBI), I-309/chemokine ligand 1(I-309/CCL1),
ICAM-1, Indoleamine-2,3-dioxygenase 1 (IDO-1), IFNB, IFNy, IL-
la, IL-1b, IL-1Ra, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-15, IL-
17, 1L-18, IL-21, IL-22, IL-23, IL-33, Interferon gamma-induced
protein 10/Chemokine (C-X-C motif) ligand 10 (IP-10/CXCL10),
monocyte chemoattractant protein 1/chemokine (C-C motif) ligand
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2 (MCP-1/CCL2), MCP-3/CCL7), MCP-4/CCL13, monokine
induced by gamma interferon/Chemokine (C-X-C motif) ligand 9
(MIG/CXCL9), myeloperoxidase (MPO), plasminogen activator
inhibitor-1 (PAI-1), PCT, P-selectin, S100 calcium-binding protein
A8/migration inhibitory factor-related protein 8 (SI00A8/MRP-8),
$100 calcium-binding protein A9/migration inhibitory factor-related
protein 14 (S100A9/MRP-14), growth stimulation gene-2/
Interleukin-1 receptor-like-1 (ST2/IL-1RL1), transforming growth
factor B1 (TGFP1), TGFB2, TGFB3, TNFo, VCAM-1, vascular
endothelial growth factor (VEGF), Von Willebrand Factor A2
(VWE A2). Analyte kits were supplied by Whitehead Scientific
(Pty) Ltd, Cape Town, South Africa, and Merck (Pty) Ltd,
Gauteng, South Africa.

2.2 Statistical analysis

Data were analyzed using R suite® statistical software (R
version 4.2.3) (15). Selected clinical variables, NHLS-derived
laboratory variables, and all Luminex®-derived variables were
assessed for their effect on the primary outcome of death, or
survival to hospital discharge. Pairwise comparisons were done
using robust t-tests for the continuous variables, and Cochran-
Armitage tests for the trends of the categorical variables. Analytes
where all measured values were lower than the limit of detection
were excluded from this analysis. For patients with values on both
days 1 and 7, a paired Yuen’s t-test with standardized winsorization
was used to assess the effect of both values on the outcome. Analytes
for which most of the results were lower than the limit of detection
but had at least five valid entries (IL-1a, IL-4, IL-5, IL-21, IL-22, IL-
23, and HMGB-1) were converted into categorical variables for the
specific sample day using the minimum, maximum, and median of
the measurable values, as shown in Supplementary Table 1. The
minimum value indicated the lowest concentration (including those
extrapolated downwards), while the maximum value was the
highest concentration and any values which were extrapolated
upwards, and the median was simply the standard median value.
The analytes were then stratified by the outcome status of death or
survival, and a Cochran-Armitage test for trend was applied.

Variables with the highest impact on the outcome from day 1
and day 7 separately, as well as the difference between day 1 and day
7 values in patients who had both day 1 and day 7 values measured
(hereafter the trajectory analysis), were identified using a Boruta
algorithm. Boruta is an all-relevant feature-selection algorithm that
makes use of a permuted random forest selection process. It was
chosen for this analysis because of the rigorous method by which it
identifies variables with a real impact on the outcome, without
relying on assumptions about the distribution of the data or
excluding all variables with incomplete data in the way that other
tools would. Through multiple iterations, it provides a ranking of
variables’ importance to the outcome as well as a statistical
interpretation of the performance based on the binomial
distribution, i.e., a score of the feature importance (16). On day 1
analysis, all Luminex® analytes and the baseline clinical variables
were included in the Boruta. On the day 7 analysis, and the
trajectory analysis only the Luminex® analytes were included.
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The variables thus identified were further subjected to correlation-
based filtering, and the remaining variables were then used as
predictors in two independent classification models (logistic
regression and a random forest model). V-fold cross-validation
(stratified by outcome, with five repeats) was applied to obtain
measures of performance. A second analysis was done using
predetermined ‘functional groups’ of cytokines and vascular/
endothelial biomarkers (Table 1). These were analyzed together to
assess their combined effect, using a robust t-test on a pooled
average value for that group, obtained by scaling and centering each
analyte separately (independent of the outcome state), then
calculating the mean for each patient. A p < 0.05 was considered
significant. However, to minimize the impact of multiple testing
and forgo post-hoc correction, those interactions which remained
significant at p < 0.005 are highlighted.

3 Results

Table 2 presents the baseline characteristics of the 87 critically
ill COVID-19 patients included in the analysis, of whom 55 (63.2%)
died in ICU, and 32 (36.8%) survived to hospital discharge (median

TABLE 1 List of predetermined functional groups of analytes.

10.3389/fimmu.2023.1219097

3 days after ICU discharge, range 1-48 days). All patients were
receiving 8mg of intravenous dexamethasone daily, and therapeutic
dose subcutaneous enoxaparin sodium from admission to ICU.
None of the patients received any antiviral treatment or
immunomodulatory drugs for COVID-19.

3.1 Clinical variables

On admission to ICU, all patients had clinically diagnosed
ARDS with hypoxemia: 68 (78.2%) had a ratio of partial pressure
of oxygen in arterial blood (PaO,) to the fraction of inspired oxygen
(FIO,), hereafter PaO,/FIO,, of < 100 (severe hypoxemia); 16
(18.4%) had a PaO,/FIO, of 100 - 200 (moderate hypoxemia);
and 3 (3.4%) had a PaO,/FIO, > 200 (mild hypoxemia) (11). Most
patients (59, 67.8%) required invasive mechanical ventilation
during their admission. The remaining 28 (32.2%) were
supported with non-invasive ventilation or high-flow nasal
cannula oxygen.

All patients had at least one comorbidity, of which hypertension
(51, 58.6%) was the most common. Nineteen (21.8%) patients were
known to have diabetes mellitus, but 49 (56.3%) patients had an

Group number Group name Analytes

1 Clinical markers of inflammation or infection CRP; Ferritin; PCT; D-dimer

2 Thi IENYy, TNFa, IL-2, IL-12, IL-15

3 Th2 1L-4, IL-13, IL-5, IL-33, ST2, IL-21

4 Treg IL-10, TGFB

5 Th17 IL-17, IL-22, IL-23

6 Th1 activation TNFo; IL-6, IL-1b, IL-1a, IL-18; IL-15

7 Th2 activation 1L-4; IL-13; IL-5; IL-10

8 Myeloid derived suppressor cells Arginase-1; S1I00A8; S100A9; TFGR; IL-10; IDO-1; IL-1Ra
9 Anti-inflammatory myeloid cells IL-1Ra

10 Antiviral IFNB

11 Chemokines IL-8; MCP-1, MCP-3, MCP-4, MIG, IP-10; i309
12 Vascular/endothelial adhesion molecules VCAM-1, ICAM-1

13 Growth factors GMCSF; VEGF

14 NK and CTL cytolytic activity Granulysin

15* Expanded vascular/endothelial adhesion markers ICAM-1, E-selectin, P-selectin, VCAM-1

16* Inflammation MPO, TNFo, CRP

17* Hemostatic factors PAI-1, vWFA2

18* Cell growth/death factors GDF-15, VEGF

19* Vascular tone Endothelin-1

*These groups were designed to focus on markers of relevance to the vascular endothelium.

CRP, C-reactive protein; CTL, cytotoxic T lymphocyte GDF-15, growth differentiation factor-15; GM-CSF, granulocyte macrophage colony stimulating factor; I-309, chemokine ligand 1(CCL1);
ICAM-1, intercellular adhesion molecule-1; IDO-1, Indoleamine-2,3-dioxygenase 1; IFNp, interferon B; IFNY, interferon y; IL, interleukin; IL-1Ra, Interleukin-1 receptor antagonist; IP-10,
interferon y-induced protein 10/Chemokine (C-X-C motif) ligand 10 (CXCL10); MCP, monocyte chemoattractant protein; MIG, monokine induced by interferon y/Chemokine (C-X-C motif)
ligand 9 (CXCL9); MPO, myeloperoxidase; NK, natural killer cell PAI-1, plasminogen activator inhibitor-1; PCT, procalcitonin; S100A8, S100 calcium-binding protein A8/migration inhibitory
factor-related protein 8 (MRP-8); S100A9, S100 calcium-binding protein A9/MRP-14; ST2, growth stimulation gene-2/Interleukin-1 receptor-like-1 (IL-1RL1); TGFp, transforming growth
factor B; TNFo., tumour necrosis factor 0; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor; vVWF A2, Von Willebrand Factor A2.
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TABLE 2 Baseline demographic characteristics and laboratory parameters of the study population.

Pooled (n=87) Died (n=55) Survived (n=32) P value™
Female 58 (66.7%) 36 (65.5%) 22 (68.8%) 0.817
Age (years) 55.0 (15.5) 55.0 (14.5) 51.5 (18.5) 0.550
Length of hospital stay (days) 12.0 (9.0) 11.0 (8.5) 13.5 (10.2) -
Length of ICU stay (days) 10 (8.0) 10 (8.0) 9 (8.0) -
Type of respiratory support on day of ICU admission:
Invasive mechanical ventilation 32 (36.8%) 31 (56.4%) 1 (3.1%) -
Non-invasive mechanical ventilation 4 (4.6%) 4 (7.3%) 0 (0.0%) -
High-flow nasal oxygen 50 (57.5%) 20 (36.4%) 30 (93.8%) -
Face mask oxygen 1(1.1%) 0 (0.0%) 1(3.1%) -
Required invasive mechanical ventilation during ICU admission 59 (67.8%) 54 (98.2%) 5 (15.6%) -
Comorbidities:
Diabetes mellitus 19 (21.8%) 10 (18.2%) 9 (28.1%) 0.295
HbAlc >6.5% in ICU* 49 (56.3%) 33 (60.0%) 16 (50.0%) 0.380
Hypertension 51 (58.6%) 32 (58.2%) 19 (59.4%) 0.999
HIV infection 13 (15.5%) 9 (17.0%) 4 (12.9%) 0.759
Raised BMI® 55 (63.2%) 36 (65.5%) 19 (59.4%) 0.796
Baseline arterial blood gas™:
pH 7.4 (0.1) 7.4 (0.1) 7.5 (0.0) 0.000
PaCO, (kPa) 5.5 (1.4) 6.0 (1.4) 5.0 (0.5) 0.001
PaO, (kPa) 8.0 (2.2) 8.0 (2.4) 8.2 (2.1) 0.539
PaO,/FIO, (mm Hg)* 75.0 (36.4) 71.0 (35.4) 84.2 (42.2) 0.041
Lactate 1.6 (0.8) 1.6 (1.0) 1.4 (0.8) 0.377
Baseline laboratory results:
Creatinine (umol/L) 76.0 (33.5) 77.0 (41.5) 76.0 (18.0) 0.593
eGFR (mL/min) 79.0 (35.0) 76.0 (37.5) 87.0 (28.5) 0.201
Alanine transferase (U/L) 37.5(27.2) 36.0 (27.0) 41.0 (42.0) 0.183
Hemoglobin (g/dL) 12.5 (1.6) 12.2 (1.8) 12.7 (1.2) 0.129
White cell count 11.9 (6.8) 12.8 (7.3) 10.5 (5.4) 0.052
Lymphocytes % 8.2 (5.5) 6.8 (5.7) 9.8 (5.3) 0.017
Neutrophil % 86.4 (10.2) 88.7 (9.2) 84.2 (6.8) 0.101
C reactive protein (mg/L) 154.0 (152.5) 162.0 (138.0) 106.5 (124.0) 0.025
Procalcitonin (ng/mL) 0.3 (0.9) 0.3 (1.5) 0.1 (0.3) 0.027
Troponin T (ng/L) 13.0 (19.2) 15.0 (19.0) 6.0 (11.0) 0.061
NT-proBNP (pg/mL) 189.5 (577.0) 284.0 (987.0) 111.0 (196.0) 0.133
Ferritin (ug/L) 737.0 (853.5) 718.0 (881.5) 895.0 (763.0) 0.612
D-dimer (ug/mL) 0.9 (2.1) 1.1 (3.0) 0.4 (1.3) 0.095

Categorical variables are expressed as a number followed by a percentage and the continuous variables are expressed as a median followed by the interquartile range. Laboratory values refer to
those obtained on the day of admission to the ICU (day 1). *Indicates an elevated glycated hemoglobin fraction, noted independent of an established diabetes diagnosis. “A subjective opinion of
the treating clinician rather than objective measurement, and as such should be interpreted with caution. “The first arterial blood gas done on admission to ICU, whilst receiving oxygen therapy
or ventilatory support. *PaO,/FIO, is the ratio of arterial oxygen partial pressure (PaO, in mmHg) to fractional inspired oxygen (FIO, expressed as a fraction), where a value <300 indicates mild
hypoxaemia, <200 moderate hypoxaemia, <100 severe hypoxaemia. *p values not corrected for multiple testing effect. In this case, variables with a p-value < 0.005 may be considered most likely
to have post-test significance using the modified one-step M-estimator. ICU, intensive care unit; HIV, human immunodeficiency virus; PaCO,, partial pressure of arterial carbon dioxide; PaO,,
partial pressure of arterial oxygen; eGFR, estimated glomerular filtration rate (calculated using Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula uncorrected for

ethnicity); NT-proBNP, N-terminal pro-brain natriuretic peptide. Bold values means P values which are statistically significant.

HbAlc >6.5% on admission to the ICU (including all but one of the
confirmed diabetics). There were 13 people living with HIV
(PLWH), with a median CD4 cell count of 238 cells/mm?, and all
had suppressed viral loads on antiretroviral therapy except for three
who had no data available. Four (4.6%) patients had previous
tuberculosis, and four had chronic obstructive pulmonary
disease. Nine (10.3%) patients reported hyperlipidemia and two
(2.3%) reported ischaemic heart disease, two asthma, two
hypothyroidism, previous malignancy, and chronic kidney
disease, respectively. Three patients (3.4%) were pregnant on
admission. Variables associated with mortality are detailed in
Table 2. In addition to these, patients receiving antibiotics at any
time during their ICU stay had significantly higher odds of death
(Odds ratio 10.1, 99.5% C.I. 2.9-55, p < 0.001).
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3.2 Biomarkers

The Boruta algorithm identified the following combination of
clinical and Luminex® variables measured on day 1 as most
influential in predicting the outcome: pH, partial pressure of carbon
dioxide in arterial blood (PaCO2), lymphocytes percentage on the
differential count, PCT, GDF-15, IL-15, ST2, IL-1Ra, and MPO. Only
Luminex® data were considered for day 7, as all clinical data were
captured on day 1. The most important day 7 variables identified by the
Boruta were: IL-15, ET-1, GDF-15, IL-1a, IP-10, MCP-1, MCP-3, PCT,
ST2, TGFB2, VCAM-1, 1309, and S100A8. The following variables
were the most important in trajectory analysis: IL-15, GDF-15, VCAM-
1, MCP-1, IL-18, and MCP-3. Several of these variables were highly
correlated with each other (Figure 1).
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On day 1 two selections were tested: Group 1 included variables
that are readily available in a clinical setting: pH, lymphocyte
percentage on the differential count, and PCT. Group 2 included
IL-15, MPO, GDF-15, ST-2, and IL-1Ra. Other combinations with
randomly selected day 1 variables were also tested, as well as all
variables combined. The day 1 clinical biomarker group achieved a
diagnostic accuracy of 72.7% on logistic regression and 73.5% on
random forest, with an area under the receiver operating curve
(AUC) of 85.8% and 82.8%, respectively (Figure 2). Day 1 clinical
biomarkers had higher sensitivity (84.8% and 82.8%) than

10.3389/fimmu.2023.1219097

specificity (60.7% and 64.1%). The day 1 Luminex® biomarker
group achieved a diagnostic accuracy of 65.1% on logistic regression
and 66.7% on random forest, with an AUC of 77.3% and 80.2%
respectively. The sensitivities of this group were 78.0% and 80.4%,
and specificities were 52.3% and 52.9%. When all the day 1 clinical
and Luminex® biomarkers were included without filtering, the
diagnostic accuracy was 78.1% and 75.1% on logistic regression and
random forest models respectively; the AUCs were 86.2% and
88.6%; sensitivities were 83.2% and 88.8%; and specificities were
73.1% and 61.3%. The following day 7 variables were included in the
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FIGURE 1

Correlation between biomarkers identified as important in predicting COVID-19 mortality in the study sample. The figure shows the correlation
(Pearson) between biomarkers identified by the Boruta algorithm as important in determining the outcome (mortality) for day 1 (A), day 7 (B), and the
longitudinal trajectory between days 1 and 7 (C). The scale bar on the bottom of the figure shows the strength of the correlation (closer to 1 or -1
are strongly positive or negative respectively) with a corresponding color scale. Within each cell is a central dotted line representing O, and the green
or purple annotation represents the correlation coefficient and confidence intervals for the two biomarkers interacting in that cell, as well as the
direction of the interaction. The biomarker names are shown on the labels of the rows and columns. In cells with red crosses, the confidence
interval crosses the 0 line and these interactions are non-significant. Those without crosses represent the significant correlations between the

biomarkers, the strength of association may be judged by their color.
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Performance metrics for models of clinical and immunologic biomarkers in predicting COVID-19 mortality on admission to the Intensive Care Unit

(Day 1). (A) shows the combined performance of both clinical and immu

nologic biomarkers identified by the Boruta algorithm. (B) shows the

performance of a clinical biomarker panel including pH, procalcitonin (PCT), and lymphocyte percentage on the differential count. (C) shows the

performance of an immunologic biomarker panel including IL-15, MPO,
extending from it representing the standard error. A solid line is the logis

GDF-15, ST-2, and IL-1Ra. Each dot represents the mean, with the line
tic regression model, and a dashed line is the random forest model, both

tuned to balanced accuracy. ROC, receiver operating curve; AUC, area under the curve.

modeling: IL-15, VCAM-1, and PCT. The performance metrics for
the day 7 biomarkers were: diagnostic accuracy of 85.2% and 82.6%
(logistic regression and random forest respectively); AUC of 91.1%
and 93.0%; sensitivity of 80.1% and 86.5%; and specificity of 90.2%
and 78.8% (Figure 3). When all the day 7 variables were included in
the model without filtering, the metrics improved further (accuracy:
90.7% and 88.1%; AUC: 96.7% and 95.1%; sensitivity: 91.6% and
90.2%; specificity: 89.8% and 86.0%). Variables modeled from the
trajectory analysis included IL-15, IL-18, and MCP-1. The
biomarker trajectory analysis from day 1 to 7 performed less well
than the day 7 panel, but performed well in comparison with the
other models (Supplementary Figure 1). To test whether there was a

confounding effect of HIV, we ran the same analysis excluding the
13 PLWH and compared the resultant performance metrics to the
results of the whole cohort using Welch’s t-test. There was no
difference between the whole cohort and the cohort with PLWH
filtered out in the day 1 performance metrics, or in the day 7 metrics
from the random forest models. The day 7 logistic regression
metrics were better in the cohort without the PLWH, but this is
likely because of the tendency of logistic regression to overfit in
small datasets (Supplementary Figure 3).

Analysis of predetermined functional groups identified an
increase in biomarkers of a pro-inflammatory/T helper cell type 1
(Th1) activating response (IL-1c, p = 0.008; IL-1f, IL-6, IL-15, IL-
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(A) shows the performance of all day 7 analytes identified by the Boruta algorithm, without filtering. (B) shows the performance of the combination
of analytes selected after correlation-based filtering, including IL-15, VCAM-1, and PCT. Each dot represents the mean, with the line extending from
it representing the standard error. A solid line is the logistic regression model, and a dashed line is the random forest model. Models are tuned to
balanced accuracy. ROC receiver operating curve, AUC area under the curve.
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18, and TNFo, p 0.018, 95% C.I. 0.06-0.65) and the
chemoattractants/leukocyte trafficking chemokines for both T
helper cell type 2 (Th2) and Thl (1309, IL-8, IP-10, MCP-1,
MCP-3, MCP-4, and MIG, p = 0.034, 95% C.I. 0.02-0.57) on day
1 among patients who died. The anti-inflammatory IL-1Ra was also
higher in these patients on day 1 (p = 0.003, 95% C.I. 0.04-0.45). On
day 7, the inflammatory response on day 1 persisted, and Th2
cytokines (IL-13, IL-21, IL-33, and ST2, p = 0.002, 95% C.I. 0.23-
0.89; IL4, p = 0.017) and acute phase pro-inflammatory markers (D-
dimer, ferritin, PCT, p = 0.024, 95% C.I. 0.06-0.65) were
significantly increased in those who died. Markers of an anti-

inflammatory/Treg response were reduced on day 7 in those who
died (IL-10, TGFB1, and TGFB2, p = 0.005, 95% C.I. -0.65, -0.12).
Endothelin-1 (p < 0.001, 95% C.I. 0.61-1.61) and vascular
endothelial adhesion markers (ICAM-1 and VCAM-1, p = 0.003,
95% C.I. 0.30-1.15) were increased in those who died. Using a
99.5% confidence interval and assuming significance at a p-value <
0.005, those interactions which remained significant included
higher IL-1Ra values on day 1 in those who died (p = 0.004,
99.5% C.I. 0.00-0.52), and higher Th2 cytokines (IL-13, IL-21, IL-
33, ST2, p = 0.001, 99.5% C.I. 0.08-1.04), Endothelin-1 (p <0.001,
99.5% C.I. 0.44-1.82) and ICAM-1 and VCAM-1 (p = 0.003, 99.5%
C.I. 0.13-1.44) on day 7 in those who died (Figure 4). The results of
all functional groups are shown in Supplementary Figure 2. The
longitudinal trajectory analysis was significant for three variables: a
reduction in the value of IL-18 and VCAM-1 from day 1 to day 7
was associated with survival (p = 0.002 and p = 0.004 respectively),
and an increase in IL-15 from day 1 to day 7 was associated with
death (p = 0.002) (Figure 5).

A comparison between the results of the biomarkers performed
on both the Luminex® and NHLS assay platforms (CRP and PCT)
is included in the Supplementary Material (Supplementary
Figures 4, 5).
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4 Discussion

In this study, we present the immunologic and vascular
biomarkers of mortality in 87 patients with critical COVID-19
who were admitted during the second wave of the pandemic in
South Africa. Our results show that hyperinflammation was
associated with death from COVID-19, as shown by the increased
levels of Th1 and Th2 cytokines, Th1/Th2-related chemokines, and
acute phase inflammatory proteins in those who died.

Cytokines related to hyperinflammation have been strongly
associated with severe COVID-19 in other studies (5, 6). Similar to
our findings, Lucas et al. (5) reported that patients with higher
incidences of coagulopathy and mortality had a baseline immune
signature driven by a combination of Thl and Th2 responses,
however, our study, unlike Lucas et al, did not identify Th17
responses as part of this signature. Moreover, Lucas et al. showed
that patients with severe COVID-19 maintained elevated Thl and
Th17 cytokine levels throughout the course of their disease compared
to patients with moderate disease and that severe disease was also
associated with a rise in Th2 responses. In line with this, elevations in
Th1 cytokines were associated with mortality at days 1 and 7 in our
cohort of patients with severe COVID-19, and at the later time point,
the Th2 cytokines also became significant. In Abers et al., elevated
levels of IL-15, soluble ST2, and MCP-1, amongst others, were
independently associated with mortality (6). Similar to our
findings, the longitudinal trajectory of both IL-15 and MCP-1 in
Abers et al. were significantly associated with the outcome (6). IL-1Ra
is a competitive antagonist of the potent Thl cytokine IL-1f. It rises
in response to IL-1 and modulates its inductive effects on IL-6 and
Th17 responses. In this study, IL-1Ra was strongly associated with
mortality, providing further evidence of the presence of
hyperinflammation and the body’s attempt at immune regulation
(17). Many of the cytokines and chemokines reported in this study
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Biomarkers associated with mortality in critical COVID-19 which remained significant at the p<0.005 level. Red dots indicate the analyte levels in
patients who died and blue dots are those who survived. (A) functional group 3, representing Th2 responses [except for Interleukin (IL)-4 and IL-5]
on day 7 post-admission. (B) functional group 12, representing intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) on day 7 post-admission. (C) IL-1Ra or functional group 9, representing anti-inflammatory myeloid cells on day 1. (D) Endothelin-1 (ET-1)
or functional group 19, representing vascular tone and endothelial dysfunction on day 7 post-admission. Analyte levels have been scaled and
transformed to Z-scores for comparability, and the means were compared with a robust t-test. ST2, growth stimulation gene-2.
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Day

Biomarkers with a longitudinal trajectory associated with survival or death. (A) Levels of IL-18 between day 1 and day 7 in survivors. (B) Levels of
VCAM-1 from day 1 to day 7 in survivors. (C) Levels of IL-15 from day 1 to day 7 in those who died. Analyte levels have been scaled and transformed
to Z-scores for comparability and the means were compared with a robust t-test.

are also known to be elevated and predict mortality in other forms of
ARDS and sepsis, particularly IL-6, IL-8, IL-18, TNFo,, and IFNYy (18-
20). However, this may not represent the cytokine milieu in the lung.
In one report from Saris et al., IL-6, IP-10, MCP-1, IL-10, and IFN-o.
were all elevated in the plasma of critically ill COVID-19 patients
(21). In the bronchoalveolar lavage fluid (BALF), however, IL-6,
MCP-1, and IL-10 were significantly higher than plasma, but IP-10
was not and IFN-o was undetectable. This demonstrates that while
circulating biomarkers are useful for predicting severity, they do not
reveal the full picture.

IL-15 is a pro-inflammatory cytokine with important effects on the
activation and cytolytic activity of cytotoxic CD8 T lymphocytes and
NK cells, particularly in short-term hypoxia (22). IL-15 was
significantly associated with mortality in our panel overall. IL-18 is
also pro-inflammatory, activated by the NLRP3 (nucleotide-binding
domain, leucine-rich-containing family, pyrin domain-containing-3)
inflammasome along with IL-1B and, in combination with IL-12, acts
on CD4 T cells, CD8 T cells, and NK cells to induce IFN-y production.
Higher levels of IL-18 have been associated with increased severity of
COVID-19 (23). In ARDS from avian influenza virus (H5N1 and
H7N9), the prolonged activation of the NLRP3 inflammasome and
consequently Caspase 1, results in excess IL-18 and IL-1 production.
This in turn causes an IFN-y-biased cytokine storm, pyroptosis, and
lung damage (24). In the absence of IL-15, IL-18 does not induce IFN-y
production but rather plays an important role in the differentiation of
naive T cells into Th2 cells and stimulates the production of IL-4 and
IL-13. In this study, we found that the survivors of COVID-19 ARDS
had reduced levels of IL-15 and IL-18 over the period of ICU admission
to day 7 and that the levels of these cytokines were consistently higher
in those who died than those who survived. Continuous stimulation
with IL-15 has been shown to cause exhaustion in certain immune
cells, including NK cells (25). Together, this suggests that these
pathways are involved in excessive inflammatory cell death and lung
damage, and reflects the development of reduced inflammatory
processes in those who survived. This may have been perpetuated by

Frontiers in Immunology

the failure of the regulatory responses which was identified at day 7 in
those who died.

The chemokines as a functional group, as well as the levels and
trajectory of individual chemokines such as IP-10, MCP-1, and
MCP-3, featured prominently in predicting the poor outcome in
our study and also shown in other studies. This highlights the role
of leukocyte chemoattractants in severe disease progression (26, 27).
IP-10 and MCP-1 have also been associated with thrombosis, and it
is hypothesized that this may be the underlying mechanism that
precipitates an increased risk of mortality (27). Both IL-15 and IP-
10 (along with IL-6 and IL-10) were shown to be raised in the serum
of severe COVID-19 patients as compared to severe non-COVID-
19 acute respiratory illness from another cohort in the Sub-Saharan
Africa region (28).

Bacterial superinfection and venous thromboembolism are
known complications of critical COVID-19 (29). Our patients
who died had significantly higher routine PCT values on day 1,
and higher Luminex®-derived PCT, ferritin, and D-dimer values
on day 7, than those who survived. We also found that receiving
antibiotics during admission was associated with mortality. In
addition, there was considerable overlap between the markers
identified in our study and those known to be associated with
mortality from bacterial sepsis (30). In combination, these findings
suggest that bacterial superinfection and venous thromboembolism
played a role in mortality, although neither condition was verifiable
with imaging or autopsy because of the COVID-19-related
restrictions and resource constraints. Theoretically, a dysregulated
immune response combined with the corticosteroids that were used
to treat the hyperinflammation could have resulted in an individual
patient’s susceptibility to secondary infection. Bacterial
superinfections occur in up to 50% of critical COVID-19 patients
(29, 31). They prolong ventilation, and along with fungi are
common causes of mortality in critical COVID-19 (31, 32). They
generally occur later in the ICU admission than our samples were
taken, but it may be that some of our patients presented late in the
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evolution of their disease (29, 31). An elevated D-dimer, however,
may be indicative of more than a complication of critical COVID-
19. Endotheliitis and a progressive endothelial thrombo-
inflammatory syndrome have been suggested as the main
pathological mechanism of organ injury in severe disease, rather
than hyperinflammation (30, 33). This is partly because cytokine
levels in COVID-19 hyperinflammation are profoundly lower than
in non-COVID-19 ARDS and associated bacterial sepsis (30).

In addition to the hypothesized role of IP-10 and MCP-1 in
thrombosis discussed earlier, the prominence of vascular/
endothelial markers in all our analyses supports the endotheliitis
theory. ET-1 is a potent vasoconstrictor released from endothelial
and smooth muscle cells, which stimulates interleukin and TNFo
expression in monocytes, leukocyte adherence, platelet aggregation,
expression of adhesion molecules including ICAM-1 and VCAM-1,
production and action of growth factors, DNA and protein
synthesis, and cell cycle progression (34). It is a marker of
endothelial dysfunction and is higher in patients with severe
COVID-19, those with respiratory failure, and those who died in
hospital (35, 36). The endothelium-derived vascular adhesion
molecules ICAM-1 and VCAM-1 are markers of endothelial
activation, have been reported as elevated in severe COVID-19,
and are associated with death among patients admitted to the ICU
(9, 26, 37). In addition to this, they are critical for the recruitment of
inflammatory cells from circulation into the lungs, and in this way
may be mediators of lung injury in ARDS (38). Indeed, VCAM-1
has been shown to be elevated in the BALF of patients with COVID-
19 ARDS (39). In our study, ET-1, ICAM-1, and VCAM-1 were
significantly associated with the outcome, particularly in the day 7
analysis and the trajectory analysis, where a reduction in the level of
VCAM-1 from day 1 to 7 predicted survival. ET-1 and the adhesion
molecules play a critical role in the pro-atherosclerotic pathway,
and it is not clear in this study whether the derangements we
observed were because of pre-existing vascular disease, a new onset
COVID-19 endotheliitis, or some combination of the two. GDF-15
is a stress-responsive member of the TGFf cytokine superfamily
which is produced by many cell types including activated
macrophages, cardiomyocytes, adipocytes, endothelial cells, and
vascular smooth muscle cells. It increases during states of tissue
injury and inflammation and has a tissue-protective role in sepsis,
including the regulation of injury-mediated responses in the lungs
(40). GDF-15 levels have been associated with cardiovascular risk
and disease, including endothelial dysfunction and atherosclerosis
(41). In this particular study, a high GDF-15 was strongly associated
with COVID-19 mortality. A study by Ahmed et al. found that
GDEF-15 was a significant marker of disease severity that correlated
with IL-6 as a predictor of ICU and hospital outcomes (42). Taken
together these data suggest a prominent role for endothelial
dysfunction and inflammation in the pathogenesis of fatal
COVID-19, possibly in the context of pre-existing vascular disease.

Our models created a clinically relevant biosignature for
predicting mortality on day 1 of admission to the ICU. It only
included results which should be made available within a few hours
of admission: lymphocyte percentage on the differential count, pH,
and PCT. With sensitivities of 82.8% and 84.8%, this signature
might be worth further investigation for use as a triaging tool in
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the overburdened ICU settings during pandemic times. The
combination of clinical and Luminex®-derived biomarkers from
day 1 performed even better, and our Luminex®-alone signature
from day 7 did better on performance metrics than most other
reported scoring systems. However, this finding should be regarded
with caution. Our sample was from a highly selected population of
critically ill COVID-19 ARDS patients from a specific geographic
region. Other scoring systems may suffer the same limitations as
documented in a critical appraisal of 39 prognostic models for
mortality risk in COVID-19, only one model did not show a high
risk of bias (1). This model, the 4C mortality score, predicted in-
hospital mortality using patient age, sex, number of comorbidities,
respiratory rate, peripheral oxygen saturation, level of
consciousness, urea level, and CRP. The AUC was 0.79 for the
derivation cohort and 0.77 for the validation cohort (43). Our
clinical model for use on day 1 in the ICU has fewer variables than
the 4C score and our results suggest that if there was a point-of-care
assay for some of the Luminex® analytes we could provide critical
care clinicians with a highly sensitive and specific prediction score
which is easily available at the bedside. The biosignature we found
may also be valid in ARDS of other causes considering the similarity
between the biomarkers that we have shown and ARDS of other
causes, and the significant association between ARDS severity (the
Pa0,/FIO,) and mortality.

Two of the strongest clinical markers of prognosis in this study
were the pH and PaCO, on arterial blood gas. COVID-19 ARDS
usually presents as a Type 1 respiratory failure with severe
hypoxemia, rather than Type 2 where hypercapnia is the
dominant feature. In our patients who all had severe hypoxemia,
a rising PaCO, and drop in pH likely indicated a severe ventilation-
perfusion mismatch (from either lung or vascular pathology), where
both the transfer of O, into the alveolar capillaries and the clearance
of CO, were impaired. Consistent with this, a rising PaCO,
trajectory has been associated with mortality from COVID-19 in
mechanically ventilated patients in a large population-based cohort
study (44). The complex relationship between pH and PaCO, was
further explored in the larger cohort, which included the patients in
this sub-study of biomarkers of mortality (14).

PLWH made up 15.5% of the study population. Even though
the proportion of PLWH was higher among those who died, the
data was insufficient to determine an exposure-outcome
relationship. In addition, there could have been inherent selection
bias due to the fact that the PLWH who were selected for admission
to the ICU, based on the local eligibility criteria, were virologically
suppressed on ART. Epidemiologic evidence from South Africa has
shown a significant association between HIV infection and in-
hospital mortality among critical COVID-19 patients (3). In this
study patients who were not on ART or virologically suppressed
were more likely to die in hospital than their counterparts (3). The
mechanism underlying this increased risk remains unknown. A
histopathology study found no difference in the lungs, liver, heart,
or rate of bacterial co-infection (other than Mycobacterium
tuberculosis) of PLWH who died of COVID-19 and the HIV-
uninfected COVID-19 deceased (45). Another study done within
the African continent found no significant difference in serum or
nasal lining fluid cytokine responses to moderate-severe COVID-19
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between PLWH and HIV-uninfected counterparts (28). However,
the study was not sufficiently powered to detect statistically
significant differences.

Our study was limited by the small sample size which might
have underpowered its ability to detect significant differences. Other
key variables such as markers of cardiac dysfunction (Troponin T
and NT-proBNP) and hypercoagulability (D-dimer) were seen to be
higher in patients who died, but the observed differences were not
statistically significant. Other data reported from South Africa have,
however, shown these biomarkers of critical illness in COVID-19 in
our population to be relevant (46). Selection bias also seems to have
played a role in the study as there was no significant difference
between groups in age or comorbidity, despite the fact that these
have been reported to be among the most common factors
associated with mortality. This may be because all our patients
had already developed critical illness at the time of admission such
that our study sample overall was older with a high rate of
comorbidity and therefore a higher risk of death. Lastly, our
analysis was limited by the inclusion of only two time points,
which may not provide a true reflection of the trajectory over time.
Biomarker levels may have fluctuated between the two measured
time points or changed significantly after day 7.

In summary, this study has added much-needed data to the pool
of biomarkers of severe COVID-19 ARDS in sub-Saharan African
populations. We have shown that hyperinflammation, or a severely
dysregulated cytokine response, is associated with mortality in the
ICU. Our results also suggest that fatal COVID-19 ARDS involves
excessive activation of cytotoxic cells and the NLRP3 inflammasome.
Bacterial superinfection from immune dysregulation or treatment-
induced suppression, and thrombosis from underlying endothelial
dysfunction, likely contributed to death in these patients. Our
models have made a biosignature of fatal COVID-19 on admission
to the ICU which warrants further testing.
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Introduction: SARS-CoV-2 infection during pregnancy can induce changes in
the maternal immune response, with effects on pregnancy outcome and
offspring. This is a cross-sectional observational study designed to characterize
the immunological status of pregnant women with convalescent COVID-19 at
distinct pregnancy trimesters. The study focused on providing a clear snapshot of
the interplay among serum soluble mediators.

Methods: A sample of 141 pregnant women from all prenatal periods (1%, 2" and
3™ trimesters) comprised patients with convalescent SARS-CoV-2 infection at 3-
20 weeks after symptoms onset (COVID, n=89) and a control group of pre-
pandemic non-infected pregnant women (HC, n=52). Chemokine, pro-
inflammatory/regulatory cytokine and growth factor levels were quantified by a
high-throughput microbeads array.

Results: In the HC group, most serum soluble mediators progressively decreased
towards the 2" and 3" trimesters of pregnancy, while higher chemokine,
cytokine and growth factor levels were observed in the COVID patient group.
Serum soluble mediator signatures and heatmap analysis pointed out that the
major increase observed in the COVID group related to pro-inflammatory
cytokines (IL-6, TNF-o, IL-12, IFN-y and IL-17). A larger set of biomarkers
displayed an increased COVID/HC ratio towards the 2" (3x increase) and the
379 (3x to 15x increase) trimesters. Integrative network analysis demonstrated that
HC pregnancy evolves with decreasing connectivity between pairs of serum
soluble mediators towards the 3™ trimester. Although the COVID group exhibited
a similar profile, the number of connections was remarkably lower throughout
the pregnancy. Meanwhile, IL-1Ra, IL-10 and GM-CSF presented a preserved
number of correlations (>5 strong correlations in HC and COVID), IL-17, FGF-
basic and VEGF lost connectivity throughout the pregnancy. IL-6 and CXCL8
were included in a set of acquired attributes, named COVID-selective (>5 strong
correlations in COVID and <5 in HC) observed at the 3™ pregnancy trimester.

Discussion and conclusion: From an overall perspective, a pronounced increase
in serum levels of soluble mediators with decreased network interplay between
them demonstrated an imbalanced immune response in convalescent COVID-19
infection during pregnancy that may contribute to the management of, or indeed
recovery from, late complications in the post-symptomatic phase of the SARS-
CoV-2 infection in pregnant women.

KEYWORDS

chemokines, cytokines, growth factors, COVID-19, preghancy

1 Introduction

In March 2020, the World Health Organization (WHO)
characterized the outbreak of the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) disease (COVID-19) as a
pandemic, having since confirmed more than 655 million COVID-
19 cases, 6.6 million of which resulted in death (1). SARS-CoV-2 is
transmitted through airborne droplets, respiratory secretions, and
direct contact. The clinical symptoms relating to the COVID-19
disease were primarily respiratory, and later reported as
multisystemic effects. COVID-19 illness symptoms can be

Frontiers in Immunology

asymptomatic, mild, moderate, severe, or critical (2-4). Fever,
cough, dyspnea, and myalgia were the most common mild
symptoms. The pathogenesis of COVID-19 has been strongly
associated with an unbalanced immune response; however, the
pathophysiology of the disease remains under investigation (5-7).

Multiple studies concluded that pregnant women are a high-
risk population for the COVID-19 disease. Infectious diseases
in pregnancy are regularly considered a critical condition.
Physiological changes during pregnancy have significant effects on
the immune system, cardiopulmonary system and coagulation, and
these changes may result in an altered response to COVID-19
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infection (3, 8-11). Cytokine levels during pregnancy could
be responsible for metabolic imprinting as cytokines are
transferable from maternal to fetal circulation and are capable of
modulating placental nutrient transfer. Maternal inflammation may
induce metabolic reprogramming at several levels, from the
periconceptional period onwards. Such processes and their
consequences on the maternal and perinatal periods have not
been extensively studied to date. Moreover, the maternal immune
activation triggered by COVID-19 can have impacts for the mother,
pregnancy outcome and offspring (12, 13). The understanding such
phenomena should contribute to the proper management of
children born to SARS-CoV-2-infected mothers (14).

The aim of the present study was to conduct a prospective
observational study designed to characterize the immunological
status of pregnant women with convalescent COVID-19, focusing
on an overall snapshot of the interplay between serum
soluble mediators.

2 Materials and methods
2.1 Study population

This cross-sectional observational study was conducted between
July 2020 and December 2021 during the COVID-19 pandemic in
the Federal District of Brazil during circulation of the SARS-CoV-2
B.1.1.28 and B.1.1.33 strains. A total of 141 participants were
enrolled as non-probability convenience sampling, including
pregnant women with convalescent SARS-CoV-2 infection
(COVID, n=89) at 3-20 weeks after symptoms onset during the
prenatal period (1%, 2™ and 3™ trimesters), together with a healthy
control group composed of age-matched pre-pandemic non-
infected pregnant women (HC, n=52).

The COVID-19 pregnant women were recruited at two public
hospitals - the University Hospital of Brasilia and the Asa Norte

TABLE 1 Demographic and clinical features of the study population.

Characteristics

10.3389/fimmu.2023.1176898

Regional Hospital, both public reference centers for COVID-19 in
the Federal District of Brazil and participants of a large research
project named PROUDEST (15). The COVID group comprised
pregnant women aged 18-44 years, with a median age of 31 years.
This group was further categorized into subgroups according to the
pregnancy trimester, referred to as: 1** (n=7), 2" (n=34) and 3™
(n=48). COVID-19 diagnosis was confirmed by a documented
positive RT-PCR test using a nasopharyngeal swab or rapid test
(Biomanguinhos, FIOCRUZ, Brazil) for IgM or IgG, during
pregnancy. Most of the COVID-19 group (97%, 86 out of 89)
presented the non-severe form of the disease. The most common
symptoms were: Anosmia (68%), runny nose and/or nasal
congestion (68%), headache (67%), ageusia (63%), myalgia (57%),
cough (43%), fever (43%), dyspnea (31%), sore throat (31%),
asthenia (22%), diarrhea (17%), nausea and vomiting (11%), joint
pain (5%), dizziness (4%) and skin diseases (2%). SARS-CoV-2
infection during pregnancy was associated with important adverse
maternal and neonatal outcomes, including gestational diabetes
mellitus (37%), Apgar score at first minute < 7 (22%), systemic
arterial hypertension (18%), fetal restriction growth (11%), preterm
labor (11%), acute fetal distress (8%), Apgar score at fifth minute <7
(5%) and preeclampsia (3%).

The HC group comprised a selected non-probability
convenience sampling from a biorepository maintained at Grupo
Integrado de Pesquisas em Biomarcadores, Instituto Rene Rachou,
Funda¢io Oswaldo Cruz (FIOCRUZ-Minas), Belo Horizonte,
Brazil. The HC group comprised pregnant women, aged 18- 42
years, with a median age of 28 years. The healthy control group was
composed by primiparous with no previous history or current
status of obesity, systemic arterial hypertension, diabetes mellitus
and without records of pre-eclampsia. The HC group was further
categorized into subgroups according to pregnancy trimester,
referred to as: 1% (n=21), 2" (n=10) and 3" (n=21).

The Table 1 summarize the major demographic and clinical
features of the study population.

GROUPS

COVID-19 - COVID
(n=89)

Healthy Controls — HC
(n=52)

Age, median (min-max) 28 (18-42) 31 (18-44)
Obstetric History

Previous Pregnancies, median (min-max) 0% (0) 2 (0-6)
Abortions, median (min-max) 0% (0) 0 (0-2)
Complications* % (n) 0% (0) 24% (21)
Current Study

Obesity % (n) 0% (0) 11% (10)
SAH % (n) 0% (0) 18% (16)
Diabetes % (n) 0% (0) 37% (33)
Pre-eclampsia % (n) 0% (0) 3% (3)

SAH, systemic arterial hypertension. *Obesity, SAH, diabetes, pre-eclampsia.
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All study participants provided written informed consent prior
to inclusion in accordance with the Helsinki Declaration and
Resolution 466/2012 from the Brazilian National Health Council
for research involving human subjects. This study was recorded on
the Brazilian Registry of Clinical Trials Platform (ReBEC, RBR-
65qxs2) and approved by the National Commission for Ethics in
Research in Brazil (CONEP, CAAE 32359620.0.0000.5558). The
anonymization strategy to protect the identity of participants was
achieved by replacing the direct identifiers by standardized
alphanumeric codes (PRAxxxPNy and PRBxxxPNy), where “PR”
refer to the PROUDEST project name (15), “A” and “B” refers to the
hospital unit, the “xxx” represent the sequential number of patient

« »

inclusion, “PN” refer to prenatal period and “y” the trimester of

sample collection.

2.2 Biological samples

Whole blood sample (10 mL) were collected from each
participant in vacuum tubes without anticoagulant by
venipuncture at the first prenatal appointment or upon enrolment
in the study. Serum samples were obtained by centrifugation (1400
X g 10 min, 4°C) of original samples within 6 h after blood
collection. The serum specimens were aliquoted and stored at
-80°C until quantification of serum soluble mediators.

2.3 Quantification of serum
soluble mediators

Serum soluble mediators were quantified by a high-throughput
Luminex microbead multiplex assay (Bio-Plex Pro'™ Human
Cytokine 27-plex Assay, Bio-Rad Laboratories, Hercules, CA,
USA). The manufacturer’s instructions were followed to
determine the concentrations of chemokines (CXCL8; CCLI11;
CCL3; CCL4; CCL2; CCL5; CXCL10), pro-inflammatory
cytokines (IL-1fB; IL-6; TNF-o; IL-12; IFN-y; IL-15; IL-17),
regulatory cytokines (IL-1Ra; IL-4; IL-5; IL-9; IL-10; IL-13) and
growth factors (FGF-basic; VEGF; PDGF; G-CSF; GM-CSF; IL-2;
IL-7). The assays were conducted in parallel batches by a trained
technician at the flow cytometry facility at FIOCRUZ-Minas. The
concentrations of serum soluble mediators (pg/mL) were obtained
according to a 5-parameter logistic curve fit regression of
standard curves.

2.4 Statistical analysis

Descriptive statistics were carried out using the Prism 8.0.2
software (GraphPad Software, San Diego, USA). Data normality
was assessed using the Shapiro-Wilk test. Considering the
nonparametric distribution of all data sets, multiple comparisons

Frontiers in Immunology

10.3389/fimmu.2023.1176898

amongst HC and COVID subgroups were carried out using the
Kruskal-Wallis followed by Dunn’s post-test. Additionally,
comparative analysis between HC and COVID at matching
trimesters was performed using the Mann-Whitney test. In all
cases, statistical significance was considered at p<0.05.

The serum soluble mediator signatures were calculated as the
proportion (%) of pregnant women with serum levels above the
reference values (cut-off) defined as the median Z-score of each
soluble mediator detected for all HC along the 1%, 274 and 3%
trimesters (CXCL8=-0.3; CCL11=-0.3; CCL3=-0.3; CCL4=-0.3;
CCL2=-0.4; CCL5=-0.2; CXCL10=-0.2; IL-1fB=-0.3; IL-6=-0.3;
TNF-0=-0.3; IL-12=-0.3; IFN-y=-0.4; IL-15=-0.5; IL-17=-0.4; IL-
1Ra=-0.4; IL-4=-0.3; IL-5=-0.2; IL-9=-0.2; IL-10=-0.2; IL-13=-0.4;
FGF-basic=-0.5; PDGF=-0.4; VEGF=-0.4; G-CSF=-0.2; GM-CSF=-
0.4; IL-2=-0.4; IL-7=-0.3). Additionally, trimester-matching
signatures were assembled, considering the reference values (cut-
off) defined as the median Z-score of each soluble mediator detected
for HC trimester subgroups at 1°* (CXCL8 = 0.2; CCL11 = 0.1; CCL3
= 0; CCL4=-0.6; CCL2 = 0.4; CCL5=-0.2; CXCL10=-0.7; IL-1B=-
0.2; IL-6 = 1.6; TNF-0=-0.1; IL-12=-0.2; IFN-y=0.1; IL-15=-0.5; IL-
17 = 0.1; IL-1Ra=0.1; IL-4=-0.5; IL-5=-0.1; IL-9 = 0.5; IL-10=-0.2;
IL-13 = 0.2; FGF-basic=0.3; PDGF=0.2; VEGF=0.1; G-CSF=-0.2;
GM-CSF=0.1; TL-2=-0.4; IL-7=-0.2), 2" (CXCL8=-0.3; CCL11=-
0.2; CCL3=-0.3; CCL4=-0.2; CCL2=-0.5; CCL5=-0.1; CXCL10=-0.6;
IL-1B=-0.3; IL-6=-0.4; TNF-0=-0.3; IL-12=-0.3; [FN-y=-0.4; IL-15
=0.2; IL-17=-0.2; IL-1Ra=-0.5; IL-4 = 0.2; IL-5=-0.2; IL-9=-0.6; IL-
10=-0.2; IL-13=-0.4; FGF-basic=-0.6; PDGF=-0.6; VEGF=-0.2; G-
CSF=-0.1; GM-CSF=-0.6; IL-2=-0.1; IL-7=-0.2) and 3" trimesters
(CXCL8=-0.4; CCL11=-0.4; CCL3=-0.3; CCL4 = 0.3; CCL2=-0.5;
CCL5 = 0.1; CXCL10 = 0.6; IL-1B=-0.4; IL-6=-0.3; TNF-0=-0.3; IL-
12=-0.3; IFN-y=-0.4; IL-15=-0.5; IL-17=-0.4; IL-1Ra=-0.6; IL-4=-
0.3; TIL-5=-0.2; IL-9=-0.8; IL-10=-0.3; IL-13=-0.4; FGF-basic=-0.6;
PDGF=-0.7; VEGF=-0.4; G-CSF=-0.2; GM-CSF=-0.7; IL-2=-0.5;
IL-7=-0.3). The serum soluble mediators displaying a proportion
above 50% in pregnant women were included in the set of
biomarkers with increased levels.

Heatmap constructs were assembled using conditional
formatting in Microsoft Excel to illustrate the overall profile of
serum soluble mediator signatures of the COVID and HC
subgroups along the pregnancy trimesters. The ratio between the
proportion of pregnant women with serum levels above the
reference values in the COVID group in relation to HC (%
COVID/%HC) was also assessed by comparative analysis.

Serum-soluble mediator networks were built based on
correlation analysis (Pearson and Spearman rank tests) between
pairs of serum-soluble mediators. Only significant strong
correlations (p<0.05 and “r” scores > |0.67|) were employed to
construct the comprehensive networks. The open-source Cytoscape
software (available at https://cytoscape.org) was used to create
cluster network layouts comprising the 4 categories of serum
soluble mediators - chemokines, pro-inflammatory cytokines,
regulatory cytokines, and growth factors. Descriptive analysis of
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serum soluble mediator networks was performed by considering the
ascendant number of strong correlations to identify the set of
biomarkers with five or more strong correlations (= 5). Venn
Diagram analysis (available at (http://bioinformatics.psb.ugent.be/
webtools/Venn/) was performed to assess the preserved (common),
lost or acquired (selective) serum soluble mediators with > 5 strong
correlations in COVID subgroups compared to trimester-
matching HC.

The MATLAB software was employed for Principal
Component Analysis (PCA). The PCA data was assembled to
verify the ability of serum soluble mediators to cluster
convalescent COVID-19 pregnant women from HC, as well as
subgroups of COVID-19 as compared to trimester-matching HC.
The PCA analysis enabled data dimensionality reduction.

3 Results

3.1 Levels of serum soluble mediators in
convalescent COVID-19 at distinct
pregnancy trimesters

The levels of chemokines, pro-inflammatory cytokines,
regulatory cytokines and growth factors were measured in serum
samples from pregnant women with convalescent COVID-19 at 3-
20 weeks after symptoms onset (COVID) and compared with those
detected in trimester-matching pre-pandemic non-infected
pregnant women as a healthy control (HC). The results are
presented in Figures 1 and 2.

In general, healthy pregnant women presented a progressive
decrease in most serum soluble mediators towards the 2" and 3™
pregnancy trimester, including: chemokines (CXCL8, CCL11,
CCL3 and CCL2); pro-inflammatory cytokines (IL-1f3, IL-6, TNF-
o, IL-12, IFN-y, and IL-17); regulatory cytokines (IL-1Ra, IL-4, IL-
5, IL-9, IL-10 and IL-13), and growth factors (FGF-basic, VEGF,
PDGF, GM-CSF and IL-7). Conversely, progressive increases in
CCL4, CCL5, CXCL10 and G-CSF were observed in the HC group.
No difference was observed in the HC group for IL-15 and IL-2
(Figures 1, 2).

Overall, higher levels of the most soluble mediators were
observed in convalescent COVID-19 pregnant women compared
to the healthy controls, especially at the 2" and 3™ trimesters,
including higher levels of CXCL8; CCL11; CCL2; CCL3; IL-1f3; IL-6;
TNF-o; IL-12; IFN-7y; IL-17; IL-1Ra; IL-5; IL-9; IL-10; IL-13; FGEF-
basic; VEGF, and GM-CSF. Conversely, lower levels of CCL4,
CCL5, CXCL10, G-CSF and IL-7 were observed towards the ond
and 3™ trimesters in the COVID group compared to the HC group
(Figures 1, 2).

Additional analysis amongst the COVID subgroups along the
pregnancy trimesters demonstrated an inverted profile of CCL3, IL-
1Ra and FGF-basic towards higher levels in the 3™ trimester
(Figures 1, 2).

Supplementary Figure 1 summarizes the major changes
observed in serum soluble mediators along the trimesters of
healthy and convalescent COVID-19 pregnancy.
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3.2 Serum soluble mediator signatures in
convalescent COVID-19 at distinct
pregnancy trimesters

Serum soluble mediator signatures were assembled as the
percentage of pregnant women with serum levels above the
reference values defined as the median Z-score of each soluble
mediator detected in all healthy controls along the pregnancy. The
results are presented in Figure 3.

Data analysis demonstrated that the proportion of healthy
pregnant women with high levels of serum soluble mediators
progressively decreased towards the 2°¢ and 3™ pregnancy
trimesters. These data further corroborated that a healthy
pregnancy course has a progressive decrease in most serum
soluble mediators towards the 2"! and 3™ trimesters, except for
CCL4, CCL5 and CXCL10 (Figure 3A).

On the other hand, the proportion of pregnant women with
convalescent COVID-19 presenting high serum soluble mediator
levels progressively increased from the 1% to the 3 pregnancy
trimester (Figure 3A). Heatmap constructs further illustrated that
the major increase in serum soluble mediators observed in pregnant
women with convalescent COVID-19 occurred in pro-
inflammatory cytokines, namely IL-6, TNF-o, IL-12, IFN-y and
IL-17 (Figure 3B).

The profile of serum soluble mediators was further
characterized as the ratio (%COVID/%HC), assessed by dividing
the percentage of pregnant women with soluble mediator levels
above the reference values observed in the COVID group by the
percentage of trimester-matching HC patients. Using this strategy,
the results confirmed that a larger set of biomarkers presented a
high ratio (%COVID/%HC) towards the 2" and 3™ trimester. In
the 2™ pregnancy trimester, increased ratios were observed for IL-6,
IFN-y, IL-5 and GM-CSF (3x increase) in the COVID-19 group. A
larger set of serum soluble mediators with increased ratios was
identified for COVID-19 groups at the 3™ pregnancy trimester,
including CXCL8, CCL11, IL-5 and PDGF (3x increase), CCL3, IL-
1B, IFN-y, IL-17 and IL-13 (4x increase), CCL2, TNF-o (7x) along
with IL-1Ra, IL-9, GM-CSF and FGF-basic (5%, 9x, 9x, and 15x
increase, respectively) (Figure 3C).

The signatures of serum soluble mediators were also assessed
considering the reference values of trimester-matching healthy
controls. The results are presented in the Supplementary Figure 2.
Data reinforce that larger sets of serum soluble mediators with
increased ratios were identified for the 2"! and 3" pregnancy
trimesters as compared with trimester-matching controls
(Supplementary Figure 2).

3.3 Serum soluble mediator networks in
convalescent COVID-19 at distinct
pregnancy trimesers

Aimed at assessing a panoramic snapshot of serum soluble

mediator interplay in pregnant women with convalescent COVID-
19 and healthy controls, integrative networks were constructed
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FIGURE 1

Serum and pro-inflammatory cytokines in convalescent COVID-19 patients at distinct pregnancy trimesters. The levels of: (A) chemokines (CXCLS,
CCL11, CCL3, CCL4, CCL2, CCL5, CXCL10), and (B) pro-infammatory cytokines (IL-1p, IL-6, TNF-a, IL-12, IFN-y, IL-15, IL -17) were measured in
serum samples from pregnant women with convalescent COVID-19 at 3-20 weeks after symptoms onset (COVID, n=89), with pre-pandemic non-
infected pregnant women as a Healthy Control (HC, n=52). The HC and COVID-19 groups were further categorized into subgroups according to
pregnancy trimester, referred to as: HC 1 (CJ, n=21), HC 2" (@@, n=10), HC 3" (gl n=21), and COVID 1°' (], n=7), COVID 2™ (@, n=34),
COVID 3" (@l n=48). The measurements were taken by high-throughput multiplex bead array as described in Material and Methods. The results
are presented in bar charts of median values and interquartile ranges for Z-score of serum concentration (pg/mL). Multiple comparative analysis was
performed by Kruskal-Wallis followed by Dunn’s post-test and comparisons between COVID-19 and HC at matching pregnancy trimesters assessed

using the Mann-Whitney test. In all cases, significance was considered at p<0.05. Intragroup differences were underscored by the letters "a”

,"b" and

“c” for comparisons with the 1%, 2"9 and 3" trimesters, respectively. Inter-group differences at matching pregnancy trimesters were highlighted

denoted by an asterisk (*)

based on the overall correlation between pairs of molecules. The
results are presented in Figure 4.

Data analysis demonstrated that healthy pregnancy evolves
towards the 3™ trimester with an overall decrease in network
connectivity (1°' = 336; 2"¢ = 300 and 3" = 112 strong
correlations). Although pregnant women with convalescent
COVID-19 exhibited a similar continuous decrease in network
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connectivity towards the 3" trimester (1* = 146; 2"¢ = 78 and 3™
70 strong correlations), the number of connections was
remarkably lower in the COVID group compared to HC

group (Figure 4).
Overall, the analysis of cluster connectivity during healthy
pregnancy showed that pro-inflammatory cytokines presented

more connections at the 1° and 2™ trimesters (96 and 92 strong
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FIGURE 2

Serum regulatory cytokines and growth factors in convalescent COVID-19 patients at distinct pregnancy trimesters. The levels of: (A) regulatory
cytokines (IL-1Ra, IL- 4, IL-5, IL-9, IL-10, IL-13), and (B) growth factors (FGF-basic, PDGF, VEGF, G-CSF, GM- CSF, IL-2, IL-7) were measured in

serum samples from pregnant women with convalescent COVID-19 at 3-

20 weeks after symptoms onset (COVID, n=89), with pre-pandemic non-

infected pregnant women as a Healthy Control (HC, n=52). The HC and COVID-19 groups were further categorized into subgroups according to

pregnancy trimester, referred to as: HC 15 (CJ, n=21), HC 2"¢ (@@, n=10),

HC 3™ (mmll, n=21), and COVID 1% ([, n=7), COVID 2" (@@, n=34),

COVID 3" (@l n=48). The measurements were taken by high-throughput multiplex bead array as described in Material and Methods. The results
are presented in bar charts of median values and interquartile ranges for Z-score of serum concentration (pg/mL). Multiple comparative analysis was
performed by Kruskal-Wallis followed by Dunn'’s post-test, and comparisons between COVID-19 and HC at matching pregnancy trimesters assessed
by the Mann-Whitney test. In all cases, significance was considered at p<0.05. Intragroup differences were underscored by the letters “a” and “b" for
comparisons with the 15t and 2"? trimesters, respectively. Inter-group differences at matching pregnancy trimesters were denoted by an asterisk (*).

correlations, respectively), with growth factor predominance at the
3rd
group displayed a predominance of regulatory cytokines in the 1%

trimester (42 strong correlations). Conversely, the COVID

trimester (47 strong correlations) with growth factor predominance
in the 2°¢ and 3™ trimesters (24 and 21, respectively) (Figure 4).
In general, convalescent COVID-19 infection during pregnancy
leads to a loss of network connectivity, with fewer strong
correlations and changes in the predominance of connectivity
amongst the categories of serum soluble mediators (Figure 4).
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3.4 Descriptive analysis of serum soluble
mediator networks in convalescent
COVID-19 patients at distinct

pregnancy trimesters

In order to provide a more comprehensive overview of the
network connectivity between serum soluble mediators in pregnant
women with convalescent COVID-19 and healthy controls along
the pregnancy trimesters, a descriptive Venn diagram analysis was
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Serum soluble mediator signatures in convalescent COVID-19 patients at distinct pregnancy trimesters. Signatures of: serum chemokines (CXCLS,

CCL11, CCL3, CCL4, CCL2, CCL5, and CXCL10), pro-inflammatory cytokines (IL-1B, IL-6, TNF-a., IL-12, IFN-y, IL-15, and IL-17), regulatory cytokines
(IL-1Ra, IL-4, IL-5, IL-9, IL-10, and IL-13), and growth factors (FGF-basic, PDGF, VEGF, G-CSF, GM-CSF, IL-2, and IL-7) were assembled for pregnant
women with convalescent COVID-19 at 3-20 weeks after symptoms onset (COVID, n=89) and for pre-pandemic non-infected pregnant women as
a Healthy Control (HC, n=52). The HC and COVID-19 groups were further categorized into subgroups according to pregnancy trimester, referred to
as: HC 1** (C n=21), HC 2" (@, n=10), HC 3™ (M. n=21) and COVID 1** ([ n=7), COVID 2" (@, n=34), COVID 3 (@ n=48). The
measurements were taken by high-throughput multiplex bead array as described in Material and Methods. (A) The results are presented in bar charts

showing the proportion (%) of pregnant women with serum levels above the reference values (cut-off) defined as the median Z-score of each
soluble mediator detected for all HC along the 1%, 2"® and 3" trimesters, as described in Material and Methods. The serum soluble mediators
displaying a proportion of pregnant women above 50% (grey zone, dashed line) were included in the set of biomarkers with increased levels. (B)
Heatmap constructs were further assembled to illustrate the overall profile of serum soluble mediator signatures of COVID and HC subgroups along
the pregnancy trimesters. A color key was used to underscore the serum soluble mediators with decreased (proportion <50%, towards light blue),
unaltered (proportion =50%, black) or increased levels (proportion>50%, towards red). (C) The ratio between the proportion of pregnant women with
serum levels above the reference values in the COVID group in relation to HC (%COVID/%HC) was further calculated and presented in orbital
graphs. The ratios of each serum soluble mediator along the 1%, 2" and 3™ trimesters are provided in the figure, underscored as decreased (<0.3x,

blue), unaltered (0.4-2x, black) or increased (>3x, red).

performed to identify the set of biomarkers with preserved
(common), lost or acquired (selective) attributes with five or
more (> 5) strong correlations in COVID subgroups as compared
to the trimester-matching HC group. The results are presented in
the Figure 5.

Heatmap constructs were assembled to organize the serum
soluble mediators with an ascending order of strong correlations
and identify the set of biomarkers with five or more (= 5) strong
correlations at each pregnancy trimester in the COVID and HC
groups (Figure 5A).
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Data analysis demonstrated that the number of preserved
attributes referred to as common in HC and COVID (25 strong
correlations in HC and COVID) with five or more correlations
progressively decreased from the 1** (n=12) to the 2" (n=6) and 3"
trimesters (n=4). In detail: 1*: CCL11, CCL3, CCL2, IL-1B, IL-12,
IL-15, IL-1Ra, IL-5, IL-9, IL-10, GM-CSF, and IL-2; 2nd, 1L-6, TNE-
o, IL-1Ra, IL-5, IL-10, GM-CSF and Srd:IFN—Y, IL-1Ra, G-CSF, and
GM-CSEF.

The number of lost attributes referred to as HC-selective (=5
strong correlations in HC and <5 strong correlations in COVID)
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FIGURE 4

Networks of serum soluble mediators in convalescent COVID-19 patients at distinct pregnancy trimesters. Comprehensive networks were
assembled for serum chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors observed in pregnant women with
convalescent COVID-19 at 3-20 weeks after symptoms onset (COVID, n=89), with pre-pandemic non-infected pregnant women as a Healthy
Control (HC, n=52). The HC and COVID-19 groups were further categorized into subgroups according to pregnancy trimester, referred to as: 1
(HC=21 and COVID=7), 2"¥ (HC=18 and COVID=34) and 3™ (HC=21 and COVID=48). The measurements were taken by high-throughput multiplex
bead array as described in Material and Methods. Data analyses were carried out by Pearson and Spearman rank tests with only significant strong
correlations (p<0.05 and “r" scores > |0.67|) employed to construct the comprehensive networks. Cluster layout networks were assembled,
comprising 4 categories of serum soluble mediators as follows: - Chemokines — C (orange nodes — 1=CXCL8; 2=CCL11; 3=CCL3; 4=CCL4;
5=CCL2, 6=CCL5 and 7=CXCL10); Pro-inflammatory — PROc (red nodes — 8= IL-1f; 9=IL-6; 10= TNF-0o; 11=IL-12; 12= IFN-y; 13=IL-15 and 14=|L-
17); Regulatory cytokines — REGc (blue nodes — 15=IL-1Ra; 16=IL-4; 17=IL-5; 18=IL-9; 19=IL-10 and 20=IL-13), and Growth Factors — GF (green
nodes — 21=FGF-basic; 22=PDGF; 23=VEGF; 24=GCSF; 25=GM-CSF; 26=IL-2 and 27=IL-7). Node border thickness is proportional to the number of
strong correlations. Connecting edges (black lines) are used to link pairs of serum soluble mediators presenting significant correlations. The number
of strong correlations (C, PROc, REGc and GF) observed for each network is provided in the figure and used for comparative analysis between
COVID and HC, as well as amongst subgroups. The circular background area is proportional to the number of strong correlations of each cluster
within the respective network.

was higher in the 2" trimester (n=15) compared to 1% (n=10) and
34 (n=9). In detail: 1% CXCLS8, TNF-0, IFN-y, IL-17, IL-4, IL-13,
FGF-basic, VEGF, G-CSF, and IL-7; 2" CXCL8, CCL11, CCL3,
CCL2, IL-1fB, IL-12, IFN-y, IL-17, IL-4, IL-9, IL-13, FGF-basic,
VEGF, G-CSF, and IL-7; 3" CCL1 1, CCL3, IL-1B, IL-12, IL-15, IL-
17, IL-9, FGF-basic, and VEGF. A set of acquired attributes, named
COVID-selective (<5 strong correlations in HC and =5 strong
correlations in COVID) were identified in each trimester: 1%
(n=3): CCL4, CCL5, and IL-6, 2"%: (n=1) IL-2, and 3" (n=3)
CXCL8, CCL2 and IL-6 (Figure 5B).
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From an overall perspective, a pronounced decrease in network
connectivity between serum soluble mediators was observed in
convalescent COVID-19 infection during pregnancy as
demonstrated by the fewer number of molecules establishing strong
correlations driven by an imbalance between preserved, lost and
acquired attributes in the COVID group. While IL-1Ra, IL-10 and
GM-CSF presented a preserved number of correlations (=5 strong
correlations in HC and COVID), IL-17, FGF-basic and VEGF lost
connectivity throughout pregnancy. IL-6 (at 1°* and 3" trimesters)
and CXCL8 (at 3rd trimester) were included in a set of acquired
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FIGURE 5

Descriptive analysis of serum soluble mediator networks in convalescent COVID-19 patients at distinct pregnancy trimesters. The overall profile of
serum soluble mediator networks was assessed in pregnant women with convalescent COVID-19 at 3-20 weeks after symptoms onset (COVID,
n=89) with pre-pandemic non-infected pregnant women as a Healthy Control (HC, n=52). The HC and COVID-19 groups were further categorized
into subgroups according to pregnancy trimester, referred to as: 1 (HC=21 and COVID=7), 2" (HC=10 and COVID=34), and 3" (HC=21 and
COVID=48). (A) The ascendant number of strong correlations was arranged to identify the set of biomarkers with five or more (> 5) strong
correlations with other molecules at each pregnancy trimester in HC and COVID subgroups. Heatmap constructs were assembled to illustrate the
overall profile of serum soluble mediator networks of COVID and HC subgroups along the pregnancy trimesters. A color key was used to
underscore the serum soluble mediators with > 5 strong correlations (towards red). (B) A summary of preserved (>5 in HC and >5 in COVID), lost (>5
in HC and <5 in COVID) or acquired (<5 in HC and >5 in COVID) attributes were identified by Venn diagram analysis. Attributes identified along the

trimesters are highlighted by bold underline format

attributes, named COVID-selective (=5 strong correlations in
COVID and <5 in HC) (Figure 5B, bold underline attributes).

3.5 Multivariate analysis of serum soluble
mediators in convalescent COVID-19
patients at distinct pregnancy trimesters
Multivariate analysis of chemokines, pro-inflammatory
cytokines, regulatory cytokines and growth factors was performed
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using PCA to verify the ability of serum mediators to cluster
convalescent COVID-19 pregnant women apart from trimester-
matching pre-pandemic non-infected pregnant women as a healthy
control (HC). The results are presented in Figure 6. The PCA
coordinates (2" and 3™ principal components) demonstrated that
although convalescent COVID pregnant women could be clustered
apart from the HC when considering all trimesters together, the
segregation profile was more evident when the COVID and HC
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FIGURE 6

Multivariate analysis of serum soluble mediator networks in convalescent COVID-19 patients at distinct pregnancy trimesters. Multivariate analysis of
serum chemokines, pro-inflammatory cytokines, regulatory cytokines and growth factors were performed to verify the ability of soluble mediators to
cluster convalescent COVID-19 pregnant women at 3-20 weeks after symptoms onset (COVID, n=89), with pre-pandemic non-infected pregnant
women as a Healthy Control (HC, n=52) as well as subgroups of COVID-19 and HC categorized according to pregnancy trimester, referred to as:
HC 1°* (O, n=21), HC 2" (@, n=10), HC 3™ (@, n=21) and COVID 1%* (), n=7), COVID 2" (@. n=34), COVID 3™ (@. n=48). The measurements
were taken by high-throughput multiplex bead array as described in Material and Methods. Principal Component Analysis (PCA) was carried out by
MATLAB software as described in Material and Methods. PCA coordinates (2" and 3" principal components) were used to compare and visualize
the grouping of convalescent COVID-19 vs HC and subgroups according to pregnancy trimesters

subgroups were compared at matching gestational trimesters
(Figure 6). Vector analysis conducted in the 1% trimester
indicated that CXCL8, CCL3, CCL5, IL-1B, TNF-q, IL-12, IL-15,
IL-1Ra, IL-10, and G-CSF were associated with convalescent
COVID-19 in pregnant women. Data from the 2" trimester
showed that most soluble mediators were vectors associated with
differential distribution of convalescent COVID-19 in pregnant
women, except for GM-CSF. Additionally, the PCA coordinates
obtained from the 3™ trimester demonstrated that several soluble
mediators were vectors related to convalescent COVID-19 in
pregnant women, except for CXCL10, IL-1B, TNF-a, IFN-y,
PDGF and GM-CSF (Figure 6).
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4 Discussion

Pregnancy triggers a unique immunological status, aiming to
protect the fetus from maternal rejection and guarantee fetal
development until birth. Several studies have reported that the
immune system plays a balancing role during pregnancy with
constant changes according to maternal and fetal demands (16,
17). Physiological changes in immune status during pregnancy are
often characterized by alterations in cell-mediated immunity and
humoral responses, from the 1% to 3™ pregnancy trimesters.
Previous studies have demonstrated that successful implantation
is associated with a transient increase in systemic proinflammatory
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profile followed by a switch toward an anti-inflammatory profile
after blastocyst transfer when pregnancy is confirmed (18).
Pregnant women are particularly susceptible to COVID-19 due to
physiological changes in the immune system, which may result in
an altered response to SARS-CoV-2 infection in pregnancy.
Furthermore, SARS-CoV-2 infection during pregnancy can
disrupt the immune response homeostasis, impacting the
maternal immune activation, with effects on pregnancy outcome
and offspring (12, 13, 19, 20). It has already been reported that the
adverse impacts of the COVID-19 pandemic on maternal health are
not limited to morbidity and mortality caused by the disease itself,
but are also associated with adverse pregnancy outcomes, including
preeclampsia, preterm birth and stillbirth (19).

Most of the information on the impact of SARS-CoV-2
infection in pregnancy has been derived from reports concerning
acute symptomatic infection (21). However, little data is available
regarding the long-term impact of SARS-CoV-2 infection on
pregnancy during the convalescent phase of the disease. In view
of this, we designed this study as a pioneer exploratory investigation
to perform descriptive and panoramic analysis of serum soluble
mediator interplay in pregnant women during the convalescent
phase of SARS-CoV-2 infection throughout prenatal care. This
study comprises an innovative investigation of the long-lasting
impact of SARS-CoV-2 infection during pregnancy focusing on
the analysis of the immune response during the convalescent phase
comprising 3-20 weeks after symptoms onset.

Our results demonstrate that, in general, serum soluble
mediators have different trajectories during healthy pregnancy
and are disturbed in pregnant women with convalescent SARS-
CoV-2 infection. Herein, healthy pregnant women presented a
progressive decrease in most serum soluble mediators towards the
2" and 3™ pregnancy trimester, including chemokines, pro-
inflammatory and regulatory cytokines, in addition to growth
factors. Previous studies corroborate our findings in healthy
pregnancies. The levels of chemokines and pro-inflammatory
cytokines usually peak in the first trimester of pregnancy and
decline in the 2™ and 3 trimesters, while regulatory cytokines
and growth factors have diverse trajectories (22, 23). Our findings
highlighted that higher levels of most soluble mediators were
observed in the COVID group compared to HC control group.
The major increase occurred in pro-inflammatory cytokines,
including IL-6, TNF-o. and IFN-y, a larger set of biomarkers
with elevated COVID/HC ratios observed towards the 2™ (3x
increase) and 3™ (3-15x increase) pregnancy trimesters. Studies of
immune mediators in SARS-CoV-2 infection during pregnancy
remain scarce. It has been proposed that the immunomodulation
observed during pregnancy may protect pregnant COVID-19
patients from suffering from a cytokine storm (15, 24).
However, no studies focusing on comparative analysis of
immunological profiles of COVID-19 and healthy pregnant
women at matching pregnancy trimesters have been reported. It
is noteworthy that due to physiological changes in the immune
response during pregnancy, the inclusion of trimester-matching
healthy controls is essential to enable conclusive analysis.
Therefore, our study is pioneering in terms of providing a
detailed profile of long-lasting changes during convalescent
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COVID-19 infection in pregnancy as it made direct comparison
to trimester-matching healthy controls. Our findings did not
support that an immunomodulatory profile is triggered by
SARS-CoV-2 infection during pregnancy. In fact, the lower
levels of soluble mediators previously reported in convalescent
COVID-19 pregnant women were compared with those observed
in non-pregnant women and did not consider the physiological
changes triggered by pregnancy or alterations in soluble mediators
inherent in trimesters (24). Moreover, other studies proposing the
immunomodulatory state for acute COVID-19 infection during
pregnancy in comparison to healthy pregnant women did not
consider stratification by gestational trimesters (15). According to
our findings, higher levels of serum soluble mediators were
observed for convalescent COVID-19 infection during
pregnancy, especially IL-6, TNF-o. and IFN-y in comparison to
healthy pregnant women at matching pregnancy trimesters.

Successful pregnancy requires finely coordinated communication
between the maternal and fetal microenvironments. Cytokine signaling
pathways participate as mediators of these communications to
guarantee healthy pregnancy. From the existing data available, there
is no consensus trend for the changes observed for IL-6, TNF-o. and
IFN-y during pregnancy (16). Several studies have demonstrated that
IL-6, TNF-o and IFN-Y concentrations significantly increased between
the 1%, 2" and 3™ trimesters of healthy pregnancy (25-30). However,
corroborating our findings, other authors detected significant
reductions in IL-6, TNF-o. and IFN-y in maternal serum
concentrations between the 1% and 3™ trimesters (31-33).

Infections or inflammatory conditions, such as COVID-19
during pregnancy, can have a detrimental impact on fetal
development and also contribute to pregnancy-associated
pathological conditions (34).
regarding the overall profile of IL-6, TNF-o. and IFN-y during
healthy pregnancy, there is a consensus that the establishment of a

Despite the conflicting data

pro-inflammatory microenvironment is associated with the risk of
developing pregnancy-associated pathological conditions, including
pregnancy loss, preeclampsia, and gestational diabetes mellitus (35).
In this sense, the upregulation of pro-inflammatory cytokines in
pregnant women with convalescent COVID-19 may suggest that
these patients are more vulnerable to developing adverse
pregnancy outcomes.

Integrative network analysis demonstrated that both HC and
convalescent COVID-19 pregnancies evolve with decreasing
connectivity between serum soluble mediators towards the 3
trimester. However, the COVID group exhibited a remarkably
lower number of connections. Overall, IL-1Ra, IL-10 and GM-
CSF presented a preserved number of correlations throughout
the pregnancy.

Further research is warranted to determine the precise IL-10
profile during healthy pregnancy (14). A few studies have reported
that IL-10 significantly increases from the 1° to the 2" and 3™
trimesters in healthy pregnancy (30, 36). However, corroborating
our findings, other studies have detected that IL-10 decreases
between the 1% and 3™ trimesters (31, 37). Considering the
critical role of IL-10 as a chief anti-inflammatory cytokine, the
preserved IL-10 connectivity axis observed during the 1** and 2™
trimesters may represent a mechanism to protect the fetus from
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maternal pro-inflammatory rejection and guarantee fetal
development until birth.

Our data demonstrated that IL-1Ra decreased in convalescent
COVID-19 pregnant women in the 1* trimester but increased in the
3" trimester. Previous studies reported that IL-1Ra levels increased
during the inflammatory response to control acute inflammation
and prevent immunopathological events (38). The IL-1 receptor
antagonist (IL-1Ra) is an anti-inflammatory cytokine that blocks
IL-1o and IL-1B functions and modulates their biological effects
(39). It has been previously demonstrated in experimental models
that high IL-1Ra levels at the beginning of pregnancy may lead to
miscarriage due to impaired embryonic adhesion (40), and data
from human studies showed that higher levels of circulating IL-1Ra
have been reported in adverse pregnancy outcomes, including
preeclampsia (41). Regarding the changes in IL-1Ra levels
observed in convalescent COVID-19 along the pregnancy
trimesters, our findings of preserved correlation profile between
IL-1Ra and other soluble mediators throughout the pregnancy may
suggest that an intricate microenvironment of soluble mediators is
relevant to guarantee fetal development until birth.

Our data also demonstrated that GM-CSF presented preserved
correlation with other soluble mediators throughout pregnancy. It
was previously reported that after embryo implantation, GM-CSF
participates in a network of cytokines and growth factors that
regulate morphological and functional development of the
placenta (42).

Conversely, despite increases in IL-17, FGF-basic and VEGF,
loss of connectivity was observed throughout pregnancy. IL-17 up-
regulates the expression of a variety of biological molecules with
angiogenic properties including VEGF (43-47). VEGF plays a
central role in vasculogenesis and angiogenesis, which augments
vascular endothelial cell proliferation, migration, and survival.
Moreover, data from previous studies have shown that IL-17 can
induce placental oxidative stress and vascular dysfunction, resulting
in hypertension and increased risk of preeclampsia (48). The loss of
network connection of IL-17 and VEGF with other soluble
mediators throughout the pregnancy may lead to intrinsic
vascular dysfunction that results in impaired neonatal
development. Post-natal follow-up studies may contribute to
identifying impaired new-born growth and development related
to altered angiogenesis.

Our data also demonstrated that IL-6 and CXCL8 were included
in the set of attributes acquiring strong correlation in the 3™
pregnancy trimester, named COVID-selective correlations.
Implications of IL-6 and CXCL8 in pregnancy-associated
pathological conditions, such as pregnancy loss, preeclampsia,
gestational diabetes mellitus, and infection/inflammation have
been reported (35). These two soluble mediators are abundantly
produced at the feto-maternal interface throughout pregnancy and
have been shown to participate in several pregnancy-related events.
Unbalanced expression/secretion of IL-6 and CXCL8 at the feto-
maternal interface has been indicated in unexplained pregnancy loss
(35). A study of the dynamic connections of the soluble mediator
network in pre-eclampsia identified positive correlation between IL-
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6 and CXCLS8, suggesting that these molecules are implicated in the
pathophysiology of this pregnancy-associated disease (35, 49).
Moreover, a meta-analysis and systematic review suggested a role
of CXCLS8 in shaping the immune microenvironment in gestational
diabetes mellitus (50).

The present study has some limitations. The low number of
pregnant women enrolled in each pregnancy trimester re-enforce
the need to further validate our findings. This work was performed
during circulation of the B.1.1.28 and B.1.1.33 SARS-CoV-2 strains
and therefore, the impact of other variants on the immunological
profiles remains to be addressed. Despite the pioneering approach
of this exploratory investigation, the observational design with
multiple comparisons without corrections for co-morbidities or
other confounding variables also constitutes a study limitation that
may interfere in the levels of systemic soluble mediators. Moreover,
regardless the relevance of nutritional aspects ant the dietary
inflammatory indices interfering in the immune response during
pregnancy (51), we did not have the opportunity to address this
issue in the present investigation.

In conclusion, the main finding of this study, a pronounced
increase in serum levels of soluble mediators with decreased
network interplay between them, portrayed an imbalanced
immune response in convalescent COVID-19 infection during
pregnancy that may contribute to the prevention or management
of clinical course pregnancy complications.
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COVID-19 prognoses suggests that a proportion of patients develop fibrosis,
but there is no evidence to indicate whether patients have progression of
mesenchymal transition (MT) in the lungs. The role of MT during the COVID-19
pandemic remains poorly understood. Using single-cell RNA sequencing, we
profiled the transcriptomes of cells from the lungs of healthy individuals (n =
45), COVID-19 patients (n = 58), and idiopathic pulmonary fibrosis (IPF) patients
(n = 64) human lungs to map the entire MT change. This analysis enabled us to
map all high-resolution matrix-producing cells and identify distinct
subpopulations of endothelial cells (ECs) and epithelial cells as the primary
cellular sources of MT clusters during COVID-19. For the first time, we have
identied early and late subgroups of endothelial mesenchymal transition
(EndMT) and epithelial-mesenchymal transition (EMT) using analysis of public
databases for single-cell sequencing. We assessed epithelial subgroups by age,
smoking status, and gender, and the data suggest that the proportional
changes in EMT in COVID-19 are statistically significant. Further enumeration
of early and late EMT suggests a correlation between invasive genes and
COVID-19. Finally, EndMT is upregulated in COVID-19 patients and enriched
for more inflammatory cytokines. Further, by classifying EndMT as early or late
stages, we found that early EndMT was positively correlated with entry factors
but this was not true for late EndMT. Exploring the MT state of may help to
mitigate the fibrosis impact of SARS-CoV-2 infection.

KEYWORDS

COVID-19, endothelial-mesenchymal transition (EndMT), epithelial-mesenchymal
transition (EMT), single cell RNA sequencing, endothelial cells (ECs)

Abbreviations: COVID-19, Coronavirus disease 2019; MT, Mesenchymal transition; EndMT, Endothelial-

mesenchymal transition; EMT, Epithelial-mesenchymal transition; IPF, Idiopathic pulmonary fibrosis.
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Introduction

Alveolar epithelial type II cells (AEC2s) produce surfactants
and serve as progenitors (1). Type II alveolar epithelium is
reduced due to massive necrosis with SARS-COV-2 infection
in patients (2). This leads to decreased barrier permeability and
accumulation of proteinaceous edema fluid in the alveolar
cavity, resulting in hypoxemia and even acute respiratory
distress syndrome (ARDS), with a prognosis including fibrosis
formation (3). Epithelial-mesenchymal transition (EMT) is the
process by which epithelial cells differentiate into mesenchymal
(fibroblast-like) cells expressing mesenchymal biomarkers such
as o-Smooth Muscle Actin (o-SMA), and N-cadherin (4, 5).
Therefore, we speculated that EMT might underlie the
mechanism of lung fibrosis observed with ARDS in COVID-
19 patients.

Early-stage and late-stage mesenchymal transition (MT)
processes are considered the most critical pathogenic
mechanisms of fibrosis in diseases like idiopathic pulmonary
fibrosis (IPF), pulmonary hypertension, coronary artery disease,
and other vascular-related disorders (6). Once endothelial cells
(ECs) are damaged and the collagen and matrix are exposed, in
addition to activation of the coagulation system, immune cells
are recruited, leading to the release of large amounts of
inflammatory factors are then released (7). Endothelial-
mesenchymal transition (EndMT) occurs when ECs respond
to chronic inflammation, transforming themselves into a more
aggressive mesenchymal state (8, 9). In the early stages,
irreversible vascular damage or EndMT, mainly presents more
robust endothelial markers (e.g., vascular endothelial cadherins
(VE-cadherins), CD31 and Tiel/2) and expresses weaker
mesenchymal markers (e.g., N-cadherin, fibroblast specific
protein-1 or S100A4, fibronectin, vimentin, SM22-c,, calponin,
and a-smooth muscle actin) (10, 11). Otherwise, late-stage
EndMT presents weaker endothelial markers but with more
robust mesenchymal markers.

EMT also has a similar process with the presence of EndMT
as well as MT markers in the early stages (12, 13). However, in
the late stage, epithelial markers are lost, and fibroblast markers
are predominant (12, 13). Therefore, we hypothesized that EMT
and EndMT may underlie factors implicated in the prolonged
ventilator dependence and high mortality rates observed in
hospitalized COVID-19 patients.

Herein, we draft EndMT and EMT by integrated analysis of
167 single-cell and single-nucleus RNA-sequencing (scRNA-seq
and snRNA-seq, respectively) samples. We performed the first
single-cell RNA sequencing meta-analysis associating COVID-
19 with underlying contributor genes for MT. We have also
identified specific gene programs enriched in MT-associated
genes with fibrosis and highlight other entry factors that are
significantly expressed in the lungs, which may play a role in
SARS-CoV-2 infection.
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Materials and methods
Data collection

We obtained scRNA/snRNA sequencing data from Gene
Expression Omnibus database (GEO) database (https://www.
ncbi.nlm.nih.gov/geo/). The majority of the data used in this
manuscript is publicly available from previously published
studies: COVID-19:GEO accession GSE171524, GSE171668,
GSE149878, GSE161382 and GSE163919 (14-17). IPF: GEO
accession GSE136831 and GSE135893 (18, 19). The Bulk RNA
data is also available in the GEO database (accession number
GSE47460) (20).

scRNA/snRNA-seq data processing

We analyzed the scRNA and snRNA sequencing data using
R(version 4.1.3) and Seurat v 4.0.2 (21). To eliminate low
quality/dead cells or empty droplets, any single cells
containing less than 200 genes or greater than 5,000 genes, or
cells with more than 10% mitochondrial genes were removed.
We next removed doublet contamination. As a result. We
detected 49,795 genes in a total of 612,151 cells.
performed LogNormalize() to normalize the gene expression

Next, we

data, used the FindVariableFeatures() function to identify genes
whose expression was highly variable between cells, and used
ScaleData() to scale the data. The « '"RunPCAe«" function was used
for principal component analysis (PCA). Using the default
parameters, Harmony package (22) was utilized to combine
data and eliminate batch effect, Using the default parameters,
Harmony performs de-batching by single patients.
Subsequently, the top 20 statistically significant principal
components were used in the "eFindNeighborse" function.
Cells were clustered (Cluster resolution = 0.6) by using the
«FindClusterse function and visualized with the UMAP method.

Cell type identification and
data visualization

Cell type identification was mostly accomplished with the
use of “FindAllMarkers,” classical cell marker genes, R-packages
(clustermole, singscore), and cell type annotation using a
mixture of known cell marker genes. EPCAM™ epithelial cells,
CLDNS5" endothelial cells, PTPRC" immune cells, and COL1A2*
(mesenchymal cells). Cell clustering was performed using the
Seurat “FindNeighbors” and “FindClusters” functions, and the
final Seurat objects were created after UMAP downscaling. The
pheatmap was created using the R package ggplot2 in Seurat, and
umap maps, violin maps, bar maps, heat maps, and point maps
were created.
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Enrichment analysis

Enriched gene ontology biological (http://geneontology.org/)
processes with a false discovery rate less than 5 percent were
identified using the Gene Ontology Resource. KEGG (http://
www.kegg.jp) enrichment analyses were carried out with the
Fisher’s exact test, and FDR correction for multiple testing was
also performed. Gene Set Enrichment Analysis (GSEA) were
performed with clusterProfile. The three methods determine
whether a set of genes has statistically significant differences
between two biological states (23).

Trajectory analysis

The R package monocle3 v1.0.0 was used to construct single cell
trajectory analysis. Cells marked as EndMT/EMT and their subsets
information were input and constructed into a monocle object (24).
The left side of the heat map, created with the R package monocle2,
shows the signaling pathways enriched to the gene set. Each row of
the heat map (ranging from red to blue) represents a gene; each
column represents a proposed time point; and the color represents
the average expression value of the gene at the current time point
(from high to low expression, respectively) (25).

Bulk RNA data

Univariate analysis was performed by using the Pearson’s
correlation coefficient of gene expression data and diffusing capacity
of the lung for carbon monoxide (DLCO). The data is available in the
Gene Expression Omnibus database (accession number GSE47460).

Statistical analysis of functional data

The R language or the GraphPad Prism software, version 9
(San Diego, California USA, www.graphpad.com) were used to
perform all computations and analyses. T-tests were used for
comparisons between groups, and one-way ANOVA was used
for comparisons between multiple groups. A statistically
significant difference was defined as a p value <0.05. The
Wilcoxon rank sum statistical test was used to examine
differentially expressed genes in each cluster. The meta
package was used to perform the meta-analysis in R.

Results

Single-cell transcriptome sequencing
reveals the presence of fibrosis-
associated cell subpopulations

To investigate the contribution of EndMT in SARS-CoV-2
infection in the lungs, we analyzed existing scRNA/snRNA-seq
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datasets to assess which clusters express EndMT markers. In a
previously unpublished dataset consisting of COVID-19 and IPF
lung tissue (n=167), we recovered at least 14 distinct major cell
types, including macrophages, monocytes, neutrophils, T cells, B
cells, DCs, granulocytes, endothelial cells, fibroblasts, SMC/
pericytes, goblet cells, alveolar type 1 epithelial cells (AT1),
alveolar type 2 epithelial cells(AT2), ciliated cell populations,
and proportional analysis of subpopulations, of whole lung
tissue (Figures 1A, B). After analyzing their differentially
expressed genes (DEGs), compared to controls, we found that
the DEGs in COVID-19 patients were mainly concentrated in
macrophages and monocytes, and the DEGs in IPF patients were
mainly concentrated in the epithelium (Figure 1C). Further, we
analyzed the ratio of cell subpopulations and found that the ratio
of ECs and epithelial was upregulated in COVID-19 patients,
while higher than in pulmonary fibrosis (Figure 1D). Using
correlation analysis, we found that lymphatic ECs, SMC/
pericytes, myofibroblasts, rest ECs, late EMT, proliferative
fibroblast, rest fibroblasts, late EndMT, DKK2+ ECs, and
activated ECs cells had a strong correlation. This phenomenon
prompted us to question why fibroblasts and correlate strongly
with ECs (Figure 1E). Therefore, we analyzed fibroblasts, and
based on a literature search, we analyzed fibroblast
subpopulations such as rest fibroblasts, myofibroblasts, and
proliferative fibroblasts (Figures 1F, H). A comparison of
COVID-19 and IPF samples revealed that the, myofibroblast
proportion was significantly higher in patients with IPF
compared to COVID-19 patients (Figure 1G). Interestingly, we
also found that myofibroblast expression was much higher in
male COVID-19 patients than male patients, but the opposite
was true for rest fibroblasts (Figure 1I). We also analyzed the
expression of entry factors in whole lung cells, and consistent
with previous literature reports, ACE2 was mainly concentrated
in respiratory epithelium cells such as AT1 and AT2. However,
BSG, CTSL, and FURIN were also abundantly expressed in
macrophages and fibroblasts (Figure 1J). TMPRSS2 and ACE2
expression were upregulated in COVID-19 patients but BSG,
CTSL, FURIN expression was higher in IPF patients, suggesting
their role in increased myofibroblast expression in COVID-19
(Figure 1K). We also analyzed correlation analysis of entry
factors and lung function test (%predicted DLCO) and found
that lung function was negatively correlated with the normalized
bulk RNA-seq gene expression of the entry factors (CTSL, BSG,
ACE2) (Figure 1L).

Single-cell transcriptome sequencing
Atlas of EMT stage

EMT is a common type of transition, and we divided the
epithelium into goblet, ciliated, EMT, AT1, and AT?2 cell subgroups,
in which the EMT proportion was significantly upregulated in
COVID-19 and IPF patients, but there were no significant
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FIGURE 1

Subpopulation correlation analysis suggested a strong correlation between MT subpopulation and fibroblast subpopulation. (A) Scheme of
this study. (B) Demonstration of HC, COVID-19, and IPF subgroups using UMAP, including Endothelial (vascular endothelial: rest ECs, EndMT,
DKK2+ ECs, activated ECs; Lymphatic ECs); Epithelial (AT2, AT1, Goblet Cell, EMT, Ciliated); Fibroblast (Proliferative Fibroblast, Myofibroblast,
Rest fibroblast, Late EndMT, Late EMT); SMC/Pericyte; T cells (Th1, Th17, Th2, Treg, NK/NKT, CD8, IFN); Macrophage (M2, M1); Granulocytes;
DCs; Mono; Neutrophil. And the proportion of cell subpopulations in HC, COVID-19, IPF. Marker genes: Endothelial cells:PECAM1, VWF,
CLDNS5; Macrophages: MARCO, MSR1, MRC1;T cells:CD3E, CD3D, GZMH; Granulocytes:MS4A2, CPA3, TPSABL; B cells:MS4A1, BANK1,
CD79A;Monocytes:CD14, FCN1; Neutrophil:S100A8, SI00A9; Epithelial cells:EPCAM; Fibroblast: COL1A1, PDGFRA, ELN;SMC:SCGB1A1,
RPL26). (C) Pie charts show the number of differentially expressed genes per cell type in COVID-19/IPF compared to controls. The DEGs of
COVID-19 were mainly concentrated in macrophages and monocytes, and the DEGs of IPF were mainly concentrated in epithelium. (D) The
proportion of cell subpopulations in HC, COVID-19, IPF. (E) The heat-map shows the correlation analysis for each cell subpopulation. The
correlation between late-stage EMT, late-stage EndMT and fibroblast subpopulation was higher. (F) UMAP suggests a subpopulation
distribution of fibroblasts, including Myofibroblas,Proliferative fibroblas and Rest fibroblast. (G) Ratio of fibroblast subpopulations in patients
with COVID-19, IPF, showing myofibroblast ratio in IPF is higher than that in COVID-19, but Rest fibroblast ratio in IPF is lower than that in
COVID-19. (H) Markers of fibroblast subpopulations, including Myofibroblast (ACTG1, DCN, SELENOP, MYL12A, DYNLL1, CFL1), Proliferative
fibroblast (TOP2A, MKI67, CENPE, AUPKA, CENPF) and Rest fibroblast (COL1A1, PDGFRA, FGF14, LAMA2, VMP1, SCN7A). (1) The proportion of
fibroblast subpopulations in COVID-19, IPF by female and male, showing Myofibroblast ratio in females is lower than that in males with
COVID-19. (J) The DOT plot shows the expression of entry factors in subgroups of control, COVID-19, IPF. Subgroups including Rest
fibroblast, Myofibroblast, Proliferative Fibroblast, Late EndMT, Late EMT, SMC/Pericyte; rest ECs, DKK2" ECs, activated ECs, Lymphatic ECs,
EndMT-early; AT1, AT2, Ciliated, Early EMT, Goblet Cell; Granulocytes; B, Th2, Thl, Th17, Treg, CD8, Mono, M1, M2, Neutrophil, DCs, NK/
NKT. (K) The DOT plot shows the expression of entry factors in COVID-19, IPF. (L) Correlation analysis of entry factors (CTSL, BSG, ACE2)
and lung function test (%predicted DLCO) showed that lung function was negatively correlated with the normalized bulk RNA-seq gene
expression of the entry factors. *P < 0.05, **P < 0.01,**** P< 0.0001
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differences between COVID-19 and IPF (Figures 2A, B). After
excluding datasets with significant heterogeneity, we performed a
meta-analysis using 3 GEO datasets with a pooled SMD of 0.99 and
95% CI (0.49; 1.49) (Figure 2C). Surprisingly, the EMT rate was
much more significant in the middle-aged group than in the aged
group. The middle-aged group was mainly enriched for
inflammation-related signaling pathways, and then the aging
adult group was enriched for more fibrosis-related signaling
pathways (Figures 2D, E). Whether classified by smoking or not,
we observed that EMT was higher in both COVID-19 patients than
in controls, and then IPF was higher in the non-smoking group
compared to samples. In COVID-19, smoking is enriched for more
interferon-related signaling pathways compared to samples from
non-smoking individuals (Figures 2F, G). We found that the
proportion of EMT was higher in patients who smoked, while in
COVID-19 patients, the proportion of EMT was more significant in
non-smoking males than in females (Figures 2H, I). This
phenomenon indicates that males contribute more to EMT
progression. EMT is positively correlated with myofibroblasts in
COVID-19 patients, and IPF patients also have the same expression
trend. Males upregulated inflammation-related signaling pathways,
however females were enriched for downregulated inflammatory
signaling pathways (Figure 2J).

Trajectory analysis mentions early and late mesenchymal
transitions, and its marker also suggests its transition status
(Figure 3A). EPCAM expression was significantly decreased from
early to late stages. TAGLN expression was increased in the early
stages but decreased in the late stages. COL3AI expression was
somewhat lower during the early stages but increased significantly
during the late stages (Figures 3C, D, G). From early to late stages,
Monocel2 displayed the primary enhanced signaling pathways
concurrently (Figure 3B). TAGLN is a typical EMT marker gene
that is elevated in COVID-19 patients. A meta-analysis of a dataset
of five GEO resulted in a pooled SMD of 0.73, 95 CI% (0.30; 1.15)
(Figures 3D-F). COL3A1 is a well-characterized marker of late MT
that is increased in COVID-19 patients. The dataset of five GEOs
was analyzed using meta-analysis, resulting in a pooled SMD of
1.77, 95 CI% (0.82; 2.72) (Figures 3G-I). Further analysis of the
correlation between invasion genes showed that the epithelial entry
factor genes (BSG, FURIN, CTSL) were positively correlated with
the ratio of early EMT in COVID-19, TMPRSS2 was negatively
correlated with the ratio of early EMT in COVID-19, and FURIN
was positively correlated with the ratio of early EMT in IPF
(Figure 3]). TMPRSS2 was positively correlated with the ratio of
late EMT in COVID-19 and BSG was negatively correlated with the
ratio of late EMT in COVID-19 (Figure 3K).

Single-cell transcriptome sequencing
Atlas of EndMT stage

A further exploration of the potential cause of elevated
fibroblast expression in COVID-19, revealed subpopulations of
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endothelium cells based on the high correlation between
fibroblasts and endothelial cells (Figure 1D), and we found a
subpopulation of endothelial cells with EndMT as in IPF
(Figure 4A), which highly expresses the marker gene for
subpopulations (Figure 4B). We divided the subgroups of
endothelial cells into lymphatic ECs, EndMT, DKK2+ ECs,
activated ECs, and rest ECs. Comparing the endothelium
subgroup ratios in ECs, we found that the ratio of EndMT was
increased in COVID-19 and higher in IPF than in the controls
(Figure 4C). We showed common inflammation-associated
cytokines through different subpopulations, implying an
abundant expression of EndMT(Figure 4D). To exclude the
effect of smoking, we selected nonsmoking patients for
comparison, and the results suggested that the proportion of
EndMT was also higher in males than in females in COVID-19
patients (Figure 4E). We compared the proportion of entry
factor genes in Lymphatic ECs, EndMT, DKK2+ ECs, activated
ECs, and rest ECs in COVID-19 and IPF (Figures 4F, G). The
findings suggest that EndMT plays a unique function in
COVID-19, and meta-analysis of data from several GEO
databases indicates that the EndMT proportion in COVID-19
vs. control pooled SMD was 0.64, 95% CI [0.16; 1.12]
(Figure 4H). After dividing the data into two groups,
EndMT™" and EndMT™¢", the latter group was found to have
a higher proportion of myofibroblasts (Figure 4I). A hypothesis
was then raised about whether EndMT led to the increase in
fibroblasts. Enrichment analysis of cytokine expression in the
EndMT subpopulation revealed high expression of cytokines
associated with fibrosis in COVID-19 and IPF (Figure 4]). The
EndMT ratio was positively correlated with myofibroblast cells
and negatively correlated with rest fibroblast (Figure 4K).

We then tried to determine whether EndMT has a series of
genes that can affect COVID-19 and IPF MT by trajectory
analysis and classified EndMT into early, intermediate, and
late stages (Figure 5A). The enrichment of genes in early and
late stages demonstrates that the interferon-gamma signaling
pathway is upregulated in early stages. Simultaneously, late
stages exhibit increased expression of the ECM-receptor
interaction signaling pathway (Figure 5B). The expression of
marker genes associated with EndMT also suggested early,
intermediate, and late stages (Figure 5C). ACTA2 expression
was low in the intermediate stage but rapidly increased in the
late stage (Figure 5D). Calculating the fraction of ACTA2 present
throughout the early stages of the disease reveals that the
expression in COIVD-19 is more significant than in controls
(Figure 5E). By screening the marker genes of early stage
EndMT, the marker gene at the early stage was finally
identified as ACTA2 with an SMD of 0.87,95% CI (0.23,1.51)
for COVID-19 vs. control in 5 GEO datasets following meta-
analysis (Figure 5F). Subsequently, MMP2 and COL3A1 were
used to identify the late-stage marker gene (Figure 5G, J).
COL3A1 expression was increased in COVID-19 compared to
controls (Figure 5K), and although all GSE statistics of MMP2-
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FIGURE 2

EMT by age, smoking status, and gender. (A) Dot chart shows the marker of epithelial subpopulations, including ATL(AGER, CLIC5), AT2(SFTPC,
SFTPD), Ciliated (FOXJ1, CCDC78), Goblet cells (MUC5B, MUC5AC), EMT(TAGLN, COL3A1). (B) Comparison of the ratios of HC, COVID-19, IPF
subpopulations of epithelium. EMT proportion was significantly upregulated in COVID-19 and IPF. (C) Forest plot of studies with EMT ratio on
the COVID-19 and HC, after excluding a study with only one case and a high heterogeneity study. The analysis included data from 3 studies
with a total of 48 COVID-19 and 34 controls. p value for heterogeneity was 0.06, 1> was 65%. (SD, Standard deviation). (D) Comparison of the
ratios of HC, COVID-19, IPF subpopulations of epithelium by age. (E) GO (Gene ontology) enrichment analysis was performed on the genes
highly expressed in EMT in normal control, COVID-19 and IPF groups in patients of different ages, respectively, and the graphs show the
signaling pathways enriched to EMT cell populations in different groups. (F) Comparison of the ratios of HC, COVID-19, IPF subpopulations of
epithelium by smoking. (G) GO enrichment analysis was performed to enrich for genes that were highly expressed in EMT of smoking and non-
smoking patients in normal control, COVID-19 and IPF groups, respectively, and the graphs show the signaling pathways enriched in EMT cell
populations of different groups. (H) Comparison of the ratios of HC, COVID-19, IPF subpopulations of epithelium by sex. (I) GO enrichment
analysis of the genes highly expressed in EMT in normal control, COVID-19 and IPF groups by sex, respectively. (J) Correlation analysis of EMT
with myofibroblast, rest fibroblast and proliferative fibroblast in COVID-19 and IPF patients (Pearson test), showing EMT is positively correlated
with myofibroblasts.
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FIGURE 3

Characteristics of early late-stage EMT. (A) Pseudotime projection analysis showing early-stage EMT could evolve to late-stage EMT. (B) Single cell
proposed time branch point analysis showing genes with progressively lower and higher expression from Early EMT to Late EMT. Each row of the
heat map on the right represents a gene, each column is a proposed time point, and the color represents the average expression value of the gene
at the current time point, with the color decreasing from red to blue. The left side shows the signaling pathways that the gene set is enriched. (C)
Proposed time traces of individual genes, showing the change in gene expression from the beginning to the end of the proposed time course for
epithelial cell marker genes (EPCAM) in COVID-19 and IPF patients, respectively. (D) Time-sensitive trajectories of individual genes, showing the
change of Early EMT marker gene (TAGLN) expression from the beginning to the end of the proposed time course in COVID-19 and IPF patients,
respectively. (E) TAGLN gene positive epithelial cell ratio is higher in COVID-19 than that in HC. (F) Forest plot of studies with TAGLN gene positive
epithelial cell ratio on the COVID-19 and HC, after excluding a study with only one case. the analysis included data from 4 studies with a total of 57
COVID-19 and 44 controls. p value for heterogeneity was 0.27, 12 was 23%.(G) Temporal trajectories of individual genes, showing changes in gene
expression of Late EMT marker gene (COL3A1) in COVID-19 and IPF patients by the start to the end of the proposed time course, respectively. (H)
COL3A1 gene positive epithelial cell ratio is higher in COVID-19 than that in HC. (I) Forest plot of studies with COL3A1 gene positive epithelial ratio
on the COVID-19 and HC, after excluding a study with only one case and a high heterogeneity study. The analysis included data from 3 studies with
a total of 37 COVID-19 and37 controls. p value for heterogeneity was 0.17, 1> was 44%. (J) Forest plot showing the correlation between Early EMT
cell fraction and entry gene positive cells fraction in epithelial cells. And entry factors (BSG, FURIN, CTSL) were positively correlated with the
expression of Early EMT in COVID-19 (p < 0.05, Pearson’s r > 0). TMPRSS2 was negatively correlated with the expression of Early EMT in COVID-19
(p < 0.05, Pearson’s r < 0). FURIN was positively correlated with the expression of Early EMT in IPF (p < 0.05, Pearson's r > 0). (K) Forest plot showing
the correlation between Late EMT cell fraction and entry gene positive cells fraction in epithelial cells. And entry factor (TMPRSS2) was positively
correlated with the expression of Late EMT in COVID-19 (p < 0.05, Pearson'’s r > 0). BSG was negatively correlated with the expression of Late EMT
in COVID-19 (p < 0.05, Pearson's r < 0) *P < 0.05,**** P< 0.0001.
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FIGURE 4

EndMT proportion is upregulated in COVID-19. (A) The expression of pulmonary ECs in patients with health control, COVID-19, IPF was
demonstrated using UMAP plots with subpopulations marked by a color code. ECs subpopulations including rest ECs, EndMT, DKK2" ECs,
activated ECs; Lymphatic ECs. (B) Dot chart shows the marker of EndMT, mainly focusing on ACTA2, MMP2, COL3A1; rest ECs (IL7R, CA4),
DKK2* ECs (DKK2), activated ECs (ACKR1); Lymphatic ECs(PROX1,PDPN). (C) Proportion of ECs among normal control group, COVID-19 group
and IPF group, the ratio of EndMT was increased in COVID-19 and IPF than controls. One-way ANOVA was used to compare multiple groups
(p<0.05). (D) Heatmap shows a comparison of the expression of major cytokines in the cell subpopulations of ECs shows that EndMT is
enriched in more cytokines compared to the other groups. (E) Comparison of the ratios of HC, COVID-19, IPF subpopulations of ECs by gender
in nonsmokers. EndMT ratio in females is lower than that in males with COVID-19. (F) Comparison of entry factors (ACE2, BSG, FURIN, CTSL,
TMPRSS2) positive cell fraction in ECs subtype of COVID-19 and IPF. (G) Comparison of EndMT proportion of entry factors (BSG, FURIN, CTSL)
in HC, COVID-19, IPF. (H) Forest plot of studies with lung scRNA data on the COVID-19, after excluding a study with only one case and a high
heterogeneity study. The analysis included data from 3 studies with a total of 48 COVID-19 and 34 controls. p value for heterogeneity was 0.18,
12 was 42%. (SD: Standard deviation). (I) Ratio of myofibroblasts in COVID-19 and IPF for EndMT '°* versus EndMT "'9" showing myofibroblast
ratio in EndMT M9" is higher than that in EndMT ‘oW (J) A comparison of the expression of major cytokines in the EndMT shows that COVID-19
and IPF are enriched in more profibrotic cytokines compared to HC group. (K) Correlation analysis of EndMT with myofibroblast, rest fibroblast
and profilerative fibroblast in COVID-19 and IPF patients (Pearson test), showing EndMT is positively correlated with myofibroblasts in COVID-19

patients. *P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001.

positive cells were not significant (Figure 5H), MMP2-positive
cells were statistically differentially upregulated in late stage of
EndMT by meta-analysis of GSE data. Using meta-analysis, we
demonstrated that the MMP2 pooled SMD in 5 distinct GEO
datasets was 0.54, 95% CI (0.13.0.96) (Figure 5I), and ultimately,
meta-analysis revealed that the COL3A1 pooled SMD of late
stages of COVID-19 was 0.84, 95% CI (0.24,1.44) when
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compared to controls (Figure 5L). Further analysis of the
correlation with invasion genes showed that the entry factor
genes (BSG, FURIN, and CTSL) were positively correlated with
the ratio of early EndMT in COVID-19, and CTSL was positively
correlated with the ratio of early EndMT in IPF (Figure 5M).
ACE2 was positively correlated with the ratio of late EndMT in
IPF (Figure 5N).
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FIGURE 5

Characteristics of early and late stage EndMT. (A) Pseudotime projection analysis showing early-stage EndMT could evolve to late-stage EndMT.
(B) Single cell proposed time branch point analysis showing genes with progressively lower and higher expression from Early EndMT to Late
EndMT. Each row of the heat map on the right represents a gene, each column is a proposed time point, and the color represents the average
expression value of the gene at the current time point, with the color decreasing from red to blue. The left side shows the signaling pathways
that the gene set is enriched to. (C) The proposed time trajectory of a single gene, showing the change in gene expression of the ECs marker
gene (CLDN5) from the beginning to the end of the proposed time course. (D) Trajectories of individual genes, showing changes in gene
expression of Early EndMT marker genes (ACTA2) from the beginning to the end of the proposed time course. (E) ACTA2 gene positive ECs ratio
is higher in COVID-19 than that in HC. (F) Forest plot of studies with ACTA2 gene positive ECs ratio on the COVID-19 and HC, after excluding a
study with only one case. The analysis included data from 4 studies with a total of 57 COVID-19 and 43 controls. p value for heterogeneity was
0.16, 12 was 42%. (G) Temporal trajectories of individual genes showing changes in gene expression of Late EndMT marker gene (MMP2) from
the beginning to the end of the proposed time course. (H) MMP2 gene positive ECs ratio is higher in COVID-19 than that in HC. (I) Forest plot
of studies with MMP2 gene positive ECs ratio on the COVID-19 and HC, after excluding a study with only one case. The analysis included data
from 4 studies with a total of 57 COVID-19 and 43 controls. p value for heterogeneity was 0.89, 12 was 0%. (J) Trajectories of individual genes
showing changes in gene expression of the Late EndMT marker gene (COL3A1) from the beginning to the end of the proposed time course.

(K) COL3A1 gene positive ECs ratio is higher in COVID-19 than that in HC. (L) Forest plot of studies with COL3A1 gene positive ECs ratio on the
COVID-19 and HC, after excluding a study with only one case. The analysis included data from 4 studies with a total of 57 COVID-19 and 43
controls. p value for heterogeneity was 0.19, 1> was 37%. (M) Forest plot showing the correlation between Early EndMT cell fraction and entry
gene positive cells fraction in ECs. Entry factors (BSG, FURIN, CTSL) was positively correlated with the expression of Early EndMT in COVID-19
(p < 0.05, Pearson’'s r > 0). CTSL was positively correlated with the expression of Early EndMT in IPF (p < 0.05, Pearson’s r > 0). (N) Forest plot
showing the correlation between Late EndMT cell fraction and entry gene positive cells fraction in ECs. Entry factors (ACE2) was positively
correlated with the expression of Late EndMT in COVID-19 (p < 0.05, Pearson's r > 0). **P < 0.01, ***P < 0.001; NS, P > 0.05.
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Discussion

To our knowledge, this first single-cell meta-analysis that
describes MT-related clusters in COVID-19 patients. When we
examined the MT transition state in COVID-19 using IPF with
MT and a high number of fibroblasts as a control, we identified a
substantial link between fibroblasts and MT across all
subpopulations. By analyzing the correlation of each subgroup,
we screened the relevant subgroups of MT (i.e., EndMT and
EMT). COVID-19 patients exhibited a increased MT than
healthy controls, but less than IPF patients. We further found
that male patients had a higher proportion of cells in EMT and
EndMT. Several studies have shown a higher prevalence of
pulmonary fibrosis after COVID-19 in males. This is likely
because males are more exposed to fibrotic triggers, such as
occupational agents (26-28).

In EMT, young people are more enriched in inflammation
such as IL-6 signaling pathways, aging adults are enriched with
more fibrosis-promoting signaling pathways such as TGF-b.
Increased levels of TGEF-b, an anti-inflammatory but
profibrotic cytokine, might be the leading cause of EMT in
aging adults (29). Smoking COVID-19 patients showed a higher
percentage of EMT, but were more enriched in the interferon
signaling pathway, compared to non-smoking COVID-19
patients. Despite early reports to the opposite, there is
mounting evidence that individuals with severe COVID-19
have a strong type I interferon response, as opposed to the
delayed, potentially suppressed response observed early in
infection (30). Through various pathways, a potent type I
interferon response might increase hyperinflammation in the
progression to severe COVID-19 (31). Insights into the
therapeutic use of type I interferon in patients with MT will
come from an improved knowledge of the functions of type I
interferon at various stages of the disease and in patients who are
non-smokers vs. smokers.

MT is involved in pulmonary fibrosis and vascular
remodeling in the pathogenesis of IPF. Several triggers and
pathways are associated with the EMT and EndMT (32).
Archana et al. have shown that EndMT markers(N-cadherin,
S100A4, and vimentin) are increased in the arterial layers
(intima, media, and adventitia) of IPF patients (33). Similarly,
during the EndMT process, active ECs express adhesion
molecules, such as intercellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1), which
enhance EndMT formation in our results. Moreover, ICAM-1
is also an adhesion molecule for another virus, such as human
rhinovirus (34), influenza virus (35), and HIV (36). It is
reasonable to speculate that with the activation of ICAM-I,
the risk of associated secondary infection may also increase.

The mesenchymal cells we identified are divided into early
and late stage. Compared to IPF, these cells are related to the
expression of entry factors such as BSG, CTSL, and FURIN. Sohal
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et al. indicate that ILDs, especially IPF, have a higher risk of
developing severe COVID-19 infection and post-COVID-19
interstitial pulmonary fibrosis. They found TGF-Bf1 and o-
smooth muscle actin (myofibroblast marker) are in similar
areas as COVID-19 markers. They suggest that myofibroblasts
and surrounding tissue secrete growth factors which could
further affect COVID-19 adhesion proteins/cofactors and post-
COVID-19 interstitial pulmonary fibrosis (37). Our study
confirms that entry factors are negatively correlated with early
EndMT cell fraction and are positively correlated with
fibroblasts. This suggests that the conversion of activated ECs
to EndMT is linked to mesenchymal conversion of ECs in the
early phases. Therefore, this provides a strategy for the early
prevention of pulmonary fibrosis in COVID-19 patients.

Improvements in patient stratification and therapeutic
approaches for lung fibrosis will be contingent on the capacity
to reprogram EMT (38). EMT has been hypothesized as a source
of myofibroblast also in SSc (39) and EMT-related pathways
(40). Early EMT leads to activation fibrosis as a result of the
downregulation and/or destruction of junctional components
like TAGLN. The late EMT mesenchymal marker COL3AI
increases along with the slow loss of EPCAM, a marker of
epithelial cells (41). Late EMT has been classically associated
with fibrosis in organs such as the kidneys, liver, and lungs. It is
interesting to note that, in consistent with our data, the EMT
status of primary tumors was not consistently associated with
poor patient survival (38). Our study suggests that late EMT and
invasive genes are almost independent, and early EMT is
associated with invasive genes. The process of EndMT can also
represent a therapeutic target in the early stages of the disease
(42). Early, immature stress fibers are present in the early stages
of EndMT. Late stages of EndMT, however, may be identified by
matured stress fibers formed by microfilaments (43). The
inflammatory leukocytes engaged in the early stages of the
illness trigger the EndMT, which has also been discovered in
lung fibrosis (44). Therefore, late EndMT could contribute to
aggravating the pro-fibrotic signaling in lung fibrosis. Late
EndMT, then, could contribute to exacerbating the pro-fibrotic
TGF-P signaling in lung fibrosis. According to this principle, we
chose ACTA2 as the early marker and also MMP2 and COL3A1
as the late markers. ACTA2 was only transiently displayed in the
early EndMT, but MMP2 and COL3AI were subsequently
upregulated through further remodeling (45).

It is important to note that our study has some limitations:1.
First, we not count whole organ MT because this included all the
up-regulation of the entry factor. This data will be included in
our subsequent studies. Second, no in vitro or in vivo animal
experiments were performed to validate the key genes. Third, we
did not validate COVID-19 patient samples. Fourth, no SARS-
CoV-2 positive cells were extracted for further analysis. Finally,
the correlation between MT and entry factor was inadequate and
required further exploration.
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Conclusion

In conclusion, for the first time, we have analyzed ECs as
well as epithelial MT subpopulations in COVID-19 patients,
establishing the correlation between their MT subpopulations
with irreversible myofibroblasts. However, although entry
factors are also highly expressed in IFP, it is not associated
with the MT of IPF. Thus, we further explored the
mesenchymal-associated cluster's genes and found that some
genes are expressed both in COVID-19 patients and IPF
patients. This suggests potent targets that could reverse MT in
COVID-19 and IPF.
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The interaction of SARS-CoV-2 with the human immune system is at the basis of the
positive or negative outcome of the infection. Monocytes and macrophages, which are
major innate immune/inflammatory effector cells, are not directly infected by SARS-CoV-2,
however they can react to the virus and mount a strong reaction. Whether this first
interaction and reaction may bias innate reactivity to re-challenge, a phenomenon known
as innate memory, is currently unexplored and may be part of the long-term sequelae of
COVID-19. Here, we have tested the capacity of SARS-CoV-2 and some of its proteins to
induce innate memory in human monocytes in vitro. Our preliminary results show that the
Spike protein subunits S1 and S2 and the entire heat-inactivated virus have no substantial
effect. Conversely, monocytes pre-exposed to the nucleocapsid N protein react to
subsequent viral or bacterial challenges with an increased production of anti-
inflammatory IL-1Ra, a response profile suggesting a milder response to new infections.

Keywords: SARS-CoV-2, nucleoprotein, innate immunity, innate memory, monocytes, cytokines

INTRODUCTION

The novel coronavirus SARS-CoV-2, which suddenly emerged in December 2019, is still haunting
mankind and has affected not only the healthcare systems but also the global socio-economic
balances (1-3). COVID-19, the disease caused by the virus, was designated as a global pandemic by
the World Health Organization, with more than 534 million confirmed cases and over 6.3 million
confirmed deaths, as of June 2022 (4). Taking advantage of the recent progress in virology,
molecular biology and pharmacology, and thanks to an amazing effort of the international scientific
community, both in academia and industry, and a huge resource allocation, we were rapidly able to
dissect and understand the SARS-CoV-2 structure, functions, lifecycle, and pathological
characteristics (5-9). This led in a very short time to vaccine development and to several
pharmacological approaches to treat or reduce the severity of patients’ symptoms (2, 10, 11).

Despite the rapid and huge progress in understanding the interactions between the virus and the
human immune system, much is still unknown to explain/predict the variability of immune
responses that determines different susceptibility to severe effects, reactivity to re-infection, or
response to vaccination.

Specific antiviral immunity is mainly based on the development of neutralizing antibodies and
cytotoxic CD8+ T cells, while innate immune reactions encompass the activation of inflammatory
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protective responses triggered by recognition of viral patterns by
membrane and cytoplasmic pattern-recognition receptors (12).
While vaccination strategies are currently based on the
generation of specific anti-viral immune memory, much less
emphasis has been dedicated to harnessing the protective
potential of innate immunity and its memory capacity.

The concept of innate immune memory, i.e., a change in the
non-specific reactivity to challenges of innate immune cells
previously exposed to various stimuli, is well known in plants,
invertebrates and also in vertebrates (13-15). Thus, it can be
hypothesized that innate memory, induced by previous exposure
to infections or other challenges (including vaccination), may
participate to the effectiveness of subsequent defensive innate
responses in a personalized fashion, which is dependent on
individual history of pathogen/antigen exposure: the
“immunobiography” (16).

While abundant information is available on the specific
functions and kinetics of the adaptive immune response to
SARS-CoV-2 (17-19), less is established regarding the balance
between protective and detrimental effects of innate immune
responses in COVID-19. A general increase in the circulating
levels of inflammatory cytokines has been observed (possibly
secondary to barrier disruption and release of bacterial products)
in parallel to downregulation of myeloid cells’ markers and
function (20). There is clear evidence that the variability in
innate immune system components is a main contributor to
the heterogeneous disease course observed for COVID-19 (20-
22) and in the response to vaccination (23). Thus, it is
fundamental to understand if and how interaction of innate
cells with SARS-CoV-2 induces an innate memory, and whether
such memory may contribute to future protection or to post-
infection pathologies, as suggested by epigenetic studies (24).

Here, we provide preliminary evidence that the SARS-CoV-2
nucleocapsid protein N, as opposed to other viral components,
can induce innate memory in human primary monocytes in
culture. This memory is limited to a significant increase in the
production of the anti-inflammatory cytokine IL-1Ra in
response challenges, suggesting a less inflammatory secondary
reactivity. On this basis, we hypothesize that innate memory to
viral components may contribute to the overall response to
subsequent challenges (viral or bacterial infections or re-
infections), including response to vaccination. The large inter-
individual variability suggests the needs for a personalized
assessment, in order to predict the features of innate/
inflammatory reactivity to future challenges in previously
infected individuals.

MATERIALS AND METHODS

Selection of Stimuli

The human recombinant coronavirus SARS-CoV-2 nucleocapsid
protein (N; ab272107) was expressed in E. coli with a C-terminal His
tag. Expression in E. coli produces a non-glycosylated protein,
similar to the “natural” protein. Human recombinant Spike glyco-
protein subunit 1 (S1; ab 272105) and subunit 2 (S2; ab272106) were

expressed in HEK 293 cells as chimeras with a C-terminal Fc tag.
Recombinant proteins were purchased from Abcam (Milan, Italy).
LPS contamination was checked in-house with the chromo-genic
LAL assay Pyros Kinetix® Flex (Associates of Cape Cod, Inc., East
Falmouth, MA, USA). The endotoxin contamination was 353 EU/
mg for N, 26 EU/mg for S1 and 7 EU/mg for S2. Heat-inactivated
SARS-CoV-2 (ATCC VR-1986HK) was obtained from LGC
standards (Milan, Italy); LPS from E. coli O55:B5 was from Sigma
Aldrich® (Merck KGaA, St. Louis, MO, USA); the TLR7/8 agonist
Resiquimod (R848; cat. tlrl-rR848, purity = 95% by UHPLC) was
purchased from InvivoGen (San Diego, CA, USA). R848 was devoid
of TLR2 (lipoproteins) and TLR4 agonist activity, tested on HEK-
Blue TLR2 and TLR4 cells.

Concentration of viral stimuli to be used in culture was based
on preliminary dose-response experiments, viability assessment
and LAL results, while concentrations of reference stimuli (LPS
and R848) were selected based on previous experience and ad hoc
dose-response assessment (data not shown). Thus, the same
concentration of 1 pg/mL was selected for N, S1 and S2, which
corresponded to an endotoxin contamination of 0.35, 0.03 and
0.01 EU/mL. Since 1 EU roughly corresponds to 100 pg of LPS,
the LPS contamination of N was estimated around 35 pg/mL in
the assay, a concentration unable to induce monocyte activation
in our hands. For the whole heat-inactivated virus, 5x10° RNA
genome copies were used as stimulus in culture, based on
preliminary dose-response experiments (data not shown).

Human Monocyte Isolation

Blood was obtained from anonymized healthy SARS-CoV-2
negative non-vaccinated donors, upon informed consent and in
agreement with the Declaration of Helsinki. The protocol was
approved by the Regional Ethics Committee for Clinical
Experimentation of the Tuscany Region (Ethics Committee
Register n. 14,914 of May 16, 2019). Monocytes were isolated by
CD14 positive selection with magnetic microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany) from peripheral blood
mononuclear cells (PBMC), obtained by Ficoll-Paque gradient
density separation (GE Healthcare, Bio-Sciences AB, Uppsala,
Sweden). Monocyte preparations used in the experiments were
> 95% viable and > 95% pure (assessed by trypan blue exclusion
and cytosmears).

Monocytes were cultured in culture medium (RPMI 1640 +
Glutamax-I; GIBCO by Life Technologies, Paisley, UK)
supplemented with 50 ug/mL gentamicin sulfate (GIBCO) and
5% heat-inactivated human AB serum (Sigma-Aldrich). Cells
(1x10°) were seeded in a final volume of 100 uL in 96-wells flat
bottom plates (Corning® Costar®; Corning Inc. Life Sciences,
Oneonta, NY, USA) at 37°C in moist air with 5% CO,. Monocyte
stimulation was performed after overnight resting.

Human Monocyte Activation and Induction
of Innate Memory

For assessing the primary response to stimulation, monocytes
were exposed for 24 h to culture medium alone (medium/
negative control) or containing LPS (positive bacterial
control, 1 ng/mL), R848 (positive viral control, 0.5 pg/mL),
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heat-inactivated SARS-CoV-2 virus (5x10° RNA copies), N (1
pg/mL), S1 (1 pg/mL) or S2 (1 pg/mL). Cell viability,
measured both as lack of LDH release (LDH-Cytotoxicity
Colorimetric Assay Kit; BioVision, Inc., Milpitas, CA, USA)
and as metabolic activity (reduction of MTT to formazan) (25)
was unaffected by treatment (data not shown). At the end of
the exposure time, all supernatants were collected. For
memory experiments, cells were then washed and cultured
with fresh culture medium for 7 additional days (one medium
change after 4 days). During this period, after the activation
induced by previous stimulation subsides, cells return to their
baseline status (as determined by evaluation of inflammation-
related cytokines in the supernatant; data not shown). At the
end of the resting phase, the supernatant was collected and
cells were challenged for 24 h with fresh medium alone or
containing 5 ng/mL LPS, 2.5 pg/mL R848, or 5 pg/mL N (i.e., a
5x higher concentration than in the primary stimulation),
according to the standard protocols for in vitro innate
memory assessment (14, 15). All supernatants (after the first
stimulation, after the resting phase and after the challenge
phase) were frozen at -80°C for subsequent cytokine analysis.
By visual inspection, cell viability and cell number did not
substantially change in response to the different treatments.

Cytokine Analysis by Multiplex ELISA
Samples were tested for the presence of cytokines and
chemokines by commercial ELISA-based microarrays that
simultaneously measure multiple proteins in a single sample
aliquot. Multiplex Bio-Plex Pro™ Human Cytokine 8-plex
Assay (cat. M50000007A) was used for assessing the
production of IL-2, IL-4, IL-6, IL-8, IL-10, TNFo, IFN-vy,
and GM-CSF. Singleplex for IL-1B (cat. 171B5001M) and
IL-1Ra (cat. 171B5002M) were also included. Samples were
run according to the manufacturer’s instructions. Cytokines
were analTXdzed with the Bio-Plex200 System using the Bio-Plex
Manager ~ software, and data were analyzed by the Bio-Plex
Data Pro' " software, using five-parametric curve fitting. For
each cytokine, assay ranges and LOD were provided by the
manufacturer. All reagents and instruments, including
Washing Station and Shaker Incubator, were from BIO-
RAD Laboratories, Inc. (Hercules, CA, USA). Two repeated
measurements were made for each marker for each donor. The
symbols reported in the figures are the averages of such
repeated measurements.

Statistical Analysis

Data were analyzed using the GraphPad Prism 6.01 software
(GraphPad Inc., La Jolla, CA, USA). For cytokine production,
results are presented as ng produced cytokine/10° plated
monocytes. Results from individual donors are reported as
mean values of 2-3 replicates (each tested with technical
duplicates in ELISA). Average values of individual donors’
data are reported as light grey columns. Statistical significance
of differences is indicated by p values, calculated using one
way ANOVA and Dunnett’s Multiple Comparison.

RESULTS

Primary Response of Human Monocytes
to Inactivated SARS-CoV-2 or

Its Components

The primary response of human monocytes to different SARS-CoV-2
stimuli was assessed after exposure in vitro for 24 h. Monocytes are
key innate immune cells responsible of inflammatory defensive
responses, and their activation was evaluated in terms of
production of four innate cytokines, the inflammatory factors
TNFo and IL-6, and the anti-inflammatory cytokines IL-10 and
IL-1Ra (Figure 1). As positive control, cells were exposed to LPS or
R848, potent activators of human monocyte innate/inflammatory
responses that mimic bacterial and viral challenges, respectively. The
concentrations of LPS (1 ng/mL) and R848 (0.5 pg/mL) were selected
in order to induce a measurable but not maximal response (data not
shown). The viral agents used were the heat-inactivated SARS-CoV-2
virus (5x10° RNA genomic copies/well; 5:1 vs. monocytes), the
nucleocapsid protein N (1 pg/mL), the S1 subunit of the Spike
protein (responsible for viral binding to target cells; 1 ug/mL) and
the S2 subunit of the Spike protein (responsible for viral entry in
target cells; 1 pg/mL). The endotoxin contamination of the
recombinant viral proteins was below monocyte activation
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FIGURE 1 | Primary innate immune primary response to inactivated SARS-
CoV-2 or its proteins in human monocytes. Human monocytes isolated from
blood of four individual donors (green, red, blue, and yellow symbols) were
cultured for 24 h in culture medium alone or containing the inactivated SARS-
CoV-2 virus (5 x10° copies), or the viral proteins N, S1, S2 (all at 1 pg/mL).
The production of TNFa (upper left), IL-6 (upper right), IL-10 (lower left) and
IL-1Ra (lower right) was measured in the 24 h supernatants by ELISA.
Medium alone was used as baseline value, LPS (1 ng/mL) and R848 (0.5 pg/
mL) were used as positive controls. Data are presented as individual donors’
values (colored symbols) and as mean of the individual values (gray columns).
Statistical significance: * p <0.05; ** p <0.01; ** p <0.01; *** p <0.0001.
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threshold (see Materials and Methods). Monocytes from four SARS-
CoV-2 negative non-vaccinated donors were tested.

As shown in Figure 1, both LPS and R848 were able to induce
a substantial production of the inflammatory factors TNFo and
IL-6 and of the anti-inflammatory cytokine IL-10, although with
a high inter-individual variability (which in some cases did not
allow for reaching statistical significance). For the other anti-
inflammatory cytokine IL-1Ra, as expected, a measurable
constitutive production was evident in unstimulated cells,
which was increased by exposure to LPS or R848. Among the
viral agents, only N showed the capacity to stimulate monocytes
(in 2/3 of 4 donors), whereas the inactivated whole virus and the
two Spike proteins were essentially inactive.

The production by monocytes of other inflammation-related
factors was also examined. Data for the inflammatory cytokine IL-
1B, the chemokine IL-8, the immune interferon IFN-y and the
growth factor GM-CSF are reported in Supplementary Figure S1,
while the production of the T cell cytokines IL-2 and IL-4 was
undetectable (data not shown). Again, N was the only viral factor
able to activate monocyte responses (evident for IL-8 and GM-
CSF production in 3 out of 4 donors), which were in the same
range as those induced by the positive controls LPS and R848.
These results partially confirm a previous report, showing that N
could induce the production of IL-6 and IL-10 in human
monocytes, but not TNFa and IL-1B (26). At variance with the
same study, here we could not see any effect by S1. The differences
in the recombinant protein constructs and in the exposure time (1
vs. 3-5 days), and the fact that the endotoxin contamination was
not assessed in the other study may explain the different result.

Secondary Memory Response of Human
Monocytes Primed With Inactivated
SARS-CoV-2 or Its Components

After the primary response (Figures 1 and S1), cells were washed
and cultured for 7 additional days in fresh culture medium to
allow extinction of activation and return to baseline. The culture
medium was refreshed after 4 days. The extinction of cell
activation was confirmed by examining the production of
cytokines released in the culture medium at the end of the
resting period (representing the cytokine release in the last 3
days of resting) (data not shown). After the extinction period,
cells were either exposed to medium alone (control) or
challenged with 5x higher concentration of LPS (representing a
bacterial challenge) or R848 (representing a viral challenge), in
order to assess the development of a memory response able to
react to more severe challenges. LPS priming was used as control
of LPS challenge, while R848 priming was used as control of
R848 challenge. As for the primary response, the memory
response was assessed in terms of production of inflammatory
and anti-inflammatory cytokines, and the results are reported in
Figures 2 and 3 for the major inflammatory (TNFo, IL-6) and
anti-inflammatory (IL-10, IL-1Ra) cytokines.

As expected, LPS challenge of medium-primed cells showed a
general induction of TNFa, IL-6 and IL-10 production, but no
increase over the substantial baseline production of IL-1Ra
(columns “medium” vs. “Control” in Figure 2). Although the
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FIGURE 2 | Innate immune memory response to a bacterial challenge in
human monocytes primed with inactivated SARS-CoV-2 or its proteins.
Human monocytes isolated from blood of four individual donors (green, red,
blue, and yellow symbols) were cultured for 24 h in culture medium alone
(column “medium”) or containing LPS (1 ng/mL, positive bacterial control,
column “LPS"), the inactivated SARS-CoV-2 virus (5 x10° copies, column
“virus”), N, S1, or S2 (all at 1 pg/mL; columns “N”, “S1” and “S2”). Cells were
then washed and rested for 7 days in the absence of stimuli, then challenged
for 24 h in fresh medium alone (column “control”) or containing 5 ng/mL LPS.
The column “control” values from cells that received no challenge are
included in each panel as “control” and encompasses the values from primed
and unprimed cells that received no challenge, i.e., fresh medium alone.
These values did not differ between primed and unprimed cells, confirming
the return to baseline after the resting period. The production of TNFo. (upper
left), IL-6 (upper right), IL-10 (lower left) and IL-1Ra (lower right) was
measured in the 24 h supernatants by ELISA. Data are presented as
individual donors’ values (colored symbols) and as mean of the individual
values (grey columns). Statistical significance: * p <0.05; ** p <0.01.

increase did not always reach statistical significance on average,
this was evident at the individual donor’s level. LPS-primed cells
did not show the development of a tolerance memory response
(columns “LPS” vs. “medium”) relative to the inflammatory
cytokine TNFo, while this was small but detectable in 2/4
donors for IL-6, confirming the variability in the development
of LPS tolerance already observed in other subjects (15, 27, 28). A
tendency to a potentiated response could be observed in LPS-
primed cells in terms of production of the anti-inflammatory
factor IL-10 (although not reaching statistical significance), while
a significant increase in IL-1Ra was evident. Priming with the
inactivated virus did not have substantial effects on the response
to the LPS challenge (columns “Virus” vs. “medium”). When
examining the memory-inducing capacity of viral proteins, it was
observed that the S1 and S2 subunits of the Spike protein had no
memory-inducing activity (columns “S1” and “S2” wvs.
“medium”), similar to the inactivated virus. Priming with the
nucleocapsid protein N, on the other hand, induced a significant
and considerable potentiation of IL-1Ra production (columns
“N” vs. “medium”). When examining the memory effects of virus
or viral components on other innate immune factors induced by
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the bacterial challenge LPS (Supplementary Figure S2), we
observed that neither LPS nor virus/viral components had
clear effects on the production of the inflammatory cytokine
IL-1PB, the chemokine IL-8, the immune interferon IFN-yand the
growth factor GM-CSF, again with inter-individual variability
of response.

We also assessed the capacity of SARS-CoV-2 and its
components to induce innate memory to a viral challenge,
using R848 as prototypical viral agent (Figure 3). As a control,
priming with R848 was included. The results show that
unprimed monocytes respond to R848 challenge with a potent
production of TNFa, IL-6 and IL-10 (in 3/4 donors), generally
higher than that induced by the bacterial challenge. Conversely,
the R848 challenge was completely inactive in modulating the
constitutive production of IL-1Ra (columns “medium” vs.
“Control”). Priming with R848 potentiated the secondary
response to the R848 (columns “R848” vs. “medium”) in all
donors for TNFo,, IL-6 and IL-1Ra, and in 2/4 donors for IL-10
(although the average increase reached statistical significance
only for TNFou and IL-1Ra). Priming with the inactivated virus
had little/no effect on the secondary response to the R848 virus-
like challenge (columns “virus” vs. “medium”). Priming with the
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FIGURE 3 | Innate immune memory response to a viral challenge in human
monocytes primed with inactivated SARS-CoV-2 or its proteins. Human
monocytes isolated from blood of four individual donors (green, red, blue, and
yellow symbols) were cultured for 24 h in culture medium alone or containing
R848 (0.5 pg/mL, positive viral control), the inactivated SARS-CoV-2 virus (5
x10° copies), or the viral proteins N, S1, and S2 (all at 1 pg/mL). Cells were
then washed and rested for 7 days in the absence of stimuli, then challenged
for 24 h in fresh medium alone or containing 2.5 pg/mL R848. The production
of TNFa. (upper left), IL-6 (upper right), IL-10 (lower left) and IL-1Ra (lower
right) was measured in the 24 h supernatants by ELISA. The values from cells
that received no challenge are included in each panel as “control” and
encompass the values obtained from primed and unprimed cells (which did
not differ, confirming the return to baseline after the resting period). Data are
presented as individual donors’ values (colored symbols) and as mean of the
individual values (gray columns). Statistical significance: * p <0.05; ** p <0.01;
**p < 0.001; *** p <0.0001.

nucleocapsid protein N showed potentiation of the memory
response to R848 in terms of IL-1Ra production (in all 4
donors), while having limited/no effect of the secondary
production of TNFa, IL-6 and IL-10 (columns “N” wvs.
“medium”). The priming with the Spike protein subunits S1
and S2 showed no substantial variations relative to controls
(columns “S1” and “S2” vs. “medium”). We have additionally
examined other four cytokines (IL-1f, IL-8, IFN-y, GM-CSF;
Supplementary Figure S3). All four factors are produced by
medium-primed cells in response to R848 (columns “medium”
vs. “Control”). While the production of IL-8 was never
significantly modified by priming with any agent (upper right
panel), priming with R848 potentiates the production of IL-1,
IFN-y and GM-CSF (columns “R848” vs. “medium” in the left
and lower right panels). As in other cases, priming with the
inactivated virus had no memory effect (columns “Virus” vs.
“medium”). Priming with N showed a potentiation of the
response to R848 in terms of IL-1B production in all donors
and GM-CSF in 3/4 donors (columns “N” vs. “medium”).
Eventually, we investigated the possibility that exposure to N
could induce a memory response in previously primed cells.
Thus, we have measured the production of cytokines in response
to N (5 pg/mL) in monocytes previously primed with medium
alone or containing LPS (1 ng/mL), R848 (0.5 pg/mL) or N (1 pg/
mL). The data in Figure 4 show that challenge with N could
induce a significant production of TNFa, and measurable levels
of IL-6, IL-10, IL-1PB, IL-8 and GM-CSF in unprimed cells (of 3/4
donors), while unable to increase the constitutive production of
IL-1Ra and IFN-y (columns “medium”). None of the priming
agents used (LPS, R848, N) was able to induce a memory that
substantially changed the secondary response (although with
strong inter-individual variability), except in the case of IL-1Ra,
whose production in response to challenge with N was
significantly increased in cells primed with LPS, R848 or N.

DISCUSSION AND CONCLUSIONS

This study provides initial evidence that the major SARS-CoV-2
structural nucleocapsid (N) protein has the ability to induce an
innate memory that changes the monocyte response profile upon
re-challenge. It should be noted that these results are
preliminary, since only cytokine production was examined,
and their interpretation is likewise limited, since only four
non-vaccinated donors are included.

Several studies have pointed to a possible role of innate
memory, induced by live attenuated vaccines such as BCG, for
preventing the severe effects of SARS-CoV-2 infection (29, 30).
On the other hand, the innate immune/memory profile of
monocytes/macrophages from convalescent or vaccinated
subjects revealed that both the whole infective virus and the
Spike protein encoding vaccine are able to induce a
transcriptional and epigenetic reprogramming suggestive of
establishment of innate memory (19, 23, 24). Notably, in vitro
challenge of blood leukocytes from convalescent individuals
showed an increased production of the inflammatory/
activating cytokines IL-1f and IL-6, based on an extensive
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FIGURE 4 | Innate immune memory response to a challenge with the N protein in human monocytes primed with bacterial or viral agents. Human monocytes
isolated from blood of four individual donors (green, red, blue, and yellow symbols) were cultured for 24 h in culture medium alone (column “medium”) or containing
LPS (1 ng/mL, column “LPS”, control bacterial agent), R848 (0.5 pg/mL, column “R848”, control virus-like agent) or N (1 pg/mL, column “N”). Cells were then
washed and rested for 7 days in the absence of stimuli, then challenged for 24 h in fresh medium alone or containing 5 pg/mL N. The production of TNFa, IL-6, IL-
10, IL-1Ra (upper panel from right to left) and IL-1B, IL-8, IFN-y, GM-CSF (lower panel from right to left) was measured in the 24 h supernatants by ELISA. The
values from cells that received no challenge are included in each panel as “Control” and encompass the values obtained from primed and unprimed cells (which did
not differ, confirming the return to baseline after the resting period). Data are presented as individual donors’ values (colored symbols) and as mean of the individual

values (gray columns). Statistical significance: * p <0.05; ** p <0.01; ** p < 0.001; *** p <0.0001.

epigenetic reprogramming of both CD14+ and CD16+
monocytes (24). Indeed, inhibitors of IL-6 (e.g., the anti-IL-6
receptor Tocilizumab) and of IL-1p (Anakinra) have been used
in the therapy of COVID-19. While the treatment with
Tocilizumab showed contradictory results regarding its efficacy
(31-33), the use of the recombinant form of the IL-1 receptor
antagonist IL-1Ra Anakinra showed encouraging results in
decreasing clinical parameters and reducing overall mortality
(34-36).

Bearing in mind that these results are preliminary, the major
finding of our study is that one of the SARS-CoV-2 proteins, the
nucleocapsid protein N, can induce innate memory in human
monocytes (from subjects that were not previously infected by
SARS-CoV-2 or vaccinated), and that this memory was almost
exclusively represented by an increased capacity to produce the IL-1
inhibitor IL-1Ra. While confirming that innate memory is non-
specific (the same memory response in terms of increased IL-1Ra
production is triggered by challenge with LPS, R848 or N), this
finding points to the importance of the N protein in stimulating an
anti-inflammatory compensatory mechanism to control the

cytokine storm and the tissue inflammation caused by the
infection. Only in response to a strong viral-like challenge (R848),
priming with N could also result in enhanced production of IL-1f.
This suggests that the memory induced by N is preferentially active
in anti-viral responses and includes the potentiation of a very
important defensive effector molecule while, at the same time,
being able to control unwanted inflammation through the
enhanced production of anti-inflammatory IL-1Ra. Upregulation
of IL-1Ra is expected to inhibit IL-1-dependent inflammation but
also the entire inflaimmatory cascade initiated by IL-1B (37, 38).
Conversely, a tendency of decreased production of the
inflammatory cytokines TNFo. and IL-6 was observed in cells
primed with the two spike protein subunits S1 and S2 and
challenged with the R848. Since only two donors could be
examined for S1 and S2 priming, this tendency cannot be
considered reliable. However, it may suggest that different parts of
the virus can prime the innate immune system towards a milder
secondary reaction by using different mechanisms (increase of anti-
inflammatory reactions induced by N protein priming and a
concomitant decrease of inflammatory responses induced by
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TABLE 1 | Summary of the capacity of SARS-CoV-2 and its proteins to induce innate memory in human monocytes.

Priming and challenge/memory stimuli

TNFa IL-6
Priming with Memory response to
SARS-CoV-2 LPS (bacteria) no no
R848 (viruses) no no
N LPS (bacteria) no no
R848 (viruses) M no
N (SARS-CoV-2) no no
S1 LPS (bacteria) M no
R848 (viruses) ) )
S2 LPS (bacteria) no no
R848 (viruses) ) )
R848 R848 (viruses) 1 1
N (SARS-CoV-2) no no

Cytokine production*

IL-10 IL-1Ra IL-1B IL-8 IFN-y GM-CSF
no no no no no no
no no no no no no
no N no no no no
no " 1 no no O]
no 7 no no no no
no no no no no no
no no no no no 1)
no no no no no no
no no no no no 1)
no N T no T T
no " no 1 no no

*Cytokine production is expressed as increase (1 or 11), indicating increase and strong increase, respectively), decrease (|) or no change (no) compared to medium-exposed cells.
Symbols within parentheses indicate dubious results, i.e., those in which the trend was observed in 3/4 donors (for N priming) and in which only two donors could be examined (for ST and

S2 priming).

Spike protein priming). The fact that the whole virus could not
induce any memory response may be explained by the cross-
regulating effects of the different viral components or by changes
induced by the inactivation process.

Table 1 summarizes the findings reported in this study and
highlight the strong and consistent potentiation effect of priming
with the N protein on IL-1Ra production, which may underlie a
less severe response to secondary infections, with a better control
of innate/inflammatory effector mechanisms.
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Background: The lower burden of COVID-19 in tropical settings may be due to
preexisting cross-immunity, which might vary according to geographical
locations and potential exposure to other pathogens. We sought to assess the
overall prevalence of SARS-CoV-2 antibodies and determine SARS-CoV-2
seropositivity according to HIV-status before the COVID-19 pandemic era.

Methods: A cross-sectional and comparative study was conducted at the
Chantal BIYA International Reference Centre (CIRCB) on 288 stored plasma
samples (163 HIV-positive versus 125 HIV-negative); all collected in 2017-2018,
before the COVID-19 pandemic era. Abbott Panbio™ COVID-19 IgG/IgM assay
was used for detecting SARS-CoV-2 immunoglobulin G (IgG) and M (IgM).
Among people living with HIV (PLHIV), HIV-1 viral load and TCD4 cell count
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(LTCD4) were measured using Abbott Real Time PCR and BD FACSCalibur
respectively. Statistical analyses were performed, with p<0.05 considered
statistically significant.

Results: The median [IQR] age was 25 [15-38] years. Overall seropositivity to
SARS-CoV-2 antibodies was 13.5% (39/288) of which 7.3% (21) was IgG, 7.3% (21)
IgM and 1.0% (3) IgG/IgM. According to HIV-status in the study population, SARS-
CoV-2 seropositivity was 11.0% (18/163) among HIV-positive versus 16.8% (21/
125) among HIV-negative respectively, p=0.21. Specifically, IgG was 6.1% (10/
163) versus 8.8% (11/125), p=0.26; IgM was 5.5% (9/163) versus 9.6%, (12/125),
p=0.13 and IgG/IgM was 0.6% (1/163) versus 1.6% (2/125) respectively. Among
PLHIV, SARS-CoV-2 seropositivity according to CD4 count was 9.2% (>500 cells/
pl) versus 1.8% (200-499 cells/uL), (OR=3.5; p=0.04) and 0.6% (<200 cells/pL),
(OR=17.7; p<0.01). According to viral load, SARS-CoV-2 seropositivity was 6.7%
(>40 copies/mL) versus 4.9% (<40 copies/mL), (OR= 3.8; p<0.01).

Conclusion: Before COVID-19 in Cameroon, cross-reactive antibodies to SARS-
CoV-2 were in circulation, indicating COVID-19 preexisting immunity. This
preexisting immunity may contribute in attenuating disease severity in tropical
settings like Cameroon. Of relevance, COVID-19 preexisting immunity is lower
with HIV-infection, specifically with viral replication and poor CD4-cell count. As
poor CD4-count leads to lower cross-reactive antibodies (regardless of viral
load), people living with HIV appear more vulnerable to COVID-19 and should be

prioritized for vaccination.

KEYWORDS

HIV, SARS-CoV-2, immunoglobulin G/M, T-CD4 lymphocytes, HIV viral load

Introduction

December 2019 was marked by the appearance of the new
coronavirus 2019 disease (COVID-19) in the city of Wuhan in
China, which quickly became a pandemic resulting on January 30"
2020 in a Public Health Emergency of International Concern
(PHEIC) (1-4). As of November 22" 2022, 643,620,075 cases
had been diagnosed worldwide with 6,628,090 deaths reported,
giving a fatality rate of 1.03% three years after the beginning of the
pandemic (5). Seven coronaviruses can lead to infection, but the
causal agent of COVID-19 was identified as the novel severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) (3, 6, 7). Of
note, SARS-CoV-2 is an enveloped virus with a linear and
unsegmented positive-sense RNA genome, coding for four main
structural proteins, namely: the spike (S), nucleocapsid (N),
envelope (E) and membrane (M) (8). The S protein contains, the
S1 subunit which is divided into an N-terminal domain (NTD) and
a receptor binding domain (RBD) responsible for binding the virus
to the host cell Angiotensin-Converting Enzyme 2 (ACE2) receptor
binding domain (8). The N protein on the other hand is involved in
the externalization of viral particles from the infected cell.
Additionally, the spike glycoprotein polymer (specifically S1)
mediates viral attachment, followed by membrane fusion. This
glycoprotein is immunogenic and hence ideal for serosurveys
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(targeting IgM and IgG humoral circulating antibodies) (3, 7, 9-
11), which are one of the best approaches to appraise the extent of
COVID-19 infection and disease circulation within a
given community.

Surprisingly, from the overall global burden of COVID-19, a
small proportion of cases were reported in Africa. On November
22nd 2022, 12,697,321 cases were reported indicating 1.97% of the
global burden (5) and suggesting a much lower severity of the
disease (12). Several hypotheses have been proposed to explain this
low incidence of COVID-19 in Africa among which were: (i) the
young population in Sub-Saharan Africa as compared to
Caucasians; (ii) SARS-CoV-2 persistence and spread
disadvantaged by climatic and environmental factors; (iii) social
distancing favored by the lifestyle in rural/less developed areas,
which limits the spread of the disease; (iv) underestimation of
morbidity and mortality counts due to poor testing coverage,
reflecting weak health systems; (v) a rapid activation of the
natural innate non-specific immunity due to an overexposure to
pathogens; and (vi) specific immune response following a previous
contact with viruses sharing common antigenic profiles with SARS-
CoV-2 (4, 6, 8). The potential low circulation of SARS-CoV-2 in
Africa may be justified by the existence of specific pre-pandemic
antibodies, responsible for cross-immunity during the pandemic
(8). Furthermore, with the emergence in 2019 of SARS-CoV-2, the
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world now has to face two pandemics: COVID-19 and HIV/AIDS
(13). As COVID-19 pandemic continues to cause much uncertainty
around the world, and especially among people living with and
affected by HIV (>67% of whom residing in sub-Saharan Africa),
understanding its extent as well as the determinants of induced
immunogenicity is crucial to frame the response strategy within
national programs and better prepare for future pandemics. We
therefore sought to assess the overall prevalence of SARS-CoV-2
antibodies and determine SARS-CoV-2 seropositivity according to
HIV-status during the COVID-19 pre-pandemic era in Cameroon.

Methods
Study design

We carried out a case-control study on archived plasma samples
collected between 2017 and 2018, before the outbreak of COVID-19
in Cameroon.

Study site

As a COVID-19 reference center for diagnostic and genomic
surveillance, the “Chantal BIYA” International Reference Centre for
research on HIV/AIDS prevention and management (CIRCB) is a
government institution of the Cameroonian Ministry of Public Health
committed to research on HIV/AIDS prevention and management.
Additionally, CIRCB covers: (a) HIV early infant diagnosis in the frame
of the national PMTCT program; (b) diagnosis of co-infections with
HIV; (c) viral load measurement; (d) CD4 and CD8 T lymphocytes
counts; (e) biochemical and hematological tests for drug follow-up; (f)
genotypic HIVDR testing (GRT) at subsidized costs; with quality
control programs conducted in partnership with Quality Assessment
and Standardization of Indicators (QASI) and other international
organizations (http://www.circb.cm/btc_circb/web/).

Sampling and eligibility criteria

We enrolled archived plasma samples previously anonymized
and codified as per institutional biobanking procedures (from both
HIV-positive and negative individuals). Socio-demographic and
clinical data were obtained from the CIRCB database. Samples
were from people residing in the Centre region of Cameroon. For
HIV-positive individuals, only those with CD4-cell count, HIV-1
viral load measurements and with a complete treatment history
were included; those with any co-infection or related co-morbidity
were excluded.

Clinical and laboratory procedures
Serological assays

SARS-CoV-2 antibodies were tested using the Abbott Panbio
COVID-19 IgG/IgM Rapid Test Device as per manufacturer’s
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instructions. Assay performance as reported by the manufacturer
was as follows: sensitivity (97.8%); specificity (92.8%); precision
(>99% both for intra-assay and inter-assay assessments) (14).
Briefly, plasma samples were mixed by low-speed vortex after
which 10uL of supernatant was applied to the specimen well (S)
of the test device. Two drops (approximately 60 LL) of buffer were
added and a timer was started for 10 minutes. At the end of the 10
minutes the test device was read. A valid result consisted of the
appearance of a red line in the Control (C) area of the reading
window. A negative result consisted of the presence of the red
line only in the C area whereas the presence of a red line on both C
and G (IgG) areas indicated a reactivity to IgG; a red line on both
C and M (IgM) areas, reactivity to IgM and a red line in C and both
G and M areas of the reading window indicated a positive result for
both IgG and IgM.

T-CD4 lymphocytes phenotyping

Before storage in the biobank, CD4 cells count of PLHIV had
also been performed using the BD FACSCalibur ' Flow Cytometer
as per the manufacturer’s instructions with results reported as the
number of cells per microliter of blood (15). We therefore classified
CD#4 results as follows: no immunodeficiency (above or equal to 500
cell/uL); mild immunodeficiency (between 350 and 499 cell/uL);
advanced immunodeficiency (between 200 and 349 cell/pL) and
severe immunodeficiency (below 200 cell/uL).

Viral load measurements

Before storage in the biobank, HIV-1 viral load measurement
had also been performed using the Abbott ™ 12000rt instrument
for Real Time PCR as-per the manufacturer’s instructions (16), with
a lower detection threshold of 40 HIV-1 RNA copies/mL and an
upper detection threshold of 10,000,000 copies/mL.

Statistical analysis

Data collected were entered on Microsoft Excel 2021. The
software IBM.SPSS® Statistics V.20 was used for statistical
analysis. Association analyses were performed using Pearson Chi-
Square Test with statistical significance considered at p<0.05. All
variables with p<0.2 during bivariate analyses were retained for
multivariable analysis.

Results

Clinical characteristics of the
study population

Out of a total of 288 selected samples, 163 were HIV positive
(56.6%) and 125 HIV negative (43.4%). Median age [interquartile
range; IQR] in the study population was 25 [15-38] years; 18 [13-
41] years among HIV-positive versus 28 [23-35] years among HIV
negative. Majority of our study population was of the male gender,
58.0% (159/288), with similar distribution according to HIV-status.
The rest of socio-demographic and clinical parameters are
summarized in Table 1.
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TABLE 1 Clinical characteristics of the study population.
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Variables Effective n (%)
Gender

Female 121 (42.0)

Male 167 (58.0)
Age

Median age 25 years

0-19 108 (37.5)

20-39 118 (40.9)

40-59 54 (18.8)

>60 8(2,8)
HIV status

HIV positive 163 (56.6)

HIV negative 125 (43.4)
WHO clinical stages (for HIV positive) *

I 114 (75.5)

1I 21 (13.9)

111 14 (9.3)

v 2(13)

Median ART-duration (months) 24 [7-66]
ART line

First line 139 (85.3)

Second line 24 (14.7)
Most prescribed regimen

TDF+3TC+EFV (in first line) 56 (40.3)

TDF+3TC+ATV/r (in second line) 9 (37.5)
T-CD4 counts (cells/uL)

> 500 65 (39.9)

[350-499] 12 (7.4)

[200-349] 26 (15.9)

<200 60 (36.8)
HIV Viral Load (copies/mL)

< 40 50 (30.7)

> 40 113 (69.3)

*Data regarding WHO clinical stages were obtained for 151 participants only.

Overall seroprevalence of SARS-CoV-2
antibodies

The global prevalence of SARS-CoV-2 antibodies was 13.5% (39/
288) in the study population; 7.3% (21/288) IgG, 7.3% (21/288) IgM
and 1.04% (3/288) IgG/IgM. Distribution of SARS-CoV-2 antibodies
was similar according to age and HIV-status (p=0.07 and p=0.21
respectively); but statistically higher in men (aOR=2.54; [95%CI: 1.15-
5.64]; p=0.02), as presented in Tables 2, 3 below.
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Seroprevalence of SARS-CoV-2 antibodies
among HIV-infected participants

Concerning HIV-infected participants, virological control
(VL<40copies/mL), high CD4 cells count (>350cells/uL) and ART
duration >23 months were all significantly associated to SARS CoV-2
seropositivity in bi-variables analyses (p=0.005; p=0.01; p<0.001
respectively) but not in multivariable analysis (p=0.14; p=0.19;
p=0.96 respectively) as presented in Table 4 below.
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TABLE 2 Overall prevalence of SARS-CoV-2 antibodies (IgG and IgM) using the rapid diagnostic assay.

Variables Overall prevalence of Ig Prevalence of I9G Prevalence of IgM
n (%) p-value n (%) p-value n (%) p-value
Gender
Male 29 (17.37) 17 (10.18) 14 (8.38)
0.04 0.03 054
Female 10 (8.26) 4(3.31) 7 (5.79)
Age
<25 years 25 (17.36) 14 (9.72) 13 (9.03)
0.08 0.17 0.36
>25years 14 (9.72) 7 (4.86) 8 (5.56)
HIV-status
HIV+ 18 (11.04) 10 (6.13) 9 (5.52)
0.21 0.53 0.27
HIV- 21 (16.80) 11 (8.80) 12 (9.60)
TABLE 3 Determinants of a high SARS-CoV-seroprevalence (multivariable analysis).
Variables Adjusted odds ratio 95% C.l. p-value
Age (>25/<25) ‘ 0.51 ‘ [0.25-1.06] 0.07
Gender (M/F) 2.54 [1.15-5.64] 0.02

Discussion

To the best of our knowledge, no evidence clearly explains the
low severity of COVID-19 in Africa, a continent that has the
weakest health system and infrastructures. Indeed, the limited
number of healthcare infrastructures, the poor access to
specialized health services (present only in some urban areas),
and the limited number of professionals trained in critical care
have already been widely documented across the continent (3, 17-
21); thus calling for further investigations to clarify on this low
incidence of COVID-19 in Africa (12). The objective of this study
was to assess the circulation of SARS-CoV-2 antibodies in a pre-
pandemic era according to HIV-infection in Cameroon.

First and foremost, our findings effectively demonstrated the
circulation of SARS-CoV-2 antibodies in Cameroon before the
disease outbreak in 2019. This pre-existence of specific SARS-
CoV-2 antibodies strongly supports the hypothesis of potential
cross-immunity during the pandemic. The later could also be
justified by a previous contact with other coronaviruses sharing
common antigenic profiles (4, 8), which could be either HKU1,
NL63, OC43 or 229E. Moreover, the circulation of these specific
coronaviruses within Central Africa had never been described
before the COVID-19 outbreak (22, 23).. Assessing the titer and
immunogenicity of these specific pre-pandemic SARS-CoV-2
antibodies through broadly neutralizing assays will help confirm
this hypothesis and further characterize this cross-immunity to
understand its effect on SARS-CoV-2 variants and sub-lineages
circulating nowadays (24). On one hand, we observed a higher sero-
positivity SARS-CoV-2 antibodies among males as compared to
females, likely driven by the differential level of ACE-2 receptors
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among men as compared to women (8, 25). On the other hand,
knowing that estrogens decrease plasma renin activity while
androgens increase plasma renin activity and the expression of
angiotensinogen messenger RNA, it is therefore predicted that the
latter hormone would up-regulate ACE2 expression (25). In effect,
the human angiotensin-converting enzyme 2 (ACE2) has been
described as the functional receptor for the severe acute
respiratory syndrome caused by coronaviruses (8, 26), thus
facilitating recognition and infection by coronaviruses (26).
Therefore, the protective role of ACE2 in chronic pathologies like
hypertension, cardiovascular diseases, and acute respiratory distress
syndrome (25), would be reversed in the advent of COVID-19.
With respect to HIV-status, we observed here a similar
distribution of SARS-CoV-2 antibodies between HIV-infected and
uninfected participants. This observation is in line with several
studies conducted early in the pandemic, indicating that the clinical
presentation of COVID-19 is similar in people with and without
HIV, particularly if they are on ART and have achieved HIV viral
suppression (13, 27-29). However, among sera of HIV-infected
participants, high CD4 counts, virological control (>40copies/mL)
and ART duration, seemed individually associated to the presence
of SARS-CoV-2 antibodies; suggesting that people with a highly
compromised immune system, an uncontrolled viral replication
and/or the absence of an effective ART-regimen stand a high risk of
not controlling SARS-CoV-2 replication or developing severe
symptoms of COVID-19 (13). This observation therefore suggests
that a closer monitoring of HIV/SARS-CoV-2 co-infection would
be beneficial in order to preserve the benefits of vaccine-induced
immunogenicity in this key population. Importantly, the
pathogenicity associated to each virus separately and subsequent
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TABLE 4 Predictors of SARS-CoV-2 seroprevalence among HIV-infected participants.

Variables

OR [95%Cl] (p-value)

Prevalence of Ig

aOR [95%Cl] (p-value)

CD4 (cells/uL)

>350 14 (18.18)
4,55 [1.42-14.51] (0.01) 2.65 [0.62-11.26] (0.19)
<350 4 (4.65)
Viral load (copies/mL)
<40 10 (20.41)
3.39 [1.25-9.23] (0.026) 0.58 [0.16-2.12] (0.41)
>40 8 (7.02)
ART-duration (months)
<23 0 (0.00)
/(<0.001) 1(0.96)
>23 18 (22.78)
Treatment line
1* line 13 (9.35)
0.39 [0.12-1.22] (0.19) 2.87 [0.85-9.66] (0.08)
2" line 5 (20.83)

impairments to the immune system have been described; and even
though vaccination of HIV-infected is essential to uphold an
already weak immune system, it is important to emphasize that
our findings primarily suggest there is a greater risk of COVID-19
severity among the severely immune-compromised and in those
with an uncontrolled viral replication.

Conclusion

In summary, cross-reactive antibodies to SARS-CoV-2 were in
circulation in Cameroon before COVID-19, suggesting preexisting
immunity, which may have contributed in limiting the spread of
COVID-19 and attenuating the severity of new variants within this
tropical setting. This preexisting immunity appears similar among
HIV-infected versus uninfected participants. As poor CD4-count
leads to lower cross-reactive antibodies (regardless of viral load),
people living with HIV (especially those with poor clinical status)
appear more vulnerable to COVID-19 and should be prioritized
for vaccination.
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Antiretroviral therapy (ART) has improved the lifespan of people living with HIV.
However, their immune system remains in a state of sustained activation/
inflammation, which favors viral replication and depletion of helper T-cells with
varying profiles according to ART-response. We herein sought to ascertain the
inflammatory profile of adolescents living with perinatal HIV-1 infection (ALPHI)
receiving ART in an African context. In this cross-sectional and comparative study
among ART-experienced ALPHI in Yaoundé-Cameroon, HIV-1 RNA was measured
by Abbott Real-time PCR; CD4 cells were enumerated using flow cytometry;
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serum cytokines were measured by ELISA; HIV-1 proviral DNA was genotyped by
Sanger-sequencing; and archived drug resistance mutations (ADRMs) were
interpreted using Stanford HIVdb.v9.0.1. Overall, 73 adolescents were enrolled
(60 ALPHI and 13 HIV-1 negative peers) aged 15 (13-18) years; 60.00% were female.
ART median duration was 92 (46-123) months; median viral load was 3.99 (3.17-
4.66) RNA Logjg (copies)/mL and median CD4 count was 326 (201-654) cells/
mm?>. As compared to HIV-negative adolescents, TNFo. was highly expressed
among ALPHI (p<0.01). Following a virological response, inflammatory cytokines
(IFNy and IL-12), anti-inflammatory cytokines (IL-4 and IL-10) and inflammation-
related cytokines (IL-6 and IL-1B) were highly expressed with viral suppression (VS)
vs. virological failure (VF), while the chemokine CCL3 was highly expressed with VF
(p<0.01). Regarding the immune response, the inflammatory cytokine TNFo was
highly expressed in those that are immunocompetent (CD4>500 cell/mm?) vs.
immunocompromised (CD4<500 cell/mm?), p < 0.01; while chemokine CCL2 was
highly expressed in the immunocompromised (p<0.05). In the presence of ADRMs,
IL-4 and CCL3 were highly expressed (p=0.027 and p=0.043 respectively). Among
ART-experienced ALPHI in Cameroon, the TNFo cytokine was found to be an
inflammatory marker of HIV infection; IFNy, IL-1pB, IL-6, and IL-12 are potential
immunological markers of VS and targeting these cytokines in addition to
antiretroviral drugs may improve management. Moreover, CCL3 and CCL2 are
possible predictors of VF and/or being immunocompromised and could serve as

surrogates of poor ART response.

KEYWORDS

HIV-1, inflammation, antiretroviral therapy, adolescents, cytokines, viral load, CD4

Introduction

Children and adolescents constitute a growing population of
people living with HIV in developing countries, mainly due to
ongoing mother to child transmission of HIV-1 (MTCT) and the
benefits of antiretroviral therapy (ART) in sustaining the lifespan of
infected children (1). Of note, sub-Saharan Africa (SSA) is paying
the heaviest toll of pediatric HIV as ~85% of worldwide new
pediatric infections occur in this region (2). Even though ART
has substantially contributed to reducing HIV-1 MTCT (3), women
in SSA settings (Cameroon included) (4) still face delayed HIV-1
diagnosis during pregnancy/breastfeeding, which leads to limited
coverage in prevention of MTCT (PMTCT) and occurrence of new
pediatric HIV-1 infections (5),

With more than 160,000 new cases of HIV-infection reported
among children in 2021, pediatric HIV remains a major public
health concern, thus calling for novel strategies to ensure optimal
management of such a lifelong condition from childhood (1, 2). As
in HIV-infected adults, ART increases the life expectancy of HIV-
infected infants and children, allowing them to grow toward
adulthood. However, the differential features in HIV pathogenesis
between adults and children (i.e., faster disease progression and
lower control of viral replication) require innovative approaches to
optimize the outcomes with current pediatric ART in this

Frontiers in Immunology

underserved population (6-9). Moreover, the inability of
antiretrovirals to access latent reservoirs, characterized by infected
long-lived memory CD4" T lymphocytes and macrophages, results
in the persistent immune activation and inflammation observed in
the course of HIV-1 infection (6-8).

Several cytokines have been associated with HIV-1 infection
and pathogenesis (10-14). Of note, inflammatory cytokines,
including interleukins (IL)-2, IL-6, IL-12, interferon gamma
(IFNYy), and tumor necrosis factor-o. (TNFa), were reported to be
essential for the clearance of HIV infection (10). Furthermore, IL-4,
IL-5, IL-10, and IL-13 are known to be associated with disease
progression (13, 15). However, such knowledge gaps still exist in the
frame of pediatric HIV-infection, and specifically within sub-
Saharan Africa (SSA) clinical settings.

An effective immune response against HIV must strike a
balance between inflammatory and anti-inflammatory cytokines.
Even though ART acts by trying to restore this equilibrium, it is still
unclear how immunologic and virologic parameters of adolescents
living with perinatal HIV-1 infection (ALPHI) influence circulating
cytokine levels. In view of optimizing immunotherapeutic strategies
toward HIV pediatric control, the objective of this study was to
determine the cytokine profile of ALPHI in Cameroon and to assess
the relationship between cytokine levels and the virologic or
immunologic responses.
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Materials and methods
Study design

A cross-sectional observational and comparative study was
conducted among 73 adolescents (60 HIV-positive and 13 HIV-
negative, ratio 5:1) aged 13-18 years at the Chantal BIYA
International Reference Centre for research on HIV/AIDS
prevention and management (CIRCB) in Yaounde-Cameroon for
the period ranging from March to July 2019.

Briefly, 60 ART-experienced ALPHI (60.00% were female) were
enrolled from reference pediatric health facilities in the city of
Yaoundeé-Cameroon (Essos Health Centre and the Mother-Child
Centre of the Chantal BIYA Foundation), as previously described
within the frame of the EDCTP READY-Study cohort (16).
Additionally, 13 age-matched HIV-negative adolescents, without
malaria and hepatitis B/C infections, were enrolled as a control group.

Sampling and data collection

From each participating ALPHI, the following parameters were
collected: date of HIV diagnosis, age, gender, date of ART initiation,
and complete ART history (duration/regimen). Then, 8 mL of
whole blood was collected in EDTA tubes for immunological
(CD4 count and cytokine testing) and virological (HIV-1 viral
load, HIV-1 proviral DNA amplification, and sequencing) analyses.

HIV-1 RNA measurement

A reverse transcription-polymerase chain reaction (RT-PCR)
assay was performed on 700uL of plasma samples using the Abbott
RealTime (Abbott Park, IL, USA), an in vitro platform with a lower
and upper detection limit of 40 and 10,000,000 copies/mL
respectively. RT-PCR was then performed to quantify the HIV-1
viral RNA (plasma viral load, PVL) of each participant by RNA
extraction from plasma followed by reverse-transcription/
amplification of RNA extracts and simultaneous revelation as per
the manufacturer’s instructions (www.molecular.abbott/int/en/
products/infectious-disease/realtime-hiv-1-viral-load). For the
purpose of the study, the PVL results of each ALPHI were
classified as either viral suppression (PVL<1000 copies/mL) or
virological failure (PVL>1,000 copies/mL).

Helper CD4+ T cells count

CD4+ T cells were enumerated by flow cytometry with a
counter cytometer, using the CD4 easy count kit as per the
manufacturer’s instructions (Sysmex Partec GmbH) as previously
described (17). For the purpose of the study, ALHPI were then
classified as either immunocompetent (CD4 = 500 cells/pL) or
immunocompromised (CD4 < 500 cells/pL).
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Cytokine measurement

Inflammatory (IL-1f, IL-6, IL-12, CCL2, CCL3, CCL4, IFNY,
IL-17A, and TNFo), anti-inflammatory (IL-4 and IL-10), and
inflammation-related cytokine (IL-6 and TGFP1) measurement
was performed on plasma using the sandwich-based enzyme-
linked immunosorbent assay (ELISA) with Multi-Analyte
ELISArray (Qiagen, Frederick, Maryland, 21704, USA) following
the manufacturer’s recommendations (https://www.qiagen.com/us/
products/discovery-and-translational research/functional-and-cell-
analysis/elisa-assays/multi-analyte-elisarray-kits) (18). The optical
density was measured at 450nm (ODy,s), and the concentration in
pg/mL was calculated based on the logarithmic function y=a In(x)
+b obtained through the standard curves of samples with known
concentrations. ODy5, reads between 0 and 2.5 were considered to
be within the linear range for all of the analytes as instructed
(https://www.qiagen.com/dk/resources/faq?id=c9815b21-393e-
4cef-8968-5d4e67801aal &lang=en).

HIV-1 DNA extraction and genotyping

HIV-1 DNA extraction was done from 200 pL of buffy coat
following the protocol of the QIAamp DNA Mini Kit (Qiagen,
Maryland, USA). Viral DNA extracts were directly amplified using
a two-round PCR according to an in-house genotyping protocol as
previously described (9). Sanger-sequencing was performed by
capillary electrophoresis on ABI 3500 (Applied Biosystems) using
the dye deoxy-termination chain with a set of eight sequencing
primers. HIV-1 sequences were assembled and edited using Recall
v.2.28 software. Edited sequences were then analyzed for the
interpretation of HIV-1 archived drug resistance mutations
(ADRMs) using the Stanford HIV Drug Resistance Database
algorithm v.9.0.1 (https://hivdb.stanford.edu/). Sequences with
more than three mutations in the reverse transcriptase (RT) and/
or two mutations in the protease (PR) known to be associated with
APOBEC3G/F activity were excluded due to event of
hypermutation (19).

Statistical and phylogenetic analysis

Data were coded and recorded in an excel spreadsheet, cleaned,
and double checked. The parameters of central tendency (median)
and dispersion (interquartile range) were used to describe
discontinuous variables. Categorical variables were described in
terms of proportions and frequencies. A Mann-Whitney test was
used to compare the mean of continuous variables between the
following groups: i) ALPHI vs. uninfected adolescents; ii) ALPHI on
viral suppression vs. virological failure; iii) immune-competent vs.
immunocompromised ALPHI; iv) ALPHI with vs. without ADRMs.
A Spearman correlation test was performed between the PVL/CD4
T cell and each cytokine. Any p-value<0.05 was considered
statistically significant.
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Ethical and regulatory considerations

As per the Declaration of Helsinki adopted by the 18™ World
Medical Assembly in 1964 with respect to international regulations
for ethics and good clinical practices, ethical clearance for the
present study was obtained from the National Ethics Committee
for research on human health (reference N° 2021/12/CE/CNERSH/
SP). Administrative authorisations were obtained from the
Directorate General of CIRCB and the Directors of clinical sites.
Confidentiality was ensured by the use of de-identified and
anonymised datasets. Written informed consent was obtained
from parents or legal guardians, and written assent was provided
by each participating adolescent. For the purpose of beneficence, all
laboratory results (HBV, Malaria, CD4, PVL, genotypic drug
resistance testing) related to the clinical management of the study
participants were provided free of charge for personalized case
management toward optimal HIV treatment or treatment of any
reported co-infection or comorbidity.

Results

Socio-demographic, immuno-virological,
and treatment characteristics of HIV-1
infected adolescents

Out of the 60 ALPHI, 36 (60%) were female, and the median
[interquartile range, IQR] age was 15 [13-18] years. All were
receiving ART and the median [IQR] duration on treatment was
92 [46-123] months; 80% were on non-nucleoside reverse
transcriptase inhibitor (NNRTI)-based first-line regimens.
Regarding the WHO clinical staging, the majority (70%) were
categorized as clinical stage I, and 16.7% were categorized as
clinical stage II. Regarding virological response, the median PVL
was 3.99 [3.17-4.66] log;o(copies/mL), of whom about three
quarters (n=47) of participating ALPHI were experiencing
virological failure (VL=1000 copies/mL) as defined by WHO in
our context. See detailed description in Table 1.

Profile of cytokines and HIV-1 status

Out of all cytokines measured, only the concentration of the
inflammatory cytokine TNFo was significantly higher in HIV-1
infected participants compared to their HIV-negative peers
(p<0.01), indicating its role as a marker of inflammation or
immune activation (Table 2).

Profile of cytokines and
virological response
The concentration of inflammatory cytokines IL-1f3, IL-12, and

IFNYy; anti-inflammatory cytokine IL-4; and inflammation-related
cytokine IL-6 were significantly higher in ALPHI with viral
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TABLE 1 Socio-demographic, immuno-virological, clinical, and
therapeutic features of ALPHI.

Gender Female, n (%) 36 (60.00)
Male, n (%) 24 (40.00)

Age at enrollment, years Median [IQR] 15 [13-18]

ART duration, months Median [IQR] 92 [46-123]
<60 months, n (%) 17 (28.33)
>60 months, n (%) 36 (60.00)
Unknown, n (%) 7 (11.67)

ART exposition First-line (NNRTI based 48 (80.00)
regimen)
Second line (PI based 12 (20.00)
regimen)

WHO Clinical stages I, n (%) 42 (70.00)
I, n (%) 10 (16.67)
1IL n (%) 6 (10.00)
IV, n (%) 2(333)
Median [IQR] (logo(copies/ 3.99 [3.17-
mL)) 4.66]

Viral load, copies/mL <1000, n (%) 13 (21.67)
>1000, n (%) 47 (78.33)

CD4+ T cells Median [IQR] 326 [201-654]

<500, n (%) 20 (62.5%)

=500, n (%) 12 (37.5%)

ART, Antiretroviral therapy; NNRTI, non-nucleoside reverse-transcriptase inhibitors; PI/r,
ritonavir-boosted protease inhibitor; CD4, cluster of differentiation.

suppression compared to those with virological failure; p<0.05
(Figure 1). Additionally, the anti-inflammatory cytokine IL-10
was also highly expressed among ALPHI experiencing viral
suppression, while the chemokine CCL3 was significantly
expressed among ALPHI experiencing virological failure as
compared to those on viral suppression; p<0.01 (Figure 1)
However, only cytokines IL-1B and IL-4 were negatively
correlated with PVL (r= -0.44; p<0.01 and r= -0.27; p=0.04
respectively; Figure 2), suggesting that lower levels of IL-1 and
IL-4 are associated with increased severity of PVL, while chemokine
CCL2 alone was positively correlated with PVL; r= 0.36; p<0.01.

Profile of cytokines and immune response

According to the distribution of CD4 cells count in the study
population, the median value [IQR] was 326 [201-654] cells/mm?>,
of which 20 (62.5%) participants were immunocompromised
(CD4<500 cells/mm?®) and 12 (37.5%) were immunocompetent
(CD4>500 cells/mm?) as per the classification of the World
Health Organization (Table 1).

One inflammatory cytokine (TNFa) was highly expressed in
immunocompetent ALPHI (p < 0.01), while one anti-inflammatory
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TABLE 2 Profile of cytokines according to HIV-1 status of adolescents.

Distribution according to HIV-1 status

Cytokines/
Chemokines

(Median [IQR] in pg/mL)

Negative (13)

Positive (60)

(Median [IQR] in pg/mL)

IL-1B 13.8 [11.1-16.6] 10.0 [10.0 - 10.3] 0.26
IL-4 10.1 [10.0-10.2] 10.1 [10.0-10.8] 021
IL-6 13.9 [11.1-19.0] 10.5 [10.0-11.8] 0.08
IL-10 10.6 [10.0-12.0] 11.3 [10.0-14.0] 0.39
IL-12 13.1 [10.0-42.0] 10.2 [10.0-11.7] 0.20
IL-17A 14.8 [10.4- 19.6] 132 [11.3-18.0] 0.49
IFNy 10.6 [10.0-11.0] 11.2 [10.2-14.9] 0.42
TNFo, 16.8 [14.5-18.0] 78.3 [55.1-112.1] <0.01
TGF-B1 234.7 [10.0-240.5] 225.4 [203.25-258.8] 0.09
CCL2 115 [10.0-22.4] 12.9 [10.1-90.1] 097
CCL3 18.1 [15.2-39.5] 10.9 [10.0-15.4] 0.24
CCL4 15.4 [10.6-20.0] 10.0 [10.0-12.1] 0.19

IL, interleukin; TGF, transformative growth factor; TNF, tumor necrosis factor.
Bold: statistical significant.

chemokine CCL2 was highly expressed in immunocompromised
ALPHI (p<0.05), as shown in Figure 3. Interestingly, both
biomarkers (TNFo and CCL2) correlated significantly with the
CD4 T cell count (r= 0.42, p=0.01 and r= -0.43, p=0.01
respectively), thus confirming their clinical significance in
pediatric HIV infection.

Profile of cytokines and antiretroviral
therapy regimen

No significant association was found between the ART regimen
(NNRTI-based versus PI/r) and the profile of studied cytokines/
chemokines (data not shown), suggesting minimal (if any) effect of
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Cytokine profile according to virological response. VF, Virological failure (viral load >3 Logjg(copies/mL)); VS, Viral suppression (viral load <3 Logig
(copies/mL)); IL, interleukin; TGF, transformative growth factor; TNF, tumor necrosis factor; (p<0.05), ** (p<0.01). This graph shows the significant
low level of inflammatory cytokines IL-12 and IFNy; anti-inflammatory cytokines IL-4 and IL-10 and the inflammation related cytokines IL-1B, IL-6
while the level of chemokine CCL3 was high in adolescents with VF as compared to those with VS.
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the ART regimen on the profiling and dynamics of cytokines/
chemokines during the course of HIV pediatric infection.

Profile of cytokines, HIV-1 clades, and
archived drug resistance mutations

Out of 32 adolescents from whom HIV-1 genotyping was
successful in proviral DNA, 22 (68.75%) were infected with
CRF02_AG, 04 (12.50%) with subtype G, 01 (3.13%) with each of
the following: recombinant A1/G/K, A1/G, CRF11_cpx,
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CRF13_cpx, CRF18_cpx, CRF37_cpx, and subtype H. There was
no preferential pattern in cytokine profiling according to HIV-1
clade distribution (data not shown).

According to HIV-1 mutational profile in proviral DNA, 10
participants (31.25%) harbored archived drug resistance mutations
(ARDMs), including 10/32 (31.25%) with NNRTI resistance-
associated mutations, 8 (25.00%) with NRTI resistance-associated
mutations, and only 1 (3.12%) with a ritonavir-boosted protease
inhibitor (PI/r) resistance-associated mutation. The profile of
cytokines according to the presence of ADRMs revealed that the
levels of 1I-4 cytokines and CCL3 were significantly higher in
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adolescents with ADRMs; p<0.05 (Figure 4). The other cytokines/
chemokines (IL-1p, IL-6, IL-10, IL-12, MCP1, CCL4, IFNY, IL-17A,
TNFo, and TGF-B1) were not significantly associated to the
presence of ADRMs (p=0.19, p= 0.85, p=0.44, p=0.57, p=0.92,
p=0.14, p=0.11, p=0.71, p=0.33, p=0.81 respectively).

Discussion

With the goal to contribute to the control of pediatric HIV-
infection in the era of ART and to further support the UNAIDS
agenda for research into a functional HIV cure in SSA, the present
study has provided new insights on the expression of inflammatory
(IL-1B, IL-6, IL-12, CCL2, CCL3, CCL4, [FNY, IL-17A and TNFo),
anti-inflammatory (IL-4 and IL-10), and inflammation-related (Il-6
and TGF-B1) cytokines/chemokines in APHI in a typical SSA
setting like Cameroon. Taking into consideration the ART
paradigm and the high burden of pediatric HIV-infection in SSA
settings like Cameroon (4, 9), this setting represents an ideal avenue
for setting up baseline investigations that could pave the way for
pediatric HIV cure research in this sub-region.

Among participants, the gender distribution was similar among
APHI, suggesting an even distribution of the studied parameters.
Moreover, the majority (4/5) of APHI were on an NNRTI-first-line
ART regimen (in accordance with the proportion of national ART
regimens at the time of the study implementation), and a majority
(3/4) were also on a virological failure regimen. Despite the fact that
the observed rate of virological response was primarily related to
sampling for the purpose of our study objectives, poor ART
responses among these APHI has been previously reported,
driven by poor adherence and the low-genetic barrier to HIV
resistance of first-generation NNRTIs that were commonly used,
hence supporting transition to newer regimens (20, 21).

Regarding the profile of inflammatory cytokines, only TNFo.
was highly expressed among HIV-1-infected adolescents compared
to their HIV-negative peers. This underscores the fact that TNFa is
highly produced during HIV infection to increase antiviral
immunity (22, 23) but also to induce NF-kB, which in turn drives
proviral transcription and HIV replication (24). Although previous
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studies have indicated that TNF-o. stimulates HIV-1 replication in
cultured PBMC (25, 26), recent studies have found no correlation
between levels of TNF-o and HIV-1 replication in lymphoid tissue
(26). Further, one group has demonstrated that TNF-o. suppresses
HIV-1 production in peripheral blood monocytes (PBM) (27, 28).
These studies indicate that TNF-o0 may have distinct effects on the
pathogenesis of HIV.

Regarding virological response, our findings underscore a
decrease in inflammation-related cytokines II-1 and the anti-
inflammatory cytokine IL-4 with increasing levels of plasmatic
viral load being observed. Although during the course of HIV-1
infection the level of II-1f is increased in different anatomical
compartments, particularly in lymphatic tissues, and this
elevation is associated with disease progression off-ART (29), a
consequence of immune depletion and chronic immune activation
following HIV replication could be the progressive decrease of the
cytokines over time with antiretroviral treatment. On the other
hand, HIV can directly infect and deplete specific immune cells that
are responsible for producing IL-4, further contributing to its
reduced levels (30) as observed in Brazilian adolescents with long
ART experience (31). Inflammatory cytokines such as IL-12 and
IFNY as well as the inflammation-related cytokines IL-6 and IL-1f3
were lowly expressed among viral failure adolescents, while the
expression of inflammatory cytokine CCL3 was higher among those
experiencing virological failure. In fact the low level of IFNYy
observed in a context of sub-optimal virological response was
similar to what have been observed in studies conducted in Brazil
and Kenya where a low concentration of IFNy was observed in
adolescents with a detectable viral load (31) and ART non-adherent
people living HIV with active viral replication (32). Even though
there was not significance association between TNFo and viral load,
we have noticed a low level of this inflammation cytokine in
adolescents with virological suppression, similarly to what
observed in a USA children cohort where low levels of TNFa
correlated with low levels of viral load (33). The fact that higher
levels of IL-12 was observed in virally suppressed adolescents
stresses the immune-stimulatory properties of this cytokine that
enhances antiviral activity, thereby contributing in the control of
viral replication (34). Furthermore, IL-12 is critical for promoting

20—
P=0.027

- 154
£ °
2 10 wwaxltgey I@
¥
= 54

0 T T

With ADRMs Without ADRMs

Profile of IL-4 and CCL3 according to the occurrence of ADRMs. ADRMs, Archived Drug Resistance Mutations; IL,interleukin. This graph shows the
significant high level of the chemokine CCL3 as well as the cytokine IL-4 among adolescents with ADRMs.
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the differentiation of CD4+ T cells into Thl cells, which in turn
restrains HIV-1 replication and disease progression. As IL-12 is also
known to stimulate IFNY (35), it might be relevant to consider this
biomarker in pediatric HIV control or functional cure research
strategies. Although IL-10 is generally considered to be an
immunosuppressive cytokine that can inhibit antiviral immune
responses and promote viral replication (34, 36), we rather
observed its expression in a context of viral suppression in this
subset of ALPHI and correspondingly with a study conducted in
Brazil (31). Thus, IL-10 might have a complex role in HIV
pathogenesis, which may be either context- or age-dependent;
thereby requiring further investigations to delineate the
underpinning mechanism(s).

TNFo and CCL2 are two important cytokines that play a critical
role in the immune response during HIV infection. A higher
expression level of TNFo was found in immune-competent
compared immunocompromised ALPHI, indicating its role in
controlling HIV-1 replication (37). In contrast, the high
expression of CCL2 in immunocompromised APHI highlights its
role in the recruitment of monocytes and other cells to sites of viral
replication, leading to possible immune dysfunction (38). Thus,
strategies to minimize the expression of CCL2 may strengthen the
pediatric immune response, which in turn would support immune
normalization and better control of HIV replication.

Looking at the profile of cytokines according to ADRMs, only
IL-4 and CCL3 were highly expressed in the presence of ADRMs.
To the best of our knowledge, there is currently no evidence to
suggest that these biomarkers (IL-4 and CCL3) can influence
archiving of HIV-1 drug resistance mutations (39). While calling
for further investigations, IL-4 is known to promoting survival of
CD4+ T cells (i.e., primary targets for HIV-1 infection) (39), either
by impairing HIV-1 replication/transcription in infected cells or by
limiting the viral cytopathic effect, which consequently favors viral
archiving in cellular reservoirs (40). Inversely, IL-4 may also
increase the expression of certain proteins (Tat) involved in HIV-
1 replication, thereby enhancing the transcription of viral genes
under sub-optimal ART (41). Thus, in the frame of a fully
functional ART, exploring the role of IL-4 as a possible adjuvant
to sustained viral control may contribute to future off-ART
strategies investigational approaches in pediatrics.

Conclusion

Among ALPHI on ART, evidence of the expression level of
cytokines and chemokines shows that TNFo is a specific
inflammatory marker contributing to chronic immune activation
in the course of pediatric HIV-infection. Regarding the response to
ART, IFNy, IL-1B, IL-6, and IL-12 appear as biomarkers of viral
suppression, which highlights their roles as potential adjuvants (in
the frame of ART success) toward the development of an optimal
pediatric HIV control or functional cure strategy. Furthermore, as
CCL2 and CCL3 are associated with virological failure and poor
immunity, downregulating these markers may contribute to viral
control strategies.

Frontiers in Immunology

10.3389/fimmu.2023.1239877

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by National
Ethics Committee for research on human health. The studies
were conducted in accordance with the local legislation and
institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

AJN, JF, and GA conceived the study. ACK, MM, GB, and SD
enrolled participants. DT, MM, ON, GB, and SD analyzed samples.
ACK, AJN, EN, and ON performed the statistical analysis. JF, C-FP,
VC, TN, FC, MS, CN, GH-E, and CT interpreted the data; ACK, JF,
AJN, and GA drafted the manuscript. AJN, ADN, EN, NF, MT, S,
DK, FA, NS, AL, TN, ST, AEN, CN, CM, GH-E, CT, VC, MS, FC,
C-FP, and JF revised the manuscript. AJN and JF supervised the
work. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the Chantal Biya International
Reference Centre for Research on HIV/AIDS Prevention and
Management (CIRCB) and the European and Developing
Countries Clinical Trials Partnerships, through the following
grant agreements: READY-Study (TMA2015-CDF1027); and
AVIR-Study (TMA2020-CDF3228).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1239877
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ka'e et al.

References

1. UNICEF. HIV and AIDS in Adolescents. New York City, New York, USA:
UNICEF Data. Unicef (2021). Available at: https://data.unicef.org/topic/adolescents/
hiv-aids/.

2. UNAIDS. Global HIV Statistics. Geneva, Switzerland: Fact Sheet 2021 (2022) p.
1-3. Available at: https://www.unaids.org/sites/default/files/media_asset/UNAIDS_
FactSheet_en.pdf.

3. Astawesegn FH, Stulz V, Conroy E, Mannan H. Trends and effects of
antiretroviral therapy coverage during pregnancy on mother — to — child
transmission of HIV in Sub — Saharan Africa . Evidence from panel data analysis.
BMC Infect Dis (2022) 22:1-13. doi: 10.1186/s12879-022-07119-6

4. Ka’e AC, Nka AD, Yagai B, Kammogne ID, Ngoufack Jagni Semengue E, Nanfack
AJ, et al. The mother-to-child transmission of HIV-1 and profile of viral reservoirs in
pediatric population: A systematic review with meta-analysis of the Cameroonian
studies. PloS One (2023) 18:1-19. doi: 10.1371/journal.pone.0278670

5. Endalamaw A, Demsie A, Eshetie S, Habtewold TD. A systematic review and
meta-analysis of vertical transmission route of HIV in Ethiopia. BMC Infect Dis (2018)
18:1-11. doi: 10.1186/512879-018-3189-3

6. Brenchley JM. Mucosal immunity in human and simian immunodeficiency
lentivirus infections. Mucosal Immunol (2013) 6:657-65. doi: 10.1038/mi.2013.15

7. Khaitan A, Unutmaz D. Revisiting immune exhaustion during HIV infection.
Curr HIV/AIDS Rep (2011) 8:4-11. doi: 10.1007/s11904-010-0066-0

8. Paiardini M, Miiller-Trutwin M. HIV-associated chronic immune activation.
Immunol Rev (2013) 254:78-101. doi: 10.1111/imr.12079

9. Fokam J, Mpouel Bala ML, Santoro MM, Takou D, Tala V, Beloumou G, et al.
Archiving of mutations in HIV-1 cellular reservoirs among vertically infected
adolescents is contingent with clinical stages and plasma viral load: Evidence from
the EDCTP-READY study. HIV Med (2021) 00:1-10. doi: 10.1111/hiv.13220

10. Chavan V R, Ahir S, Kerkar S, Ansari Z, Samant-Mavani P, Nanavati R, et al.
Th1 cytokine gene polymorphism and the corresponding plasma cytokine levels: A
comparative study in HIV-1 positive and exposed uninfected infants. ] Med Virol
(2022) 94:625-33. doi: 10.1002/jmv.27408

11. Naicker DD, Werner L, Kormuth E, Passmore JA, Mlisana K, Karim SA, et al.
Interleukin-10 promoter polymorphisms influence HIV-1 susceptibility and primary
HIV-1 pathogenesis. ] Infect Dis (2009) 200:448-52. doi: 10.1086/600072

12. Shrestha S, Wiener HW, Aissani B, Song W, Shendre A, Wilson CM, et al.
Interleukin-10 (IL-10) pathway: Genetic variants and outcomes of HIV-1 infection in
African American adolescents. PloS One (2010) 5:1-8. doi: 10.1371/
journal.pone.0013384

13. Clerici M, Shearer GM. A THI- T . 2 switch is a critical step in the etiology of
HIV infection. Immunol Today (1993) 14:107-11. doi: 10.1016/0167-5699(93)90208-3

14. Graziosi C, Pantaleo G, Gantt KR, Fortin J, James F, Cohen O], et al. Lack of
evidence for the dichotomy of thl and th2 predominance in hiv-infected individuals.
Science (1994) 265:248-52. doi: 10.1126/science.8023143

15. Clerici M, Wynn TA, Berzofsky JA, Blatt SP, Hendrix CW, Sher A, et al. Role of
interleukin-10 in T helper cell dysfunction in asymptomatic individuals infected with
the human immunodeficiency virus. J Clin Invest (1994) 93:768-75. doi: 10.1172/
JCI117031

16. Fokam J, Santoro MM, Takou D, Njom-Nlend AE, Ndombo PK, Kamgaing N,
et al. Evaluation of treatment response, drug resistance and HIV-1 variability among
adolescents on first- And second-line antiretroviral therapy: A study protocol for a
prospective observational study in the centre region of Cameroon (EDCTP READY-
study). BMC Pediatr (2019) 19:1-11. doi: 10.1186/s12887-019-1599-z

17. Abba A, Fokam J, Kamgaing RS, Yimga JF, Kae AC, Nka AD, et al. Correlation
between the immuno-virological response and the nutritional profile of treatment-
experienced HIV-infected patients in the East region of Cameroon. PloS One (2021)
16:1-15. doi: 10.1371/journal.pone.0229550

18. Profile P. Multi-Analyte ELISArray Kits For analysis of multiple cytokines or
chemokines Sample & Assay Technologies Sample & Assay Technologies., 2-3.

19. Tzou PL, Kosakovsky Pond SL, Avila-Rios S, Holmes SP, Kantor R, Shafer RW.
Analysis of unusual and signature APOBEC-mutations in HIV-1 pol next-generation
sequences. PloS One (2020) 15:1-16. doi: 10.1371/journal.pone.0225352

20. Ding H, Wilson CM, Modjarrad K, McGwin G, Tang J, Vermund SH. Predictors
of suboptimal virologic response to highly active antiretroviral therapy among human
immunodeficiency virus-infected adolescents: Analyses of the Reaching for Excellence
in Adolescent Care and Health (REACH) Project. Arch Pediatr Adolesc Med (2009)
163:1100-5. doi: 10.1001/archpediatrics.2009.204

21. Eshleman SH, Krogstad P, Jackson JB, Wang YG, Lee S, Wei L], et al. Analysis of
human immunodeficiency virus type 1 drug resistance in children receiving nucleoside
analogue reverse-transcriptase inhibitors plus nevirapine, nelfinavir, or ritonavir

Frontiers in Immunology

172

10.3389/fimmu.2023.1239877

(Pediatric AIDS Clinical Trials Group 377). J Infect Dis (2001) 183:1732-8.
doi: 10.1086/320728

22. Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, et al. Induction
of a striking systemic cytokine cascade prior to peak viremia in acute human
immunodeficiency virus type 1 infection, in contrast to more modest and delayed
responses in acute hepatitis B and C virus infections. J Virol (2009) 83:3719-33.
doi: 10.1128/jvi.01844-08

23. Abel K, Rocke DM, Chohan B, Fritts L, Miller CJ. Temporal and Anatomic
Relationship between Virus Replication and Cytokine Gene Expression after Vaginal
Simian Immunodeficiency Virus Infection. J Virol (2005) 79:12164-72. doi: 10.1128/
jvi.79.19.12164-12172.2005

24. Katsikis PD, Mueller YM, Villinger F. The cytokine network of acute hiv
infection: A promising target for vaccines and therapy to reduce viral set-point? PloS
Pathog (2011) 7:1-6. doi: 10.1371/journal.ppat.1002055

25. Mellors JW, Griffith BP, Ortiz MA, Landry ML, Ryan JL, The S, et al. Tumor
necrosis factor-o, / cachectin enhances human immunodeficiency virus type 1
replication in primary macrophages. J Infect Dis (1991) 163:78-82. doi: 10.1093/
infdis/163.1.78

26. Li Q, Gebhard K, Schacker T, Henry K, Haase AT. The relationship between
tumor necrosis factor and human immunodeficiency virus gene expression in
lymphoid tissue. J Virol (1997) 71:7080-2. doi: 10.1128/jvi.71.9.7080-7082.1997

27. Herbein G, Montaner L], Gordon S. Tumor necrosis factor alpha inhibits entry
of human immunodeficiency virus type 1 into primary human macrophages: a selective
role for the 75-kilodalton receptor. J Virol (1996) 70:7388-97. doi: 10.1128/
jvi.70.11.7388-7397.1996

28. Herbein G, Gordon S. 55- and 75-kilodalton tumor necrosis factor receptors
mediate distinct actions in regard to human immunodeficiency virus type 1 replication
in primary human macrophages. J Virol (1997) 71:4150-6. doi: 10.1128/jvi.71.5.4150-
4156.1997

29. Yaseen MM NMA. H D. The role of IL-1f during human immunodeficiency
virus type 1 infection. Rev Med Virol (2023) 33. doi: 10.1002/rmv.2400

30. Vijayan KV, Karthigeyan KP, Tripathi SP, Hanna LE. Pathophysiology of CD4+
T-Cell depletion in HIV-1 and HIV-2 infections. Front Immunol (2017) 8:580.
doi: 10.3389/fimmu.2017.00580

31. Gustavo L, Munhoz C, Spina FG, MaChado DM. Prolonged antiretroviral
therapy in adolescents with vertical HIV infection leads to different cytokine profiles
depending on viremia persistence. Pediatr Infect Dis ] (2019) 38:1115-20. doi: 10.1097/
INF.0000000000002446

32. Musa F, Shaviya N, Mambo F, Abonyo C, Barasa E, Wafula P, et al. Cytokine
profiles in highly active antiretroviral treatment non-adherent, adherent and naive
HIV-1 infected patients in Western Kenya. Afr Health Sci (2021) 21:1584-92.
doi: 10.4314/ahs.v21i4.12

33. Than S, Hu R, Oyaizu N, ROmano J. Cytokine pattern in relation to disease
progression in human immunodeficiency virus- infected children. J Infect Dis (1997)
175:47-56. doi: 10.1093/infdis/175.1.47.

34. LiuJ, Zhan W, Kim CJ, Clayton K, Zhao H, Lee E, et al. IL-10-producing B cells
are induced early in HIV-1 infection and suppress HIV-1-specific T cell responses. PloS
One (2014) 9:1-13. doi: 10.1371/journal.pone.0089236

35. Kano SI, Sato K, Morishita Y, Vollstedt S, Kim S, Bishop K, et al. The
contribution of transcription factor IRF1 to the interferon-y-interleukin 12 signaling
axis and TH1 versus TH-17 differentiation of CD4+ T cells. Nat Immunol (2008) 9:34—
41. doi: 10.1038/ni1538

36. Jiang Y, Yang M, Sun X, Chen X, Ma M, Yin X, et al. IL-10+ NK and TGF-B+
NK cells play negative regulatory roles in HIV infection. BMC Infect Dis (2018) 18:80.
doi: 10.1186/s12879-018-2991-2

37. Vaidya SA, Korner C, Sirignano MN, Amero M, Bazner S, Rychert J, et al.
Tumor necrosis factor o is associated with viral control and early disease progression in
patients with HIV type 1 infection. J Infect Dis (2014) 210:1042-6. doi: 10.1093/infdis/
jiu206

38. Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant
protein-1 (MCP-1): An overview. ] Interf Cytokine Res (2009) 29:313-25. doi: 10.1089/
jir.2008.0027

39. Silva-Filho JL, Caruso-Neves C, Pinheiro AAS. IL-4: An important cytokine in
determining the fate of T cells. Biophys Rev (2014) 6:111-8. doi: 10.1007/s12551-013-
0133-z

40. Valentin A, Lu W, Rosati M, Schneider R, Albert J, Karlsson A, et al. Dual effect
of interleukin 4 on HIV-1 expression: Implications for viral phenotypic switch and
disease progression Proc Natl Acad Sci USA (1998) 95:8886-91. doi: 10.1073/
pnas.95.15.8886.

frontiersin.org


https://data.unicef.org/topic/adolescents/hiv-aids/
https://data.unicef.org/topic/adolescents/hiv-aids/
https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf
https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf
https://doi.org/10.1186/s12879-022-07119-6
https://doi.org/10.1371/journal.pone.0278670
https://doi.org/10.1186/s12879-018-3189-3
https://doi.org/10.1038/mi.2013.15
https://doi.org/10.1007/s11904-010-0066-0
https://doi.org/10.1111/imr.12079
https://doi.org/10.1111/hiv.13220
https://doi.org/10.1002/jmv.27408
https://doi.org/10.1086/600072
https://doi.org/10.1371/journal.pone.0013384
https://doi.org/10.1371/journal.pone.0013384
https://doi.org/10.1016/0167-5699(93)90208-3
https://doi.org/10.1126/science.8023143
https://doi.org/10.1172/JCI117031
https://doi.org/10.1172/JCI117031
https://doi.org/10.1186/s12887-019-1599-z
https://doi.org/10.1371/journal.pone.0229550
https://doi.org/10.1371/journal.pone.0225352
https://doi.org/10.1001/archpediatrics.2009.204
https://doi.org/10.1086/320728
https://doi.org/10.1128/jvi.01844-08
https://doi.org/10.1128/jvi.79.19.12164-12172.2005
https://doi.org/10.1128/jvi.79.19.12164-12172.2005
https://doi.org/10.1371/journal.ppat.1002055
https://doi.org/10.1093/infdis/163.1.78
https://doi.org/10.1093/infdis/163.1.78
https://doi.org/10.1128/jvi.71.9.7080-7082.1997
https://doi.org/10.1128/jvi.70.11.7388-7397.1996
https://doi.org/10.1128/jvi.70.11.7388-7397.1996
https://doi.org/10.1128/jvi.71.5.4150-4156.1997
https://doi.org/10.1128/jvi.71.5.4150-4156.1997
https://doi.org/10.1002/rmv.2400
https://doi.org/10.3389/fimmu.2017.00580
https://doi.org/10.1097/INF.0000000000002446
https://doi.org/10.1097/INF.0000000000002446
https://doi.org/10.4314/ahs.v21i4.12
https://doi.org/10.1093/infdis/175.1.47
https://doi.org/10.1371/journal.pone.0089236
https://doi.org/10.1038/ni1538
https://doi.org/10.1186/s12879-018-2991-2
https://doi.org/10.1093/infdis/jiu206
https://doi.org/10.1093/infdis/jiu206
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1007/s12551-013-0133-z
https://doi.org/10.1007/s12551-013-0133-z
https://doi.org/10.1073/pnas.95.15.8886
https://doi.org/10.1073/pnas.95.15.8886
https://doi.org/10.3389/fimmu.2023.1239877
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ka'e et al.

41. Rafat Husain S, Leland P, Aggarwal BB, Puril RK. Transcriptional up-regulation
of interleukin 4 receptors by human immunodeficiency virus type 1 tat gene. AIDS Res
Hum Retroviruses (1996) 12:1349-59. doi: 10.1089/aid.1996.12.1349

COPYRIGHT
© 2023 Ka'e, Nanfack, Ambada, Santoro, Takou, Semengue, Nka, Bala,
Endougou, Elong, Beloumou, Djupsa, Gouissi, Fainguem, Tchouaket, Sosso,
Kesseng, Ndongo, Sonela, Kamta, Tchidjou, Ndomgue, Ndiang, Nlend,

Frontiers in Immunology

173

10.3389/fimmu.2023.1239877

Nkenfou, Montesano, Halle-Ekane, Cappelli, Tiemessen, Colizzi, Ceccherini-
Silberstein, Perno and Fokam. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

frontiersin.org


https://doi.org/10.1089/aid.1996.12.1349
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2023.1239877
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

? frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Diana Boraschi,

Shenzhen Institute of Advanced
Technology (SIAT) (CAS), China

REVIEWED BY

Maria Laura Manca,
University of Pisa, Italy
Enzo luliano,

eCampus University, Italy

*CORRESPONDENCE

Susanne Dam Nielsen
susanne.dam.poulsen@regionh.dk

Sylvester Klocker Granbaek
sylvester.kloecker.groenbaek@

regionh.dk

SPECIALTY SECTION

This article was submitted to
Cytokines and Soluble
Mediators in Immunity,

a section of the journal
Frontiers in Immunology

RECEIVED 04 December 2022
ACCEPTED 23 January 2023
PUBLISHED 02 February 2023

CITATION

Gronbaek SK, Hogh J, Knudsen AD,
Pham MHC, Sigvardsen PE, Fuchs A,
Kuhl JT, Kaber L, Gerstoft J, Benfield T,
Ostrowski SR, Kofoed KF and Nielsen SD
(2023) Aortic aneurysms and markers of
platelet activation, hemostasis, and
endothelial disruption in people

living with HIV.

Front. Immunol. 14:1115894.

doi: 10.3389/fimmu.2023.1115894

COPYRIGHT
© 2023 Grenbaek, Hagh, Knudsen, Pham,
Sigvardsen, Fuchs, Kihl, Keber, Gerstoft,

Benfield, Ostrowski, Kofoed and Nielsen. This

is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are

credited and that the original publication in

this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 02 February 2023
po110.3389/fimmu.2023.1115894
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Introduction: People living with HIV (PLWH) are at twice the risk of developing
cardiovascular diseases and have more than four times higher odds of aortic
aneurysm (AA) than the uninfected population. However, biomarkers of AA in
PLWH are yet to be discovered. We aimed to investigate whether circulating
biomarkers reflecting platelet activation, hemostasis and endothelial disruption, i.e.
sCD40L, D-dimer, syndecan-1, and thrombomodulin, were associated with AA in
PLWH.

Methods: Five hundred seventy one PLWH from the Copenhagen Comorbidity in
HIV Infection (COCOMO) study >40 years of age with an available contrast-
enhanced CT scan as well as available biomarker analyses were included. The
biomarkers were analyzed on thawed plasma. For each biomarker, we defined high
level as a concentration in the upper quartile and low level as a concentration
below the upper quartile. For D-dimer, the cut-off was defined as the lower limit of
detection. Using unadjusted and adjusted logistic and linear regression models, we
analyzed associations between AA and sCD40L, D-dimer, syndecan-1, and
thrombomodulin, respectively in PLWH.

Results: PLWH had median (IQR) age 52 years (47-60), 88% were male, median
(IQR) time since HIV diagnosis was 15 years (8-23), and 565 (99%) were currently on
antiretroviral treatment. High level of sCD40L was associated with lower odds of
AA in both unadjusted (odds ratio, OR, 0.23 (95% Cl 0.07-0.77; P=0.017)) and
adjusted models (adjusted OR, aOR, 0.23 (95% CI 0.07-0.78; P=0.019)). Detectable
level of D-dimer was associated with higher odds of AA in both unadjusted (OR
2.76 (95% Cl 1.34-5.67; P=0.006)) and adjusted models (aOR 2.22 (95% CI 1.02-
4.85; P=0.045)).
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Conclusions: SCD40L was associated with lower odds of AA whereas D-dimer was
independently associated with higher odds of AA in PLWH. This calls for further
investigations into specific biomarkers to aid early diagnosis of AA in PLWH.

KEYWORDS

HIV, PLWH, aortic aneurysm, sCD40L, D-dimer (DD), syndecan-1, thrombomodulin (TM)

1 Introduction

As the median age of people living with HIV (PLWH) increases (1),
so does the burden of age-related comorbidities (2). The risk of incident
cardiovascular diseases (CVD) in PLWH is twice that of uninfected
individuals (3), with myocardial infarction, stroke, and coronary artery
disease being the most frequent manifestations (4). In a previous study
by our group, HIV infection was associated with a 4.5 increased odds
ratio (OR) of having aortic aneurysms (AA) compared to uninfected
controls (5). AA is a rare but potentially severe manifestation of CVD,
as the mortality rate of a ruptured abdominal AA may be as high as
80% (6). The European Society of Cardiology recommends screening of
populations with a high risk of abdominal AA (7), because most AA are
asymptomatic and diagnosed incidentally (8).

The initial phase of the pathogenesis of AA is not fully
understood, but studies have suggested endothelial cell injury to
contribute (9, 10). Associations have been found between AA, in
the majority of studies in patients undergoing surgery for AA, and a
marker of platelet activation, soluble CD40L (sCD40L) (11, 12), a
marker of hemostasis, D-dimer (13-17), and the markers of
endothelial disruption, syndecan-1 (18-20) and soluble
thrombomodulin (21, 22), respectively. Importantly, all of these
biomarkers have been reported to be elevated in PLWH compared
to uninfected controls (23-28).

Possible associations between these biomarkers and AA have yet to
be established but could aid in the early identification of high-risk
patients. So far, no studies on the association between AA and markers
of platelet activation, hemostasis, and endothelial disruption,
respectively, in PLWH have been published. Thus, we investigated
whether sCD40L, D-dimer, syndecan-1, and thrombomodulin (the
biomarkers) are associated with AA in a large cohort of well-treated
PLWH. We hypothesized that each of the biomarkers would be
independently associated with AA in PLWH.

2 Materials and methods
2.1 Study design and population

The Copenhagen Comorbidity in HIV Infection (COCOMO)
study is a non-interventional cohort study that aims to assess non-

Abbreviations: PLWH, People living with HIV; CVD, Cardiovascular diseases; AA,
Aortic aneurysms; sCD40L, Soluble CD40 ligand; FEU, Fibrin Equivalent Units;
ET-1, Endothelin-1; OR, Odds ratio; aOR, Adjusted odds ratio; CI, Confidence

interval; SD, Standard deviation.
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AIDS comorbidities in PLWH. Inclusion criteria were age above 18
years and a positive HIV test. Between March 2015 and December
2016, 1099 PLWH living in the greater Copenhagen area were
included. Procedures for recruitment and collection of data have
previously been described elsewhere (29). A combined thoracic and
abdominal contrast-enhanced computed tomography (CT) scan was
offered to all COCOMO participants. In this study, we included
COCOMO participants who were 240 years of age, had a contrast-
enhanced CT performed, and had biomarkers measured in plasma.

Written informed consent was obtained from all participants.
Ethical approval was obtained by the Regional Ethical Committee of
Copenhagen (COCOMO: H-8-2014-004). The study was carried out
in accordance with the Declaration of Helsinki.

2.2 Clinical characteristics and
self-reported outcome

A physical examination including measurement of blood pressure
and anthropometrics was performed by trained clinical staff. Venous
blood was collected non-fasting. Blood for plasma samples (EDTA
anti-coagulated) was stored on ice until centrifugation in a cold
centrifuge at 4°C, and cryovials were transferred to liquid nitrogen
within 72 hours (29). Extensive questionnaires included questions
regarding medication, medical history, and smoking. From medical
records, HIV-specific data such as transmission mode, duration of
HIV infection, type of antiretroviral therapy, and hepatitis B and C
status were obtained. Hepatitis B virus co-infection was defined as
positive hepatitis B virus surface-antigen and hepatitis C virus co-
infection as positive hepatitis C virus RNA. Hypertension was defined
as systolic blood pressure =140 mmHg and/or diastolic blood
pressure 290 mmHg and/or current use of antihypertensive
medication according to Joint National Committee guidelines (30).

2.3 CT examinations and aortic analyses

Contrast-enhanced thoracic and abdominal CT examinations
including contrast-enhanced CT angiography were performed using
a 320-detector CT scanner (Aquilion ONE, ViSION Edition, Canon
Medical Systems, Otawara, Japan) at Rigshospitalet University
Hospital, Copenhagen, Denmark.

Aortic analyses were performed by two trained examiners on
contrast-enhanced CT images. Maximal and minimal inner aortic
diameter was measured at seven anatomical points of the aorta, in
four of which maximal outer diameter of the aorta was measured as
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well (5). According to the European Society of Cardiology guidelines,
aortic aneurysms were defined as >50% increase in aortic diameter
compared to the expected normal diameter or an infrarenal diameter
of 230 mm (7). This resulted in the definition of AA as diameter of
ascending aorta >45 mm and/or diameter of descending aorta >35
mm and/or diameter of suprarenal aorta =30 mm and/or diameter of
the infrarenal aorta =30 mm (31).

2.4 Markers of platelet activation,
hemostasis, and endothelial disruption

Plasma concentrations of sCD40L, soluble syndecan-1, and
thrombomodulin, were analyzed on thawed plasma using Luminex®
Human Discovery Assays (R&D Systems, UK, Europe) in a 1:2 dilution,
according to the manufacturer’s instructions, at the Department of
Clinical Immunology, Copenhagen University Hospital, Rigshospitalet,
Copenhagen, Denmark. Plasma concentrations of D-dimer were
measured as routine biochemistry on fresh blood samples at
Department of Clinical Biochemistry, Copenhagen University
Hospital, Herlev, Copenhagen, Denmark (29).

2.5 Statistics

Continuous data were reported using means and standard
deviations for normal deviates and medians with interquartile
ranges for variables not normally distributed, as appropriate. For
categorical data, frequency counts and percentages of subjects within
each category were reported. Logistic regression analyses were applied
where the dependent variable was binary and linear regression where
the dependent variable was continuous.

As the primary outcome, we investigated the association between
AA and high levels of sCD40L, syndecan-1, and thrombomodulin and
detectable level of D-dimer one at a time using simple and
multivariable logistic regression. For each biomarker, we created a
dichotomous variable defining high level of the biomarker as a
concentration in the upper quartile and low level as a concentration
below the upper quartile. We used the third quartile as cut-off in the
dichotomous variables for sCD40L, syndecan-1 and thrombomodulin
to make the effect estimates more easily interpretable. For D-dimer,
the cut-off was defined as the lower limit of detection (290 ng/mL
(Fibrin Equivalent Units, FEU)), creating a dichotomous variable with
detectable versus undetectable as most of the measurements were
below the lower limit of detection. We created two predefined models;
model 1 adjusted for age (per decade) and sex and model 2 adjusted
for traditional risk factors that were significant in previous analyses
on AA in PLWH (5) (age, sex, BMI category, hypertension, and
smoking (current/previous/never)). Furthermore, in sensitivity
analyses, we investigated the associations between AA, sCD40L, and
(one at a time) use of aspirin, use of statins, weekly alcohol intake, and
hypertension. As a sensitivity analysis, we included all four
biomarkers into a single analysis with AA.
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Additionally, continuous variables were used in pre-specified,
secondary analyses to make sure any linear associations between
exposure and outcome would not be overlooked. We adjusted for the
same predefined models 1 and 2. Moreover, in sensitivity analyses, we
investigated associations between aortic diameter (maximum outer
diameter of ascending, descending, suprarenal, and infrarenal aorta)
and high versus low levels of the biomarkers. Lastly, in sensitivity
analyses, we examined associations between aortic wall thickness
(maximal outer minus maximal inner diameter of ascending,
descending, suprarenal, and infrarenal aorta) and high versus low
levels of the biomarkers.

P-values <0.05 were considered statistically significant, and all P-
values were two-sided. R (version 4.1.0 (2021-05-18)) was used for all
statistical analyses (32).

3 Results

We included 571 participants aged 40 years or older with available
contrast-enhanced CT and biomarker measurements. As reported
previously, 43 aneurysms were found in 39 PLWH (6.8%). The
median (IQR) age of PLWH was 52 years (47-60) and 88% were
male (Table 1). The median (IQR) time since HIV diagnosis was 15
years (8-23) and 565 (99%) were currently on antiretroviral therapy
(Table 1). Participant characteristics, HIV-specific variables, and
biomarkers are listed in Table 1.

TABLE 1 Participant characteristics, HIV-specific risk factors, and
concentrations of the biomarkers.

Variable PLWH (N=571)
Characteristics

Age, median [IQR] 51.6 [47.0-59.8]

Male sex, n (%) 503 (88.1%)

BMI, mean (SD) 24.8 (3.5)
BMI classification, n (%)
Underweight 14 (2.5%)

Normal weight 301 (52.7%)

Pre-obesity 211 (37.0%)

Obesity 43 (7.5%)
Smoking status, n (%)
Never smoker 188 (32.9%)
Current smoker 152 (26.6%)
Previous smoker 219 (38.4%)
Hypertension, n (%) 263 (46.1%)
Platelets, x10°/L, mean (SD) 226.8 (57.5)

HIV-specific risk factors

(Continued)
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TABLE 1 Continued

Variable PLWH (N=571)

Transmission mode, n (%)

MSM 415 (72.7%)
Heterosexual 116 (20.3%)
IDU 6 (1.1%)
Other 28 (5%)
Current CD4", cells/uL, median [IQR] 680 [520-870]
<200 7 (1.2%)
200-349 34 (6.0%)
350-499 79 (13.8%)
>500 446 (78.1%)

CD4" nadir <200, n (%) 235 (41.2%)

CD4"/CD8"-ratio, median [IQR] 0.813 [0.578-1.13]

Time since HIV diagnosis, median [IQR] 15.1 [7.74-22.6]
Time on ART, median [IQR] 12.8 [5.94-17.8]

Currently on ART, n (%) 565 (98.9%)

Viral load >50 23 (4.0%)
Hepatitis B-virus co-infection, n (%) 18 (3.2%)
Hepatitis C-virus co-infection, n (%) 33 (5.8%)

Concentrations of the biomarkers
Syndecan-1, pg/mL, median [IQR] 2070 [1801-2413]

Thrombomodulin, pg/mL, median [IQR] 6598 [5541-7823]

sCD40L, pg/mL, median [IQR] 184 [118-243]

D-dimer, ng/mL (FEU), median [IQR] 290 [290-290]

ART, antiretroviral therapy; IDU, injecting drug use; MSM, men who have sex with men; FEU,
fibrin equivalent units.

3.1 Aortic aneurysms and the association
with markers of platelet activation,
hemostasis, and endothelial disruption

We found high levels of sCD40L to be associated with lower odds
of AA; univariably with OR 0.23 (95% CI 0.07-0.77; P=0.017) and
adjusted odds ratio, aOR, 0.23 (95% CI 0.07-0.78; P=0.019) adjusted
in model 2 (Table 2). In a sensitivity analysis, further adjustment of
model 2 for use of aspirin did not significantly alter the association
between high level of sCD40L and AA (aOR 0.25 (95% CI 0.07-0.87);
P=0.029). In other sensitivity analyses, use of statins, weekly alcohol
intake, and hypertension were not associated with AA and sCD40L.

Detectable level of D-dimer was associated with higher odds of
AA, both univariably (OR 2.76 (95% CI 1.34-5.67; P=0.006)) and
adjusted in model 1 (aOR 2.22 (95% CI 1.02-4.85; P=0.045)).
Adjusting for traditional risk factors in model 2 did not change the
parameter estimate, (aOR 2.24 (95% CI 0.99-5.04; P=0.052). There
were aortic aneurysms among PLWH with undetectable D-dimer.

Syndecan-1 and thrombomodulin were not associated with
AA (Table 2).
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Including all four biomarkers into a single analysis did not
significantly alter the associations compared to the individual
associations between the biomarkers and AA.

In exploratory analyses with the biomarkers as continuous
variables, a doubling in sCD40L concentration was associated with
lower odds of AA; univariably with OR 0.81 (95% CI 0.66,0.98;
P=0.028) and aOR 0.76 (95% CI 0.62-0.95; P=0.014) adjusted in
model 2. A twofold increase in D-dimer concentration was associated
with higher odds of AA; univariably with OR 1.51 (95% CI 1.22-1.86;
P<0.001) and aOR 1.41 (95% CI 1.08-1.84; P=0.010) adjusted in
model 2. Syndecan-1 was not significantly associated with AA. A
twofold increase in thrombomodulin concentration was univariably
associated with higher odds of AA (OR 1.82 (95% CI 1.02-3.26;
P=0.043) but not in adjusted models (Table 3). Analyses of high
versus low levels and with continuous variables are shown in Figure 1.

3.2 Aortic diameter and the association with
markers of platelet activation, hemostasis,
and endothelial disruption

The mean (SD) aortic diameters are presented in Figure 2 and
Table 4. Diameter in ascending aorta 34.54 mm (4.30); in descending
aorta 26.36 mm (2.70); in suprarenal aorta 24.97 mm (2.82); and in
infrarenal aorta 21.65 mm (3.17). In sensitivity analyses, high level of
sCD40L was associated with smaller suprarenal aortic diameter
(0.46 mm (95% CI 0.01-0.91; P=0.045)) adjusted in model 2 but
not univariably (0.40 mm (95% CI 0.14-0.93; P=0.144)). Detectable
level of D-dimer was associated with larger infrarenal aortic diameter;
univariably 1.11 mm (95% CI 0.38-1.84; P=0.003) and 0.97 mm (95%
CI 0.30-1.63; P=0.004) adjusted in model 2. High level of syndecan-1
was univariably associated with larger diameter of the ascending aorta
(1.04 mm (95% CI 0.23-1.85; P=0.012)) and with larger infrarenal
aortic diameter (0.95 mm (95% CI 0.36-1.55; P=0.002)). High level of
thrombomodulin was associated with larger infrarenal aortic
diameter; univariably 1.41 mm (95% CI 0.82-2.00; P<0.0001) and
0.89 mm (95% CI 0.38-1.41; P<0.001) adjusted in model 2.
Furthermore, high level of thrombomodulin was univariably
associated with larger diameter of the ascending aorta (1.12 mm
(95% CI 0.30-1.92; P=0.007)) and with larger suprarenal aortic
diameter (0.68 mm (95% CI 0.14-1.21; P=0.024)) (Table 4
and Figure 2).

3.3 Aortic wall thickness and the association
with markers of platelet activation,
hemostasis, and endothelial disruption

The mean (SD) aortic wall thickness was: in ascending aorta
2.28 mm (0.59); in descending aorta 2.32 mm (0.60); in suprarenal
aorta 2.22 mm (0.76); and in infrarenal aorta 2.09 mm (0.81). In
sensitivity analyses, high level of sCD40L was not associated with
aortic wall thickness. Detectable level of D-dimer was associated with
greater infrarenal aortic wall thickness; univariably 0.46 mm (95% CI
0.36-0.56; P<0.001) and 0.41 mm (95% CI 0.30-0.51; P<0.001)
adjusted in model 2. High level of syndecan-1 was univariably
associated with greater infrarenal aortic wall thickness (0.16 mm
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TABLE 2 Associations between AA and high levels of the biomarkers.

Variable OR (95% Cl), P-value aOR?® (95% Cl), P-value aOR® (95% Cl), P-value
sCD40L (high vs. low) 0.23 (0.07,0.77), P=0.017 0.24 (0.07,0.81), P=0.022 0.23 (0.07,0.78), P=0.019
D-dimer (detectable vs. undetectable) 2.76 (1.34,5.67), P=0.006 2.22 (1.02,4.85), P=0.045 2.24 (0.99,5.04), P=0.052
Syndecan-1 (high vs. low) 1.55 (0.77,3.10), P=0.219 1.27 (0.61,2.64), P=0.515 0.89 (0.40,1.98), P=0.767
Thrombomodulin (high vs. low) 1.75 (0.88,3.47), P=0.109 1.31 (0.63,2.74), P=0.466 1.06 (0.48,2.36), P=0.877

*Model 1 and "model 2.
Bold values: significant associations.

TABLE 3 Associations between AA and the biomarkers as continuous variables.

Variable OR (95% Cl), P-value aOR?® (95% Cl), P-value aOR® (95% Cl), P-value
sCD40L 0.81 (0.66,0.98), P=0.028 0.80 (0.65,0.98), P=0.029 0.76 (0.62,0.95), P=0.014
D-dimer 1.51 (1.22,1.86), P<0.001 1.4 (1.13,1.85), P=0.004 1.41 (1.08,1.84), P=0.010
Syndecan-1 1.66 (0.85,3.26), P=0.139 1.34 (0.66,2.72), P=0.417 0.90 (0.41,1.97), P=0.787
Thrombomodulin 1.82 (1.02,3.26), P=0.043 1.40 (0.77,2.56), P=0.273 1.15 (0.62,2.12), P=0.655

*Model 1 and "model 2. OR and aOR of AA per doubling in concentration.
Bold values: significant associations.

Variable ; aOoR (95% CI)

sCD40L (high vs. low) - | 0.23 (0.07 t0 0.78)
D-dimer (measurable vs. non-measurable) —e—— 2.24 (0.99 to 5.04)
Syndecan-1 (high vs. low) —— 0.89 (0.40 to 1.98)
Thrombomodulin (high vs. low) —— 1.06 (0.48 to 2.36)
sCDA40L (continuous) ! 0.76 (0.62 to 0.95)
D-dimer (continuous) - 1.41(1.08 to 1.84)
Syndecan-1 (continuous) '—Oi—i 0.90 (0.41 to 1.97)
Thrombomodulin (continuous) —le— 1.15 (0.62 to 2.12)

01 02 05 10 20 50 10.0
Lower aOR Higher aOR

FIGURE 1

Primary (high vs. low variable) and exploratory (continuous variable, aOR associated with doubling of biomarker) analyses of the association between AA
and the biomarkers in PLWH adjusted for age, sex, hypertension, smoking status, and BMI category.

Ascending aorta

sCD40L: -0.27 mm (-1.08,0.55) Mean dia.
. . 34.5 mm

D-dimer: 0.66 mm (-0.34,1.67)

Syndecan-1: 1.04 mm (0.23,1.85)

Thrombomodulin: 1.11 mm (0.30,1.92)

' Descending aorta
Mean dia.|  scpgL:-0.29 mm (-0.80,0.22)
26.4mm

D-dimer: 0.46 mm (-0.17,1.09)
Syndecan-1: 0.44 mm (-0.07,0.95)
Thrombomodulin: 0.49 mm (-0.01,1.01)

Suprarenal aorta
Mean dia. sCD40L: -0.46 mm (-0.91,-0.01)*
25.0 mm . )

D-dimer: 0.66 mm (0.18,1.13)
Syndecan-1: 0.52 mm (-0.01,1.05)
Thrombomodulin: 0.68 mm (0.14,1.21)

Infrarenal aorta

sCD40L: -0.43 mm (-1.03,0.17) Mean dia.
. 21.7 mm

D-dimer: 0.97 mm (0.30,1.63)*

Syndecan-1: 0.95 mm (0.36,1.54)

Thrombomodulin: 0.89 mm (0.82,2.00)*

FIGURE 2
Aortic diameter measured as maximum outer diameter. Mean diameter and larger or smaller diameter in mm (95% Cl) associated with high level of the
biomarker. Bold text: significant associations. *Adjusted for age, sex, hypertension, smoking status, and BMI category. (Made with biorender.com).
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TABLE 4 Associations between aortic diameter and the biomarkers.

10.3389/fimmu.2023.1115894

Variable Larger or smaller diameter in mm if ~ Larger or smaller diameter in mm if  Larger or smaller diameter in mm if

high level (95% Cl), P-value

high level® (95% Cl), P-value

high level® (95% Cl), P-value

Ascending aorta

sCD40L -0.27 (-1.08,0.55), P=0.519 -0.18 (-0.92,0.57), P=0.643 -0.47 (-1.20,0.27), P=0.215
D-dimer 0.66 (-0.34,1.67), P=0.196 0.29 (-0.63,1-21), P=0.538 0.33 (-0.62,1.27), P=0.494
Syndecan-1 1.04 (0.23,1.85), P=0.012 0.51 (-0.24,1.26), P=0.182 0.54 (-0.22,1.29), P=0.167
Thrombomodulin 1.11 (0.30,1.92), P=0.007 0.68 (-0.06,1.43), P=0.073 0.59 (-0.16,1.34), P=0.121

Descending aorta

sCD40L -0.29 (-0.80,0.22), P=0.266 -0.17 (-0.59,0.24), P=0.408 -0.37 (-0.76,0.03), P=0.069
D-dimer 0.46 (-0.17,1.09), P=0.154 0.16 (-0.35,0.67), P=0.535 0.21 (-0.29,0.71), P=0.415
Syndecan-1 0.44 (-0.07,0.95), P=0.094 -0.08 (-0.50,0.34), P=0.723 -0.05 (-0.45,0.36), P=0.821
Thrombomodulin 0.49 (-0.01,1.01), P=0.057 0.12 (-0.29,0.54), P=0.573 0.10 (-0.30,0.50), P=0.636

Suprarenal aorta

-0.33 (-0.77,0.11), P=0.150
0.35 (-0.23,0.92), P=0.235

0.04 (-0.41,0.49), P=0.860

-0.46 (-0.91,-0.01), P=0.045
0.38 (-0.21,0.97), P=0.213

0.01 (-0.46,0.47), P=0.980

sCD40L -0.40 (-0.93,0.14), P=0.144
D-dimer 0.66 (0.18,1.13), P=0.056
Syndecan-1 0.52 (-0.01,1.05), P=0.057
Thrombomodulin 0.68 (0.14,1.21), P=0.024

0.29 (-0.15,0.74), P=0.203

0.26 (-0.19,0.72), P=0.1259

Infrarenal aorta

sCD40L -0.43 (-1.03,0.17), P=0.158
D-dimer 1.11 (0.38,1.84), P=0.003
Syndecan-1 0.95 (0.36,1.54), P=0.002
Thrombomodulin 1.41 (0.82,2.00), P<0.0001

-0.32 (-0.85,0.21), P=0.239
0.88 (0.24,1.53), P=0.008
0.46 (-0.08,0.99), P=0.095

1.06 (0.54,1.59), P<0.0001

-0.40 (-0.91,0.11), P=0.122
0.97 (0.30,1.63), P=0.004
0.32 (-0.20,0.84), P=0.232

0.89 (0.38,1.41), P<0.001

*Model 1 and "model 2. Larger or smaller diameter in mm associated with high levels of the biomarkers.

Bold values: significant associations.

(95% CI 0.01-0.31; P<0.040)). High level of thrombomodulin was
associated with greater infrarenal aortic wall thickness; univariably
0.27 mm (95% CI 0.12-0.42; P<0.001) and 0.18 mm (95% CI 0.03-
0.33; P=0.018) adjusted in model 2.

4 Discussion

In a large cohort of well-treated PLWH, we found high level of
sCD40L to be associated with lower odds of AA and D-dimer above
290 ng/mL (FEU) to be associated with higher odds of AA. The same
associations were found in analyses with biomarkers treated as
continuous analyses.

4.1 sCD40L

The primary source of sSCD40L is activated platelets (33). A study
reported decreased platelet counts in HIV-negative AA patients
compared to controls (34), and it is possible that lower platelet
count in the PLWH with AA may contribute to the inverse
association between AA and sCD40L, since platelets are critical for
vascular endothelial integrity and health (35). Other studies have
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reported aspirin to suppress (36) or block (37) the release of sCD40L
from platelets. Furthermore, hypertension is associated with higher
concentration of sCD40L (26), statins reduce sCD40L in CVD
patients (38, 39), and alcohol is proposed to partially activate
platelets (40) resulting in decreased sCD40L production. However,
our analyses showed no such associations, so this cannot explain the
contrast to previous reports of sCD40L being increased in plasma
from HIV-negative patients with abdominal AA compared to
matched controls (11) and the lacking finding of associations
between sCD40L and AA (41).

In line with the emerging focus on the role of endothelial cells in
AA pathogenesis (9, 10), we hypothesized that the biomarkers may be
involved in the pathogenesis prior to the aortic diameter exceeding
the aneurysmal limit. Therefore, we performed sensitivity analyses
regarding associations between aortic diameter and the biomarkers.
We found sCD40L to be negatively associated with suprarenal aortic
diameter, while, at present, studies regarding associations between
aortic diameter and sCD40L have not been published. Another
measurement of interest is the aortic wall thickness, which studies
have suggested the incorporation of into the risk analysis of AA (42,
43). Therefore, we investigated associations between wall thickness
and the biomarkers but found no association with sCD40L.
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4.2 D-dimer

D-dimer, an important marker of hemostasis, has been reported
elevated in HIV-negative patients with abdominal AA compared to
controls without abdominal AA (13-17). Furthermore, a study
reported D-dimer to be 49% higher in PLWH on ART aged 45-76
years than in population controls (adjusted percent difference) (27).
In line with these findings, our results highlight D-dimer as a possible
biomarker, not only associated with abdominal AA, but all AA in
PLWH. However, adjusting for known risk factors resulted in an only
borderline significant parameter estimate, perhaps caused by an
insufficient sample size, as plasma from 83 patients lacked
measurement of D-dimer. The reported association between D-
dimer and larger infrarenal aortic diameter is consistent with a
previous study (44) and suggests a possible role of D-dimer as an
indicator of larger infrarenal aortic diameter. Additionally, the
reported associations between D-dimer and greater infrarenal aortic
wall thickness may indicate increased fibrinolytic activity in the
infrarenal aorta. However, as D-dimer is a general marker of
fibrinolysis and not disease-specific, combination with other
biomarkers may increase the specificity.

4.3 Syndecan-1

A previous study reported concentrations of syndecan-1, a key
constituent of the endothelial glycocalyx and a regulator of
inflammation, to be elevated in aortic tissue, though not in plasma,
from patients with ascending AA compared to matched controls (18).
Additionally, a study reported elevated syndecan-1 in PLWH
compared to uninfected controls (23). Syndecan-1 is a key
constituent of glycocalyx on most endothelial cells in the body, and
its soluble form is generated by shedding from the endothelial
glycocalyx indicative of damage to endothelial cells (45). As
suggested by a previous study (18), it is possible that increased local
shedding of syndecan-1 from the aneurysm is masked by the total
pool of the biomarker, resulting in non-significant associations with
AA in this study. Furthermore, since we only measured syndecan-1 in
plasma and not aortic tissue, this may altogether explain why we do
not reproduce the previously found association. Syndecan-1 being
univariably associated with larger diameter in ascending and
infrarenal aorta suggests an association between larger aortic
diameter and endothelial disruption.

4.4 Thrombomodulin

Another biomarker shed from endothelial cells indicating
endothelial cell injury (46), is soluble thrombomodulin, which has
been reported elevated in serum from HIV-negative patients with
abdominal AA compared to healthy controls (21, 22). Moreover,
several studies have reported thrombomodulin to be elevated in
PLWH compared to uninfected controls (24, 25). We found
thrombomodulin to be univariably associated with AA when kept
as a continuous variable, but not when used as a dichotomous
variable. However, this finding was not significant when adjusted
for known risk factors in our predefined models and we considered it
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to be an incidental finding. A potential reason why we found no
independent association between thrombomodulin and AA in PLWH
is the above-mentioned possible masking of shedding from the
aneurysm by the shedding from all endothelial cells. The reported
association between thrombomodulin and larger infrarenal aortic
diameter suggests thrombomodulin as a possible marker of aortic
diameter, though at present, no studies regarding this association
have been published. Moreover, as with syndecan-1, the association
between thrombomodulin and greater infrarenal aortic diameter
indicates an association between larger aortic diameter and
endothelial disruption. However, further studies into these
associations are required.

4.5 Diameter of aneurysms

The patients in the majority of the previous studies were
undergoing surgery for AA, meaning that the diameters of the
aneurysms were larger than those in our study, in which the vast
majority of aneurysms had diameters below the surgical threshold. A
study reported the size of abdominal AA to be associated with
concentration of D-dimer (47), while another study suggested
endothelin-1 (ET-1), which is released from endothelial cells in
response to among other factors vascular injury, as a marker of
aneurysm diameter (48). Though such associations have not presently
been reported regarding the other biomarkers, it is possible that the
smaller diameters of the aneurysms in our study precluded the use of
these biomarker concentrations to identify AA, and may, thus, partly
explain the negative inverse association between sCD40L and AA and
the lack of associations between AA and high levels of syndecan-1 and
thrombomodulin, respectively.

4.6 Strengths and limitations

A limitation of this study is its cross-sectional design, making it
difficult to investigate causal relationships between the biomarkers
and AA. Moreover, the cohort is predominantly male and in fact, all
AA were found in men. Strengths include a large cohort of well-
treated PLWH and the opportunity to adjust for known risk factors
for AA. Lastly, the prevalence of AA is high, making it possible to
investigate associations with AA.

5 Conclusions

In conclusion, in this large cohort of well-treated PLWH, we
found high sCD40L to be associated with lower odds of AA, and we
confirmed previous findings of the association between high D-dimer
and higher odds of AA. Furthermore, thrombomodulin and D-dimer
were associated with larger aortic diameter and sCD40L with smaller
aortic diameter. These findings regarding sCD40L and AA call for
further investigation into its utilization as a biomarker of AA in
PLWH. D-dimer holds promise as a possible marker, though not
specific of AA, why further examinations of specific biomarkers
remain necessary to aid in the early diagnosis of AA in PLWH.
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dynamics during the anti-dengue
Immune response: a systems
biology characterization
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and Otavio Cabral-Marques >3’

‘Department of Clinical and Toxicological Analyses, School of Pharmaceutical Sciences, University of
Sdo Paulo, Sdo Paulo, Brazil, ?Interunit PostGraduate Program on Bioinformatics, Institute of
Mathematics and Statistics, University of Sdo Paulo, Sdo Paulo, Brazil, *Departament of Immunology,
Institute of Biomedical Sciences, University of Sdo Paulo, S&o Paulo, Brazil, “Departament of
Immunobiology, Institute of Biology, Federal Fluminense University, Niterdi, Brazil, *Departament of
Nephrology and Internal Intensive Care Medicine, Charité University Hospital, Berlin, Germany,
¢Department of Medicine, Division of Molecular Medicine, University of Sdo Paulo School of
Medicine, Sdo Paulo, Brazil, "Laboratory of Medical Investigation 29, University of Sdo Paulo School of
Medicine, S&o Paulo, Brazil, ®Network of Immunity in Infection, Malignancy, Autoimmunity (NIIMA),
Universal Scientific Education and Research Network (USERN), Sdo Paulo, SP, Brazil

Dengue virus (DENV) infection manifests as a febrile illness with three distinct
phases: early acute, late acute, and convalescent. Dengue can result in clinical
manifestations with different degrees of severity, dengue fever, dengue
hemorrhagic fever, and dengue shock syndrome. Interferons (IFNs) are antiviral
cytokines central to the anti-DENV immune response. Notably, the distinct global
signature of type |, Il, and Ill interferon-regulated genes (the interferome) remains
uncharacterized in dengue patients to date. Therefore, we performed an in-depth
cross-study for the integrative analysis of transcriptome data related to DENV
infection. Our systems biology analysis shows that the anti-dengue immune
response is characterized by the modulation of numerous interferon-regulated
genes (IRGs) enriching, for instance, cytokine-mediated signaling (e.g., type | and Il
IFNs) and chemotaxis, which is then followed by a transcriptional wave of genes
associated with cell cycle, also regulated by the IFN cascade. The adjunct analysis
of disease stratification potential, followed by a transcriptional meta-analysis of the
interferome, indicated genes such as IFI27,1SG15, and CYBRDI as potential suitable
biomarkers of disease severity. Thus, this study characterizes the landscape of the
interferome signature in DENV infection, indicating that interferome dynamics are
a crucial and central part of the anti-dengue immune response.

KEYWORDS

DENYV, interferon, transcriptome, interferome, dengue
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GRAPHICAL ABSTRACT

1 Introduction

Human arboviruses, such as the dengue, Zika, and chikungunya
viruses, have frequently emerged or re-emerged worldwide in recent
decades, and they are among the most epidemiologically essential
viruses (1). Dengue virus (DENV) is the most prevalent among
these (it affects a stunning 390 million individuals annually), and
DENV is considered endemic in more than 100 countries (2).
Surprisingly, despite its high prevalence and substantial global
health impact, it is still characterized as a neglected tropical disease.

Four different DENV serotypes (DENV1-4) are transmitted by
the vector Aedes aegypti and Aedes albopictus mosquitoes (3). The
course of dengue infection can be divided into phases. The acute
phase is characterized by high fever with abrupt onset, lasting
between 2 to 7 days, which is characterized by multiple
symptoms, such as malaise, myalgia, arthralgia, rash, retro-orbital
pain, and headache (3, 4).

The acute phase can be classified into two stages: 1) Early acute
(day 0 to 3 from symptom onset) and 2) Late acute or defervescence
(day 4 to end of acute phase) (5). The critical stage during

Abbreviations: AUC, area under the curve; BP, biological process; DEA,
differential expression analysis; DENV, dengue virus; DF, dengue fever; DEG,
differentially expressed gene; DHF, dengue hemorrhagic fever; DSS, dengue shock
syndrome; FC, fold change; GO, gene ontology; IFN, interferon; IFNAR,
Interferon-o/P receptor; IL-27, interleukin-27; IRF9, transcription 1 (STAT1)-
STAT2-IFN-regulatory factor 9; IRG, interferon-regulated gene; ISRE, IFN-
stimulated response elements; MDAS5, melanoma differentiation-associated
protein 5; OOB, out-of-bag; PCA, principal component analysis; PRR, pattern
recognition receptor; RF, random forest; ROC, receiver operating characteristic;
RLR, RIG-I-like receptor; RIG-I, retinoic acid-inducible gene I; TAM, Tyro3,

AXL, and MerTK; TIM, T cell/transmembrane, immunoglobulin, and mucin.
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defervescence is characterized by increased capillary permeability
and plasma leakage. This event may lead to severe shock, organ
impairment, and bleeding. If the patient survives, the convalescent
phase follows, where leaked fluids are reabsorbed and homeostasis
is reestablished (4).

Moreover, dengue can be clinically classified by disease severity:
1) dengue fever (DF), characterized by fever and two or more
dengue symptoms; 2) dengue hemorrhagic fever (DHF), marked by
increased vascular permeability, plasma leakage, bleeding, and
thrombocytopenia (3, 4); and 3) dengue shock syndrome (DSS),
when DHF symptoms are aggravated with severe plasma leakage
and circulatory compromise (6).

The DENV infection typically presents as a self-limiting febrile
disease, indicating a central role of the immune system in
controlling disease (7). Antigen-presenting cells can recognize
viruses via pattern recognition receptors (PRRs), triggering the
production of pro-inflammatory cytokines and phagocytic/
microbicidal activity (8). This represents an initial step in
controlling the virus spreading, followed by activation of the
adaptive immune response (8, 9).

One key mechanism of the anti-viral immune response is the
production of interferons (IFNs) by various cell types. IFNs are
rapidly induced cytokines that respond strongly to DENV (10, 11).
There are three families of IFNs: type I (mainly represented by IFN-
o and IFN-B), type II (IFN-y), and type III (IFN-A1-4). IFNs are
central mediators of innate and adaptive immunity as well as
immune homeostasis.

For instance, interferon-alpha/beta (IFN-0/f)-binding to their
receptor (IFNAR) triggers the activation of multiple downstream
signaling pathways, including the canonical STAT1-STAT2-IFN-
regulatory factor 9 (IRF9) signaling complex (12), which then binds
to the IFN-stimulated response elements (ISREs) in gene

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1243516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Usuda et al.

promoters, leading to the induction of a large number of IFN-
stimulated genes (ISGs).

Individual transcriptome studies of DENV-infected patients
revealed that different IFN-associated genes are elicited in response
to DENV infection (5, 6, 13-15) and that several of them are essential
to promote a protective anti-viral reaction (5, 6), corroborated by
linear and mechanistic approaches (16-18). In turn, DENV proteins
antagonize IFN signaling (19, 20), underscoring the importance of
these molecules in the response to DENV.

A comprehensive analysis of the IFN signature in the context of
dengue infection has not been conducted yet. Here, we performed
an integrative analysis of multiple studies of dengue patients’
transcriptomes, considering the disease phases and severities, to
characterize the dengue interferome [i.e., types I, II, and III
interferon-regulated genes (IRGs)] (Figure 1).

2 Materials and methods
2.1 Data curation

We systematically searched the GEO database to collect publicly
available gene expression data (https://www.ncbi.nlm.nih.gov/gds).
Our search query (“dengue virus’[MeSH Terms] OR “dengue
virus”[All Fields] OR “DENV”[AIl Fields] OR “dengue”[MeSH
Terms] OR “dengue”[All Fields]) AND “Homo sapiens”[Organism]
AND (Expression profiling by high throughput sequencing[DataSet
Type] OR Expression profiling by array[DataSet Type]) resulted in
93 series as of 17" of August of 2021 (Figure 2A; All results in
Table S1).

10.3389/fimmu.2023.1243516

The inclusion criteria included: (1) Homo sapiens microarray or
RNAseq expression data, (2) natural dengue infection, (3) blood or
PBMC samples, (4) availability of convalescent-phase samples, and
(5) at least one group with ten or more samples. The exclusion
criteria included (1) in vitro samples, (2) cohorts with only infants
and/or children, and (3) results from vaccine or drug trials. We
included in our analysis seven datasets: GSE25001 (6, 21),
GSE28405 (14, 22), GSE28988 (23), GSE28991 (24), GSE43777 (5,
25), GSE40628 (13, 26), and GSE51808 (15, 27).

The samples were categorized into three groups according to
time after symptom onset: 1) Early acute (0-3 days), 2) Late acute
(4-8 days), and 3) Convalescent (=14 days). For dataset GSE43777,
the late acute phase comprised days 4-10 from disease onset. When
applicable, samples were also classified according to disease severity
as: 1) Dengue fever (DF), 2) Dengue hemorrhagic fever (DHF), and
3) Dengue shock syndrome (DSS), as determined by the authors
when samples were collected. Information about the included series
is provided in Table 1.

2.2 Differential expression analysis

The identification of differentially expressed genes (DEGs)
was performed with the GEO2R web tool (https://
www.ncbi.nlm.nih.gov/geo/geo2r/) (28), applying statistical tests
from the limma R package (29). All groups were compared to the
convalescent. The DEGs were determined following the cutoffs of
log2 fold-change (FC) > 1 (upregulated) or < -1 (downregulated)
and adjusted p-value < 0.05, using R 4.0.5. DEGs and respective log2
FC are displayed in Table S2.

1. Data collection

Differentially
Expressed Genes

7 selected datasets

Sample classification by:

Common
Interferome

IFN-regulated
genes (IRGs)

GSE25001 (A) GSE43777 (E) GEO2R
GSE28405 (B) | GSE40628 (F) | —————» _—— -+
GSE28988 (C) | GSE51808 (G) Differential Interferome IRGs present
GSE28991 (D) Expression database across datasets
3 - Analysis
Phase everity I 1 m
( . A
2. Interferome analysis
Characterization by Phase Classification by Severity
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Ovierlag clustering enrichment Analysis Raniderny Ferest
V‘ﬁ ) = —
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FIGURE 1

Workflow summary. Schematic overview of the data collection and analyses performed to characterize the interferome in dengue infection across
disease phases and severity degrees. Figure created with Inkscape. IFN, interferon;, GO, Gene Ontology.
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FIGURE 2

Data curation flow chart and differential expression of total genes and interferon-regulated genes across disease phases and disease severity degrees
of dengue infection. (A) Steps of systematic search and assessment of datasets. Details of datasets and applied inclusion/exclusion criteria are
available in Table S1. (B) Barplot showing the number of up- and downregulated DEGs and IFN-regulated DEGs for each cohort comparison and
dataset as denoted by letters (A, GSE25001; B, GSE28405; C, GSE28988; D, GSE28991; E, GSE43777; F, GSE40628; F, GSE51808) (Table S3). The
sample size of each cohort is indicated by a whole number in front of the group name. DF, Dengue fever, DHF, Dengue hemorrhagic fever; DSS,
Dengue shock syndrome, DEG, differentially expressed gene, IFN, interferon.

2.3 Interferome analysis

To specifically analyze the IFN network, we employed the
Interferome database V2.01 (http://www.interferome.org/
interferome/home.jspx) (30), which holds information about IFN-
regulated genes (IRGs) expression after treatment with IFNs in
various experimental systems. The DEGs were submitted to the
database to identify IRGs and the specific regulating IFN type. The
results summary and IRGs list are in Tables S3, S4.
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2.4 Data integration and
hierarchical clustering

The overlap of the IFN-regulated DEGs between datasets both
by IEN type and disease phase were retrieved and represented with
Circos (http://circos.ca/) (31) and UpSet plots generated with the
web tool Intervene (https://asntech.shinyapps.io/intervene/) (32).
The data used to create the plots are provided in Tables S5, S6. For
each combination of IFN type and disease phase or severity, the
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genes shared by all the datasets considered were selected (Table S7).
The heatmaps of the log2 fold-change of these shared genes across
disease phases or severities were generated with the web tool
Morpheus (https://software.broadinstitute.org/morpheus/) (33).
The hierarchical clustering method utilized was Euclidean
distance complete linkage. The data used to create the heatmaps
are provided in Tables S8, S9.

2.5 Functional enrichment

Functional enrichment analysis based on the clusters of
common genes was performed with the web tool EnrichR
(https://maayanlab.cloud/Enrichr/) (34). The resulting enriched
Gene Ontology (GO) Biological Processes (BPs) were filtered by
adjusted p-value < 0.05, as well as combined scores and categories
befitting the analyzed cell types. When many results from EnrichR
were redundant or closely related terms, these were also filtered with
Revigo (http://revigo.irb.hr/) (35). The most relevant BPs were
represented with an alluvial plot generated with R package
ggalluvial (36). The functional enrichment analysis according to
disease phase and IFN type was conducted with R 4.0.5 and the
ClusterProfiler (37) R package. The results were filtered by adjusted
p-value < 0.05 and presented as dot plots and networks. The results
from the functional enrichment analysis by cluster are available in
Table S10 and by disease phase and IFN type in Table S11.

2.6 Principal component analysis

Datasets A and E, which had the largest number of samples per
phase and severity group (i.e., DSS and DHF, respectively), were
selected to analyze the power of the interferome to discriminate the
disease severities. The expression values were processed on the
ExpressAnalyst web tool (https://www.expressanalyst.ca/) (38), and
log2 normalized when applicable. For each disease phase, the IRGs
previously identified as commonalities were selected. As of dataset
E, four samples (GSM1071100, GSM1071104, GSM1071105,
GSM1071108) identified as outliers in the PCA were removed
from further analyses. Principal Component Analyses (PCA) by
singular value decomposition (39, 40) were performed with the
log2-transformed expression values of the intersection genes (Table
$12) utilizing R 4.0.5 and packages factoextra (41), ggplot2 (42), and
ggExtra (43).

2.7 Ranking of severity-classifying genes

The samples from datasets A and E were grouped by disease
severity for each phase. The log2-transformed expression values of
the commonalities used in the respective PCAs were applied in the
random forest (RF), a machine learning algorithm, which uses the
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combination of multiple tree classifiers (44) to identify classifiers of
dengue severity, using R 4.1.3 and package randomForest (45) (data
used in RF available in Table S13). For cross-validation, 75% of the
data was set for training and 25% for testing. A heatmap for each
dataset depicting the fold change of the top 10 severity-classifying
genes across disease phases was plotted using Morpheus (33) (data
available in Table S14).

2.8 Transcriptional meta-analysis and
gene annotation

The meta-significant genes were obtained by the Fisher p-value
combination method using the ExpressAnalyst web tool (https://
www.expressanalyst.ca/) (38) (results in Table S15). We used the
late acute phase samples from datasets A and E to perform a meta-
analysis. Briefly, the log2-transformed expression values were
adjusted for batch effect with the combat function from R
package sva (46) with R 4.1.3, and the differential expression
analyses compared the severe dengue (DSS and DHF) samples
with the non-severe dengue (non-DSS and DF) samples. We used
Fisher’s method to obtain combined p-values for information
integration, as recently described (47). A box plot was generated
using the Robust Multi-array Average (RMA)-normalized and
mean-summarized expression of the putative biomarkers for
predicting severe dengue clinical outcome (IFI27, ISG15, and
CYBRDI) genes from dataset G (GSE51808) (data available in
Table S16). Wilcoxon’s test was applied to evaluate the statistical
significance between acute DF or acute DHF and convalescent
groups. The gene functions were retrieved from the NCBI Gene
database (https://www.ncbi.nlm.nih.gov/gene/) (48) and UniProt
Knowledgebase (https://www.uniprot.org/) (49) (Table S17).

3 Results

3.1 The interferome signature is a
hallmark feature of the anti-dengue
immune response

We performed a comprehensive multi-study analysis of dengue
cohorts to characterize the interferome signature induced by DENV
infection according to the disease phase. We obtained seven datasets
of dengue fever transcriptomes according to our inclusion criteria of
(1) Homo sapiens microarray or RNAseq expression data, (2)
natural dengue infection, (3) blood or PBMC samples, (4)
availability of convalescent-phase samples, and (5) at least one
group with ten or more samples; and exclusion criteria of (1) in
vitro samples, (2) cohorts with only infants and/or children, and (3)
results from vaccine or drug trials. All these datasets were generated
through microarray technology (GSE25001 (6, 21) (A), GSE28405
(14, 22) (B), GSE28988 (23) (C), GSE28991 (24) (D), GSE43777 (5,
25) (E), GSE40628 (13, 26) (F), and GSE51808 (15, 27)
(G) (Table 1).
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We compared the gene expression profiles of the different
disease phases (early or late acute phases in contrast with the
convalescent phase; datasets A-E) and severities (DF, DHF, or DSS
acute phase in contrast with the convalescent phase; datasets A, E-G)
through differential expression analyses (DEAs). Following, we
identified the interferon-regulated genes (IRGs), as summarized in
Figure 2B and Table S3. These results show that most DEGs induced
by DENV are regulated by IFNs (On average 72% [minimum: 55%,
maximum: 82%)]), including a mix of downregulated and upregulated
genes. These data confirm the well-established pivotal role of TFNs
and the cascade of IFN-associated genes transcribed during the anti-
dengue immune response.

Early acute phase

Late acute phase

FIGURE 3

Commonalities and uniquenesses of interferon-regulated genes across studies by disease phase and IFN type. (A, C), Circos plots representing IRGs
regulated by IFN types |, II, or lll that are shared across datasets in the early acute (A) or late acute (C) disease phases (Table S5). Colors represent the
dataset [magenta, dataset A (GSE25001); yellow, dataset B (GSE28405); green, dataset C (GSE28988); blue, dataset D (GSE28991); orange, dataset E
(GSE43777)], from lighter to darker indicating genes regulated by IFN types I, Il or lll, respectively. (B, D), UpSet plots of the number of IRGs shared
between datasets in the early acute (B) or late acute (D) disease phases. Bars are colored according to the regulating IFN type and indicate the
number of genes shared in the dataset intersections denoted by connected black dots. Boxes highlight genes common to all datasets
(commonalities), totalizing 173 unique genes after duplicate removal, which are further analyzed. A list of genes and complete intersections is
available in Tables S6, S7, respectively. IRG, interferon-regulated gene; IFN, interferon.
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3.2 Consistent IFN type | and Il interferome
signature during different dengue phases

We next analyzed the overlap between dengue’s early and late
acute phases, identifying the transcriptional intersections between
studies A to E. The investigation of common IRGs found 173
common DEGs between the datasets during early and late acute
phases (Figures 3A, C, respectively, Table S5), thus revealing a
substantial overlap between genes regulated by IFN type I and type
II. In contrast, only a few IFN type IIl-regulated genes were
identified. Intriguingly, the distinct difference in the number of
IFN type IIl-regulated genes may be attributed to the limited
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experimental data available for IFN type III, which has been only
recently characterized (50), resulting in fewer annotated genes on
the database. In contrast, types I and II IFNs have been studied
extensively (51).

We found a distinct interferome signature across the datasets
during early and late acute phases (Figures 3B, D). This indicates
that several IRGs are consistently modulated during the anti-DENV
immune response. In the early acute phase, 92, 94, and 20 genes
were found to be regulated by type I, II, and III IFNs, respectively,
across the five datasets (commonalities). Likewise, in the late acute
phase, 48, 76, and 1 gene(s) were found to be regulated by type L, II,
and III IFNs, respectively. These commonalities in interferome
signatures across datasets suggest a conserved response to DENV
infection. A comprehensive list of these genes is provided in Table
S6, and their intersection in Table S7.

3.3 Interferome clusterization at the early
and late acute dengue phases

We characterized the interferome expression patterns across the
transcriptome datasets from dengue patients at acute phases
(datasets A-E) with an unsupervised hierarchical clustering
analysis (Figure 4 and Table S8). The IRG expression pattern
segregated patients at early acute from those at late acute phases.
To further investigate whether the IRG expression pattern could
also stratify the patients by disease severity, we analyzed samples
from DF, DHF, and DSS patients. However, we found that the
differences in the expression pattern of IRGs were not strong
enough to segregate by disease severity (Figure S1 and Table S9).

Next, we characterized the clusters through gene ontology (GO)
analysis to identify distinct biological processes (BPs) that are
enriched by the differential expression signatures found in our
gene sets (Figure 4 and Table S10). Namely, cluster 1, composed
of strongly upregulated genes CCL8 and CCL2 during the early
acute phase; cluster 2, comprising downregulated genes at early and
late acute phases; cluster 3, including genes more upregulated in the
early acute phase; and cluster 4, consisting of genes more
upregulated in the late acute phase. Cluster 1 enriched BPs were
related to the migration and chemotaxis of lymphocytes,
granulocytes, and mononuclear cells. Cluster 2 included genes
involved in phagocytosis, cellular response to catecholamine
stimulus, and anion homeostasis. Cluster 3 exhibited genes
enriching several processes related to the response to the virus
(e.g., positive regulation of RIG-I signaling pathway, regulation of
viral genome replication) and IFN-related processes (e.g., ISG15-
protein conjugation, regulation of type I IFN production). Cluster 4
comprises genes enriching several cell cycle-associated processes
such as phase transition, checkpoint, and DNA replication.

To assess whether GO differences depended on the particular
IFN type, we further conducted a functional enrichment analysis of
the 173 common IRGs by IEFN type and disease phase (Table S11).
In the early acute phase (Figure 5), genes regulated by IFN types I

Frontiers in Immunology

10.3389/fimmu.2023.1243516

and II robustly overlapped (86 in 100 genes). Hence, we joined these
genes and carried out the enrichment analysis. For the three IFN
types, we found a predominance of BPs related to host regulation
and defense against the virus, analogous to the enrichment results of
cluster 3. In the late acute phase (Figure 6), considering that only
one common gene was regulated by IFN type III, we performed the
enrichment analysis only for types I and II. We found several cell
cycle-associated BPs during the late acute phase, as seen in cluster 4
(Figure 4). Hence, these findings indicate a phase-specific
interferome signature.

3.4 Anti-DENYV interferome stratifies
patients according to disease phase
and severity

We further examined a possible stratification power of the anti-
DENV interferome with principal component analysis (PCA),
considering disease phases and severities. The PCA of IRGs
indicated that they stratify DF, DHF, non-DSS, and DSS dengue
patients at early and late acute phases from their counterparts in
convalescence (Figures 7A-D and Table S12). In the late acute
phase, the interferome signature could differentiate DF patients
from DHF patients and partially distinguish non-DSS from DSS
patients. However, for the IRGs identified in the early acute phase,
there was only minimal differentiation power based on disease
severity. This fact implies that the interferome signature at the later
stage of DENV infection may play a distinct role compared to early
dengue stages.

To better understand the interferome’s stratification power for
dengue patients according to disease severity, we next applied
random forest (RF), a machine learning algorithm, to identify
classifiers of dengue severity (Table S13). In agreement with the
PCA results, RF analysis of DF versus DHF late acute groups
indicated an out-of-bag (OOB) error rate of 27.78% and area
under the curve (AUC) of the receiver operating characteristic
(ROC) curves of 0.952 (Figures 8A, B). Thus, IRGs are strong
classifiers of DHF at the late phase. However, we did not find solid
classifiers for DSS or the early acute phase. For dataset A,
comparing non-DSS and DSS late acute groups, the OOB error
rate was high for the non-DSS group (group 1), and the AUC of the
ROC curves was 0.833 (Figures S2). When we performed RF with
early acute samples from dataset E and dataset A, the OOB error
rate was 31.58% and 33.33%, with AUC of 0.583 and 0.622,
respectively (Figure S3).

The top ten IRGs classifying dengue severity (DF and DHF;
Figure 8C) were SULF2, ISGI15, NMEI, CYBRDI, GINS2, GAS6,
UBE2T, RNASE1, and MKI67, in decrescent order. We evaluated the
expression patterns of these top 10 genes through DEAs within each
disease phase, comparing disease severities (Figure 8D and Table
S14). Only IFI27 and ISG15 were significantly differentially expressed
between DHF and DF samples in the late acute phase. To further
investigate whether these ten genes could also classify by disease
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DENYV infection acute phase interferome landscape. Heatmap of log2 FC of the common IRGs across the acute phases in datasets A to E (Table S8).
The red color scale denotes up-regulated genes; the blue color scale denotes down-regulated genes, yellow color denotes genes not differentially
expressed (FC close to zero or missing). Hierarchical clustering by Euclidean distance complete linkage metric discriminated cohorts (columns) by
disease phase (early acute, late acute) and IRGs (rows) into four distinct clusters (1-4). The amplified view and alluvial plot represent the IRGs of each
cluster and the main BPs associated with each cluster. The IFN types that regulate the IRGs are indicated by a grayscale column, from lighter to
darker, representing IFN types | and Il alone or | and Il, as well as |, II, and Il together. Complete functional enrichment results by cluster are
available in Table S10. Heatmap columns legend: First letter indicates dataset (A, GSE25001; B, GSE28405; C, GSE28988; D, GSE28991; E,
GSE43777), while second letter indicates disease phase comparisons (E, early acute vs. convalescent; L, late acute vs. convalescent). DENV, dengue
virus, FC, fold change; IRG, interferon-regulated gene; BP, biological process; IFN, interferon; IL-1, interleukin-1, RIG-I, retinoic acid-inducible gene

lymphocyte chemotaxis

response to interferon-gamma
response to interleukin- |
positive regulation of cellular biosynthetic process
negative regulation of signal transduction
regulation of phagocytosis

regulation of IL-|-mediated signaling pathway
~ positive regulation of RIG-| signaling pathway

2 /.} interferon-gamma-mediated signaling pathway
'y

7

defense response to virus

ISG15-protein conjugation

regulation of viral genome replication

positive regulation of lymphocyte differentiation
apoptotic process

cellular response to DNA damage stimulus

double-strand break repair via
break-induced replication

regulation of cell cycle process

severity, including DSS, we performed a meta-analysis with the late
acute samples of datasets A and E. We found 872 meta-significant
genes (Table S15). Of the top ten ranked genes, IFI27, ISG15, and
CYBRDI were also identified among the meta-significant genes. To
further validate these genes as putative biomarkers for predicting
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severe dengue clinical outcome classification across disease phases,
we analyzed their expression on an independent cohort (dataset G).
The acute and convalescent phases were significantly different, while
there was no difference between the convalescent and healthy control
samples (Figure S4 and Table S16).
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4 Discussion

The interferome is a highly complex ancient molecular system
(already present in jawed vertebrates) (52), which plays a crucial
and central part in the anti-DENV immune response and many
other viral infections. Upon virus recognition by PRRs, the IFN
system is rapidly triggered within hours from infection, initiating
IFN production and a cascade of signaling pathways (53), and as
shown here, the transcription of an array of IRGs. In this context,
this study comprehensively characterizes the dengue interferome
signature in patients, encompassing different datasets, disease
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phases, and severities. The IFNs are among the oldest known
cytokines (51) and the results presented here indicate that the
interferome can still be explored in more detail in DENV-infected
patients to provide new contextual information that may benefit
these patients and result in improved treatment strategies. Our
findings align with previous studies highlighting the significant role
of IFN responses in the immune response to DENV infection (54—
56). Indeed, we consistently observed a functional enrichment of
several IFN-related functions during the acute disease phase. Thus,
our integrative systems biology analysis based on seven
independent datasets confirms the consistency of prior individual
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studies, such as those reported by Sun et al. (5), characterized by
cytokine-mediated signaling (e.g., type I IFN) and chemotaxis,
which is followed by a transcriptional wave of genes associated
with the cell cycle.

Our current study emphasizes the predominance of IFN-
regulated genes among DEGs, characterizing the interferome
signature as an evident hallmark of the acute response to DENV.
This finding agrees with the observation of high levels of type I IFN
during acute dengue infection with concomitant CD4+ and CD8+ T
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cell activation at symptom onset (57). It is already well established
that the first powerful wave of type I IFNs may be an early attempt
of the host to protect itself against the initiation and development of
more advanced disease by employing an early acute phase.
Meanwhile, the enrichment of cycle-associated BPs at the late
acute phase might represent the simultaneous occurrence of
leukocyte proliferation to fight against the infection, together with
the manipulation of the cell cycle by the DENV (58, 59) through
distinct mechanisms that remain to be explored further in future
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Interferon-regulated genes stratification capacity by disease phase and severity. (A, B), Principal component analysis (PCA) biplots of the log2-
transformed gene expression values from dataset E of the early acute phase (A) or late acute phase (B) IRGs common across all studies. (C, D), PCA
biplots of the log2-transformed gene expression values from dataset A of the early acute phase (C) or late acute phase (D) IRGs common across all
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samples (DF or nonDSS). IRG, interferon-regulated gene. DSS, Dengue shock syndrome DF, nonDSS, non-Dengue shock syndrome, Dengue fever;

DHF: Dengue hemorrhagic fever.

studies. Moreover, our work demonstrates that IRGs are still
differentially expressed in the late acute phase. As a result, as
IFNs may still be detected, they may also play a regulatory role in
this phase of the disease. Genes upregulated at the late acute phase
enriched BPs mostly related to mitosis and cell cycle, which was also
reported by Sun et al. (5), suggesting this may represent a recovery
of the immune cells after viremia has decreased. Thus, indicating a
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long-lasting cascade effect of the interferome in the anti-DENV
immune response.

Clinical investigations of dengue patients have assessed varying
timeframes of IFN kinetics and levels during infection, e.g., higher
IFN-o levels were identified in the period comprising the early acute
phase (0 to 3 days after fever onset) (54, 60), but also throughout the
acute phase (57). IFN-y was also reported to be elevated in the early
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forest models by number of trees. (B), Receiver operating characteristic (ROC) curve of the generated classifying models. The red line corresponds
to group 1 (late acute DF), blue line corresponds to group 2 (late acute DHF). (C), Bar plot of the top ten severity classifying genes ranked by the
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acute phase (57), although peaking around defervescence (61).
Likewise, in the early acute phase, we observed the enrichment of
BPs primarily related to antiviral defense mechanisms. These BPs
included regulating typical viral processes, replication, life cycle,
and signaling pathways of RLRs, as well as inflammatory cytokines.
These results are consistent with the well-established functions of
IFNs in innate immunity. Therefore, our integrative findings from
different patient datasets confirm the consistency of the molecular
dynamics of the early acute phase of dengue infection, when the
viremia, innate immune responses, and IFN responses peak (52).
The observed cell-cycle-related effects of the distinct anti-
DENV interferome signature should be investigated further. They
may be explained by the fact that IFNs have been reported to
negatively regulate the proliferation and differentiation of cell types,
such as innate lymphoid type 2 cells and dendritic cells (53), as
means of controlling the infection by hampering the viral
replication and enhancing the elimination of infected cells (52).
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On the other hand, both IFN-o and IFN-y have also been reported
to enhance immune proliferation (62, 63). These apparently
contradicting effects illustrate how the IFN system is highly
pleiotropic, presenting extensive functions and effects (62, 64).
The stratification and classification analyses (PCA and random
forest) results demonstrate eftective discrimination between disease
severities based on the interferome signature only in the late acute
phase, indicating that the interferome has a more prominent role at
this stage. The late acute phase is critical, wherein the disease course
is defined as severe or non-severe dengue (4). So far, identifying
early-stage biomarkers to classify which patients will progress to
severe dengue is still an unsolved challenge. The random forest
algorithm identified the top ten ranking genes (IFI27, SULF2,
ISG15, NMEI, CYBRDI, GINS2, GAS6, UBE2T, RNASE1, MKI67)
for differentiation of DHF and DF in the late acute phase. Among
them, IFI27, ISG15, and CYBRDI were also meta-significant genes.
We confirmed in an independent dataset that these putative
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biomarkers are differentially expressed during acute infection for
both DF and DHF and return to baseline expression upon disease
resolution. Further, IFI27 and ISGI5 were significantly upregulated
in the DHF late acute phase and have previously been associated
with dengue severity by Zanini et al. (65).

Mechanistically, IFI27 (interferon alpha inducible protein 27) is
involved in type-I interferon-induced apoptosis (49) and was recently
identified as a key ISG in DENV infection, using similar approaches
(66). In addition, IFI127 was predominantly upregulated across disease
phases in DHF and DSS, being a putative late-stage biological
indicator for severe dengue. In turn, ISG15 encodes a ubiquitin-like
protein with an antiviral activity that can induce NK cell proliferation,
act as a chemotactic factor for neutrophils, and induce IFEN-y (49).
ISG15 was upregulated in DHF but downregulated in DSS,
representing a potential molecule differentiating patients between
the two severities in the late acute phase. On the other hand,
CYBRDI encodes a plasma membrane reductase that reduces
extracellular Fe** into Fe**, expressed in monocytes and neutrophils
(49, 67). It is a meta-significant gene, downregulated in DHF but
upregulated in DSS. CYBRDI can potentially be a classifier between
DHF and DSS in the late acute phase, and to the best of our
knowledge, it has not been previously associated with dengue. GAS6
encodes a ligand for tyrosine-protein kinase receptors, which has been
shown to bind to TAM receptors, inhibiting inflammatory innate
immune response. DENV exploits the apoptotic clearance function of
TIM and TAM receptors, mediated by Gas6, to gain entry into cells
(68). This fact highlights the interplay between GAS6 and DENV
infection, emphasizing the involvement of GAS6 in modulating
immune responses and facilitating viral entry. As this gene was
upregulated in the DHF group, this enhanced viral entry may be
related to the increased disease severity.

Our work has some limitations. For instance, the molecular
signatures identified in this study must be investigated in
longitudinal studies and verified further at the protein level. As
with all transcriptomic data, it does not necessarily reflect in
expressed proteins or functional effects, and possible biomarkers
are only putative, with further clinical studies necessary to evaluate
their applicability. Another limitation is that some samples included
children and infants, whose immune response differs from that of
adults (69). As expected, most severe dengue (DHF and DSS) samples
were secondary infection cases (70). However, no information
allowed us to consistently identify the samples regarding either
reinfection or DENV serotype, which can affect the response to
infection (71). Other populational factors affecting the response to
DENV that could not be considered in this study are ethnicity,
geographic location, nutritional status, and comorbidities (72, 73), as
that information were unavailable and/or not comparable. Despite
these limitations and the cohort heterogeneity, we found consistent
molecular signatures across the studies, indicating our results are
robust and characteristic of the overall DENV infection.

5 Conclusions

Our study underscores the significant involvement of IFN-
regulated genes in the acute dengue response, as reflected by the
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distinct interferome signature during different phases of DENV
infection. Summarily, our approach focused on the expression
patterns of IRGs across disease phases and severities in dengue
patients. Of note, most DEGs induced by dengue infection were also
regulated by IFN, which corroborates the broad modulation of the
immune response by the IFN system. Moreover, this study provides
valuable insights into the qualitative and quantitative aspects of the
dengue interferome, highlighting the dynamic interplay between
IFN signaling and gene expression modulation in the context of
dengue infection. Hence, our study indicates consistent molecular
signatures of disease severity in the late acute stage that can help the
development of better classificatory methods and treatment to
reduce morbidity and mortality of dengue patients.
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of bone marrow derived
macrophages reveals Ccl5

as a biomarker of direct
IFNAR-independent responses
to DNA sensing
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Introduction: The type | interferon (IFN) response is an innate immune program
that mediates anti-viral, anti-cancer, auto-immune, auto-inflammatory, and
sterile injury responses. Bone marrow derived macrophages (BMDMs) are
commonly used to model macrophage type | IFN responses, but the use of
bulk measurement techniques obscures underlying cellular heterogeneity. This is
particularly important for the IFN response to immune stimulatory double-
stranded DNA (dsDNA) because it elicits overlapping direct and indirect
responses, the latter of which depend on type | IFN cytokines signaling via the
IFN alpha receptor (IFNAR) to upregulate expression of interferon stimulated
genes (ISGs). Single cell transcriptomics has emerged as a powerful tool for
revealing functional variability within cell populations.

Methods: Here, we use single cell RNA-Seq to examine BMDM heterogeneity at
steady state and after immune-stimulatory DNA stimulation, with or without
IFNAR-dependent amplification.

Results: We find that many macrophages express ISGs after DNA stimulation. We
also find that a subset of macrophages express ISGs even if IFNAR is inhibited,
suggesting that they are direct responders. Analysis of this subset reveals Ccl5 to
be an IFNAR-independent marker gene of direct DNA sensing cells.

Discussion: Our studies provide a method for studying direct responders to IFN-
inducing stimuli and demonstrate the importance of characterizing BMDM
models of innate immune responses with single cell resolution.

KEYWORDS

dsDNA, Irf3, Ifnar, interferon stimulated genes, single cell RNA-Seq, transcriptomics,
macrophages, Ccl5
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Introduction

The type I interferon (IFN) response is an innate immune
program that fuels inflammation during diverse pathologic
processes including infections, malignancies, sterile tissue injury,
autoimmunity, and autoinflammatory diseases (1-9). In the setting
of viral infections, this response is adaptive; however, in the context
of sterile injuries and autoimmune diseases, this response is often
overly exuberant and maladaptive. IFNs are thought to mediate
pathology by signaling via their cell surface IFN alpha receptor
(IFNAR) as detailed below. As a result, therapies based on
inhibition of type I IFN signaling using neutralizing antibodies
against the IFN alpha receptor (INFAR) have been developed and
were recently FDA approved for treatment of lupus (10).

The type I IFN response is shown schematically in Figure 1. It
begins when molecularly conserved pathogen- and damage-
associated molecular patterns (DAMPs and PAMPs) are detected
by genome encoded pattern recognition receptors (PRRs), for
example, when immune stimulatory double-stranded DNA
(dsDNA) is sensed by the cytosolic DNA sensor intracellular
cyclic GMP-AMP synthase (cGAS) or Toll Like Receptor 9
(TLR9) (7, 11, 12). Receptor engagement leads to intracellular
signaling that culminates in activation of the master
transcriptional regulator interferon response factor 3 (IRF3)
which, once phosphorylated, dimerizes, and translocates into the
nucleus where it induces expression of target genes such as type I
IEN secreted cytokines (Ifno/B) (7, 11, 12). Beyond the cGAS, other
cytosolic DNA sensors have been described but they are not known
to induce type I IFN responses (13-15).
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Type I IFNs are diffusible extracellular cytokines that spread
responses from directly-stimulated cells to neighboring cells by
binding to cell surface interferon alpha receptors (IFNAR1 and
IFNAR?2, hereafter IFNAR) (Figure 1). Autocrine signaling is also
possible if the directly-stimulated cells express IFNAR. Ligand
binding of IFNAR leads to intracellular signaling that activates a
heterotrimeric transcriptional regulatory complex composed of
STAT1, STAT2, and IRF9, called ISGF3. Within the nucleus,
ISGF3 upregulates hundreds of genes that are collectively referred
to as interferon stimulated genes (ISGs). Some ISGs are thought to
be directly inducible by IRF3, independent of IFNAR, while others
are IFNAR-dependent, but it is challenging to separate and quantify
direct and indirect effects using bulk measurement techniques (16—
18). Most experimental studies of the type I IFN response to
immune stimulatory DNA rely on bulk measurement techniques
that average responses over large numbers of cells. It is therefore
difficult to separate, characterize, and quantify the responses of
direct DNA-sensing cells amidst secondary IFNAR-dependent cells.
Even when IFNAR Abs are used to block secondary signaling, the
primary response is averaged across all cells and is thus
severely diluted.

Here, we utilize single cell RNA-Seq to characterize bone
marrow derived macrophages (BMDMs), a commonly used in
vitro model of tissue macrophages, at steady state and after
exposure to immune stimulatory dsDNA with or without
simultaneous IFNAR Ab treatment or genetic deficiency of
IFNAR (19). This enables dissection of IFNAR-dependent and
IFNAR-independent responses with single cell resolution, even
when cells derive from the same culture well and thus share a

JAK/STAT

Indirect

ISGs
=

INDIRECT CELL
IFNAR-DEPENDENT ISG EXPRESSION

Overview of Direct and Secondary Type | IFN response to Immune-stimulatory dsDNA. When double-stranded DNA (dsDNA) is complexed with a
polyelectrolyte transfection reagent and added to cells in culture, it activates an innate immune response. Some cells internalize the particulate
material, allowing dsDNA to be sensed by the cytosolic pattern recognition receptor cGAS, which catalyzes synthesis of the second messenger,
cGAMP that signals via the adaptor STING and the TBK1 kinase to promote phosphorylation, dimerization, and nuclear translocation of the master
transcriptional regulator IRF3. Once inside the nucleus, IRF3 binds to the promoters of IRF3-dependent genes such as the type | interferon
cytokines, IFNo and IFNB. Secreted type | IFN cytokines can diffuse to neighboring cells and bind to their cognate surface receptor, interferon alpha
receptor (IFNAR), leading to JAK/STAT signaling and assembly of a heterotrimeric transcriptional regulatory complex known as ISGF3, composed of
Statl, Stat2, and Irf9. ISGF3 binds to ISRE consensus sequences and upregulates hundreds of effector genes, which are collectively known as
interferon stimulated genes (ISGs). By performing experiments in the presence or absence of an IFNAR neutralizing antibody, one can dissect the
“Direct” IFNAR-independent and “Indirect” IFNAR-dependent elements of the type | IFN response.
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microenvironment. Our results point to Ccl5, a proinflammatory
chemokine, as a marker of direct DNA sensing cells which is
inducible independent of IFNAR-mediated amplification.

Results

Single cell analysis of bone marrow derived
macrophage subsets

To dissect direct and indirect responses to transfected
immunogenic DNA stimulation with single cell resolution, we
designed the following experiment. We used single cell RNA-Seq
to define the heterogeneity of cultured BMDMs (i) at steady state,
(ii) in response to dsDNA alone, or (iii) in response to dsDNA +
IFNAR Ab inhibition of secondary signaling, or (iv) in dsDNA-
treated IFNAR KO (Figure 2A). BMDMs were derived by flushing
hematopoietic cells from the femurs of adult C57BL6 mice and
differentiating them into macrophages in culture using monocyte
colony stimulating factor (m-CSF) as we previously described (20).
We then subjected the cultures to 24 hours of stimulation with the
conditions above, after which BMDMs were collected, stained with
DAPI, purified by flow cytometry, and subjected to droplet-based
microfluidic single cell barcoding (Chromium, 10X Genomics),
library preparation, and next generation sequencing (NovaSeq,
Mlumina). After demultiplexing and mapping to a reference
murine genome, we performed shared nearest neighbor (SNN)
clustering on the integrated data from all three treatment groups
to define a universal embedding of shared BMDM subtypes
(Figure 2B). Unbiased clustering revealed 6 coarse BMDM
clusters, 2 of which were interpreted to be proliferating based on
expression of canonical cell replication marker genes and labeled
them Repl(G2/G1) and Repl(S/G1) (Supplementary Figure SI).
Proliferating BMDMs were stratified by cell cycle phase cell based
on their expression of Mcm6 and Mcm5 (S phase), Top2a and
Cenpa (G1 phase), Birc5 and Nusapl (G2 phase) (Figures 2C, D).
Non-proliferating BMDMs were also readily stratified into 3
clusters based on their expression of Fabp4 and Fabp5 and
MHCII genes such as H2-Aa and H2-Abl (Figures 2C, D). We
labeled the non-proliferating BMDM subsets (Fabp4-, MHCII-),
(Fabp4+, MHCII-), and (Fabp4+, MHCII+). The final cluster was
defined as a monocyte-like BMDM Progenitor characterized by
expression of $100a4 and S100a6.

Single cell analysis of cytosolic DNA-
induced ISG expression in BMDMs

Having defined the BMDM subtypes at steady state, we turned
our attention to the response to dsDNA. Experiments based on bulk
measurement techniques (e.g, qPCR) have firmly established that
dsDNA complexed with a transfection reagent, when delivered to
macrophages in culture, induces expression of type I IFNs and ISGs
(21). However, underlying single cell heterogeneity remains
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incompletely defined. Consistent with results from bulk
experiments, single cell RNA-Seq profiling of dsDNA-stimulated
BMDMs markedly induced expression of ISGs (Irf7, Ifit2, Oasl2,
Rsad2, Isgl5) compared to unstimulated controls as well as compared
to dsDNA in the context of IFNAR Ab, thus demonstrating
successful inhibition of secondary amplification (Figure 3A). Violin
plots confirmed dsDNA-dependent and IFNAR-dependent
induction of ISGs at the single gene level while broader
macrophage marker genes such as Ms4a7 remained highly
expressed across all three conditions (Figure 3B). To evaluate
dsDNA responses independent of clustering, we created an ISG
Score based on the summed expression of a collection of ISGs
derived from previously published studies (Table 1). dsDNA-
treated BMDMs had the highest ISG Scores, which were almost
completely abrogated by IFNAR Ab inhibition (Figure 3C).
Interestingly, we did not find that dsDNA induced ISGs
preferentially expressed by one or more of the BMDM subtypes.
Instead, they were uniformly elevated across all proliferative and non-
proliferative subsets compared to control (Figure 3D). Although we
included IFNAR KO BMDMs, they were found to have significant
ISG expression in scattered cells with or without DNA stimulation,
which limited their utility for identifying direct DNA-stimulated cells
(Supplementary Figure S2). Taken together, these data demonstrated
that dsDNA stimulation induces ISG expression in both proliferating
and non-proliferating BMDMs, and that secondary amplification of
the response via type I IFN secretion plays a dominant role in the ISG
response since it is markedly abrogated by simultaneous blockade
with a neutralizing IFNAR Ab.

Direct IFNAR-independent responses to
immune stimulatory DNA

Since IFNAR Ab treatment markedly inhibited secondary
amplification of DNA-induced IFN responses, we reasoned that
any residual ISG expression must result from IFNAR-independent
responses to DNA. To identify direct DNA-sensing cells, we
bioinformatically combined BMDMs from control and IFNAR
Ab treated cells and reclustered (Figure 4A, Supplementary Figure
S3). This revealed a small group of BMDMSs with high ISG scores
despite inhibition of IFNAR-dependent amplification (Figure 4B).
We interpreted these ISG-expressing BMDMs to be direct
responders to dsDNA stimulation. Unbiased clustering of IFNAR
Ab-treated Condition 3 cells revealed 8 distinct clusters including
one expressing ISGs embedded within the broader Fabp4+MHCII-
cluster, as illustrated in a feature plot (Figure 4C) and heatmap of
top marker genes expressed by each cluster (Figure 4C). The top
marker genes for directly DNA-stimulated BMDMs were Ccl5, Irf7,
Ifit, Isgl5, Rsad2, Oasl2, Bst2, and Ifi204 (Figure 4D). To confirm
the result independent of clustering, we plotted the ISG Score for
each DNA- and IFNAR-Ab-treated BMDM of Condition 3 and
identified the same small population of Fabp4+MHCII-ISG+ cells
(Figure 4E). Together, these results suggest that direct DNA-sensing
BMDMs are preferentially Fabp4+MHCII- macrophages.
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FIGURE 2
Integrated single cell transcriptomes reveal cell-cycling and non-cycling BMDM subsets. (A) Bone marrow derived macrophages (BMDMs) were
isolated from adult male C57BL6 and IFNAR KO mice and differentiated in culture with m-CSF. BMDM were stimulated for 24 hours with one of the
following i) vehicle control, ii) dsDNA complexed to LTX transfection reagent, or iii)) dsSDNA + IFNAR Ab, or iv) dsDNA-transfected IFNAR KO. Cells
were then collected, stained with DAPI, FACS sorted to isolate live single cells, and processed for single cell RNA-Seq barcoding and sequencing
using established 10X Genomics protocols. Condition 1 was designed to define the transcriptional heterogeneity and BMDM subsets in the
unstimulated state. Condition 2 was designed to define the transcriptional response of BMDM subsets to dsDNA, an inducer of primary and
secondary type | IFN responses. Condition 3 was designed to block IFN-dependent secondary responses and isolate the direct effects of dsDNA. (B)
Data from all three experimental conditions, excluding the IFNAR KO due to strain differences, was integrated and clustered. Unsupervised clustering
of integrated data (n= 19,343cells) revealed at least 6 distinct BMDM subsets. Data is dimensionally reduced using UMAP and displayed on a 2D plot
to communicate relative similarities in transcriptional profiles between BMDM subsets. (C) Identification of replicating BMDMs from clusters based on
cell cycle phase (color-coded legend) using cell cycle sorting. (D) Heatmap of biological replicates averaged, scaled expression defining differentially
expressed genes for each BMDM subset. Cell cycling subsets (clusters 1-2, red & orange) and non-cycling subsets (clusters 3-6, yellow, green, and
blue) are annotated.

Gene expression sig natures of direct Ifnar- roles in initiation and amplification of IFN responses in vivo. To

independent DNA-induced macrophages identify genes that may discriminate direct and indirect cells, we
identified the most highly differentially expressed genes between

Bulk measurement techniques do not allow separation of  direct DNA responsive cells and secondary IFNAR-dependent
direct DNA-sensing cells from the more abundant secondary  cells. First, we isolated Fabp4+MHCII- macrophages, which
IFNAR-dependent cells. This limits separation of cell-specific ~ contained the majority of directly responding cells. We
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FIGURE 3
Immune stimulatory DNA induces a type | IFN response that can be partially blocked by IFNAR Ab (A) Heatmap of of biological replicates averaged,
scaled expression of ISG genes sorted by experimental condition (1: control, 2: dsDNA, 3: dsDNA+IFNAR Ab). (B) Violin plot of Ms4a7, a macrophage
marker gene, and several ISGs (Bst2, Oasl2, Irf7, Ifit2, Oas3, Isgl5, Rsad?2). (C) An ISG Score defined as the summed expression of canonical ISGs was
calculated for each cell and displayed as magenta intensity on a UMAP feature plot for each condition. (D) A violin plot of ISG Score was plotted
across BMDM subsets and split by experimental condition.
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TABLE 1 ISGs used in ISG score.

ISG
1fi204
Isgl5

Irf7

Ifit1

Rsad2

Oasl2

Oas3
Gpb5
Bst2
Ifit2
Ifit3
Oas2
Isg20
Cxcl10
Oasli
Gpb2
Ccl5

Ccl3

reclustered them, which revealed an ISG+ and ISG- population.
Next, we combined the direct macrophages from condition 3
(dsDNA + IFNAR Ab) with the Fabp4+MHCII- macrophages
from condition 2 (dsDNA Alone) and reclustered (Figure 5A,
Supplementary Figure S4). We displayed expression of 45 ISGs as
a heatmap. This revealed Ccl5 to be the most differentially
expressed between the direct cells from condition 3 and
combined indirect and direct cells from condition 2 (Figure 5B).
Feature plots show the cells colored by ISG Score compared to the
more stringent by Direct DNA-sensing Score (Figure 5C). We
selected the top 4 genes and created a Direct Score (Ccl5, Cdks,
Cxcl2, and Cd74) (Figure 5D). Based on these results, we propose
that the top gene, Ccl5, may represent a useful marker gene for
identifying direct DNA sensing cells.

Discussion

BMDMs are a widely used experimental tool used across diverse
innate immune studies, but they are typically analyzed using bulk
measurement techniques that obscure population heterogeneity (19).
In this study we applied single cell RNA-seq to reveal functional
heterogeneity within cultured BMDMs. Using single cell RNA-Seq, we
show that immune stimulatory DNA induces ISG expression across all
proliferating and non-proliferating BMDM subsets; however, in the
context of anti-IFNAR Ab blockade, DNA was only able to induce a
small non-proliferative Fabp4+MHCII- population of macrophages.
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These cells, which do not benefit from secondary signaling via IFNAR,
were interpreted as directly-stimulated cells. Using this population, we
identified Ccl5, also known as RANTES, as a transcriptional
biomarker that discriminates directly from indirectly DNA-
stimulated cells. Ccl5 is a secreted proinflammatory chemokine
capable of recruiting diverse immune cell types (17, 22, 23).
However, independent of its functional role, we propose that Ccl5
may be useful transcriptional biomarker for identifying direct DNA-
stimulated cells in vivo using single cell RNA-Seq.

BMDMs are a ubiquitous part of an innate immunologist’s
experimental toolkit, owing to the ease of harvesting and
differentiating them in cell culture. However, an often-overlooked
assumption of this model is that all cells in the culture are assumed
to represent the response of a prototypical macrophage (19). Single
cell transcriptomics has emerged as a powerful tool for revealing
cellular heterogeneity in vitro and in vivo within population
previously assumed to be homogeneous. In vivo, this technology
is informing the growing appreciation of macrophage diversity
within the bone marrow and at sites of tissue injury (3, 24). Here,
we apply single cell transcriptomics to the commonly used BMDM
model experimental system. At baseline, transcriptional profiling of
BMDMs divides cultured macrophages into proliferative and non-
proliferative subsets, each with additional substructure. Our data
suggests that when BMDMs are stimulated with immune
stimulatory DNA, it is the non-proliferating BMDMs that are
directly stimulated, which then broadly recruit both proliferative
and non-proliferative cells via secreted type I IFN cytokines
signaling via the IFNAR cell surface receptor to express
secondary ISGs (25, 26).

Limitations of our study include the small biological sample
size; however, this is somewhat mitigated by the large number of
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