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Morbidity and mortality associated with neonatal sepsis remains a healthcare crisis.
PD1~/~ neonatal mice endured experimental sepsis, in the form of cecal slurry (CS), and
showed improved rates of survival compared to wildtype (WT) counterparts. End-organ
injury, particularly of the lung, contributes to the devastation set forth by neonatal sepsis.
PDL1~/~ neonatal mice, in contrast to PD1~/~ neonatal mice did not have a significant
improvement in survival after CS. Because of this, we focused subsequent studies on the
impact of PD1 gene deficiency on lung injury. Here, we observed that at 24 h post-CS (but
not at 4 or 12 h) there was a marked increase in pulmonary edema (PE), neutrophil influx,
myeloperoxidase (MPO) levels, and cytokine expression sham (Sh) WT mice. Regarding
pulmonary endothelial cell (EC) adhesion molecule expression, we observed that Zona
occludens-1 (ZO-1) within the cell shifted from a membranous location to a peri-nuclear
location after CS in WT murine cultured ECs at 24hrs, but remained membranous among
PD1~/~ lungs. To expand the scope of this inquiry, we investigated human neonatal lung
tissue. We observed that the lungs of human newborns exposed to intrauterine infection
had significantly higher numbers of PD1% cells compared to specimens who died from
non-infectious causes. Together, these data suggest that PD1/PDL1, a pathway typically
thought to govern adaptive immune processes in adult animals, can modulate the largely
innate neonatal pulmonary immune response to experimental septic insult. The potential
future significance of this area of study includes that PD1/PDL1 checkpoint proteins may
be viable therapeutic targets in the septic neonate.

Keywords: programmed cell death receptor, sepsis, lung injury, immunopathology, innate immunity, neonatal,
survival, endothelial cell culture

INTRODUCTION

Sepsis remains a devastating illness with high morbidity and mortality despite diagnostic
and supportive therapeutic advances over the past several decades (1, 2). The costs of sepsis
on the healthcare system remain economically burdensome (3). Among surgical patients, an
intra-abdominal source of the sepsis is a predominant driver of this mortality. These effects are most
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FIGURE 5 | Flow cytometry with CD18" neutrophils being gated as CD11b and Ly6G-positive among lung samples (A) for wildtype (WT)-cecal slurry (CS) group vs.
PD1-/= CS mouse (paired representative dot-plots). The absolute number of CD18% cells (B) was significantly higher among WT-CS mouse lungs compared to the
other groups. However, on analysis of the percentage of CD18-positive cells (C), there was no difference among the groups. Flow cytometry with CD177" neutrophils
being gated as CD11b and Ly6G-positive among lung samples (D) for wildtype (WT)-cecal slurry (CS) group vs. PD17/~ CS mouse (paired representative dot-plots).
The absolute number of CD177+ cells (E) was highest among WT-CS mouse lungs, but this rise was mitigated in the PD1~/~ CS group. Analysis of the percentage of
CD1777 cells (F), showed differences between WT Sh and WT CS as well as PD1~/~ Sh and PD1~/~ CS groups. Mean 4 SEM, n = 5-8 per group; *P < 0.05 vs.
WT CS group; #P < 0.05 vs. PD1~/~ CS group; ANOVA with Holm-Sidak post-hoc analysis.

specimens of newborn infants with or without evidence of
intrauterine inflammation/sepsis who succumbed within 24 h of
birth. Previous human study on neonatal lungs found that wet
weights or edema is associated with pathologically significant
inflammation of lung parenchyma (39). Here we found that lungs
of infants with evidence of antenatal inflammation/infection [N
= 8; “Duration of Life” group = Infection <24h (Table1)]
uniformly displayed abundant PD1-immunoreactive cells, often
preferentially located in peribronchial location or in lymphoid
aggregates in interstitium and interlobular septa (Figure 9A,
“EC1: Amniotic Fluid Infection Syndrome”). In contrast, the
lungs of age-matched control infants without evidence of
antenatal inflammation/no infection [N = 6; “Duration of Life”
group = No Infection <24h (Table 1)] were virtually devoid
of PD1-immunoreactive cells (Figure 9A, “EC17: Abruption, no
inflammation”). The numerical density of PD1-positive cells as
summary data is depicted in Figure 9B. In this respect, newborns
dying within 24h of birth, diagnosed as infected/septic had
a pronounced increase in PD1 positive staining (Figure 9B).
Further, while reduced in those newborns that survived beyond
the first 24 h, a PD1 positive signal was still evident even in the
later mortalities if they too were diagnosed with infection/sepsis.

DISCUSSION

Lung injury in clinical sepsis is a common and often devastating
end-organ injury following intra-abdominal polymicrobial
insult. The neonatal sepsis model of CS induces gross changes
in the lung upon necropsy. To better assess this injury beyond
subjective direct visualization, we undertook to quantify

FIGURE 6 | PECAM-1 expression in the lung. Western blot analysis (a
representative blot provided) (A) showed no significant difference among the
groups in terms of PECAM-1 expression [(B), provide summary data of repeat
assessments of PECAM-1 expression as a ratioed to the housekeeping gene
GAPDHs’ expression]. Mean + SEM, n = 6-9 per group; P >0.05 vs. Sham
group; ANOVA with Holm-Sidak post-hoc analysis.

the edema in the lungs as a rudimentary marker of injury.
Edema is clearly evidenced in the lungs of septic WT mice,
however, among the PD17/~ group, the statistically significant
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FIGURE 7 | ZO-1 expression in the lung. Western blot analysis (a representative blot provided) (A) while showing a trend toward increased ZO-1 expression, relative
to GAPDH, in the lungs of the wildtype (WT) cecal slurry (CS) treated mice, it was not a statistically significant difference from the WT sham (Sh) animal group. Further,
while ZO-1 expression in PD1~/~ CS lung tissue was markedly increased over the PD1~/~ Sh group, this rise was not different from the WT CS group’s ZO-1 levels
[(B), provide summary data of repeat assessments of ZO-1 expression). Mean + SEM, n = 3 per group; *P < 0.05 vs. PD1~/~ CS group; ANOVA with Holm-Sidak
post-hoc analysis. Representative images showed that ZO-1 undergoes peri-nuclear consolidation on endothelial cell monolayers obtained from the lungs of neonatal
mice exposed to 24 h of CS when compared to Sh treatment among wildtype (WT) animals (C). Alternatively, the ZO-1 staining maintains its more peripheral location
seen in endothelial cell monolayers derived from WT Sh mice irrespective if they are isolated from PD1~/~ Sh or CS treated animals.

Cecal Slurry
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increase that we witnessed in the WT is now lost. This suggests
that deletion of the PD1 gene has a protective effect against
pulmonary fluid accumulation after remote septic insult.

This supports what we have seen in human septic lung injury.
Blood leukocytes of adult septic patients expressed higher levels
of PD1 than their non-septic counterparts. Septic patients who
survived a component of indirect Acute Lung Injury had lower
levels of PD1 expression compared to non-survivors (17). Our
question was: do newborns with sepsis also incur changes to the
lung that correspond to PD1:PDLI expression?

Having established a clear role for PD1 in attenuating neonatal
lung injury in a septic mouse model, we next endeavored to
correlate this with human lung samples and to establish clinical
relevancy for the PD1 and PDL1 interaction in the neonatal septic
state. With IRB approval, we forged a clinical collaboration that
allowed us to analyze autopsy samples of septic and non-septic
newborns that had been previously biobanked, and to stain their
lung tissue for our checkpoint molecule of interest. We analyzed
a total of 20 randomly selected human lung specimens, with
non-septic lungs consistently expressing less PD1, and with a
less consistent attenuated expression of PDL1. This human data
led us to ask: what can experimental sepsis tell us about the
underlying mechanism of remote lung injury in neonates?

On histology, the WT mice demonstrated clear lung injury
after CS sepsis. In the PD17/~ mice compared to WT,

however, the alveolar thickening appears mildly attenuated.
To characterize the histology further, we quantified the
neutrophils present in the lungs by utilizing naphthol esterase
immunohistochemistry. We saw that CS is associated with
increased neutrophil influx, suggesting that this one-hit model
of intra-abdominal sepsis was inducing an indirect effect of
increased neutrophil presence in the pulmonary parenchyma.
Unlike the WTs, there is no significant change in neutrophil
influx after CS among the PD1~/~ population. This reinforced
our supposition that PD1 gene deletion is protective against the
lung injury incurred after CS, with neutrophil influx being a
marker of this damage.

What mechanisms promote increased cellular congestion
in the lung parenchyma? We hypothesized that adhesion
molecule(s), like Zona occludens-1 (ZO-1), which promotes
inter-cellular integrity (40, 41), may be compromised in the
setting of sepsis and PD1:PDL1 burden in the lung. However,
based on protein expression from western blot analysis of
homogenized lung tissue, we found that the pattern of amplified
ZO-1 expression after sepsis was comparable in both groups,
contrary to our hypothesis. This led us to alternatively
hypothesize that the differences in lung permeability might
not so much be a result of changes in the level of ZO-1
expression, but might result from differences in the pattern of
cellular expression?
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To test this hypothesis, we isolated and ex vivo cultured
neonatal lung endothelial cells from various Sh or CS mice
and immunofluorescently stained them for adhesion molecule
expression pattern. Among the WT, the ZO-1 staining was noted
to be consolidate around the nucleus of the cells derived from
septic mice, unlike the comparative Sh animals™ cells (where it
was mostly at the periphery of the cell surface). In the PD17/~
mouse cells, however, the peripheral location of the adhesion
molecule was maintained, even in the setting of CS. We conclude
that perhaps the cytokine milieu of the lungs is affecting the
way that ZO-1 localizes in cells, either in addition to direct or
indirect neutrophilic interaction discussed earlier. In this regard,
we noted that IL-6 expression was increased in both groups, but
the increase was much less pronounced among the PD1~/~ mice.
The levels of IL-10 exhibited a similar pattern, as did TNF-a.
This suggests a muted inflammatory environment in the setting
of PD1 loss.

CD177 was chosen as a neutrophil marker on our flow
cytometry studies. Demaret et al. previously identified CD177
on human adult peripheral blood neutrophils as being markedly
upregulated among septic shock patients compared to healthy
volunteer controls. Especially with our neonatal population, the
implications of CD177 expression not only on chemotaxis but
also on cellular maturation may be a potential area for further
exploration (42). CD177 associates with CD18 as part of the
neutrophils’ Mac-1 B2 integrin. Bai et al. demonstrated that
ligation of CD177 downregulated transmigration across vascular
endothelium and thus inhibited cellular localization to the source
of injury or sepsis (43). Interestingly, this was independent of
PECAM-1 expression, suggesting multiple manners in which
neutrophil localization may be regulated (43).

With the neonatal reliance on innate immunity to fight
bacterial infections, neutrophils should be particularly
scrutinized. Pre-term neonates have been shown to be
particularly at risk due to impaired neutrophilic migration
compared to neutrophils of full-term neonates (44). Raymond
et al. have also suggested that not only is chemotaxis
impaired among pre-term neonates, but this corresponds
to impaired bacterial clearance secondary to diminished
pathogen recognition (45). The Moldawer Lab forged significant
progress in the model of intra-abdominal neonatal sepsis, one
which was expanded upon here to include study of the effects of
presence of or genetic deletion of PD1 (46).

PD1 expression on cells may be a distinctive factor in how
organ damage and ultimately survival differs in the setting of
sepsis. A limitation of our study is that the human data is
strictly correlative; we do not have a confirmed mechanism
within human neonates to link PD1 expression with lung
injury and death. With this stated, our exploration into PD1
expression in human lung tissues opens doors for further more
specific investigations into the pathways through which the
sequelae of sepsis unfold. Human pre-term neonatal monocytes
have been shown on flow cytometry to express increased PD1
during sepsis (47). This amplified PD1 expression correlated
with ante-natal steroid administration in this population.
For analysis neonates were divided into early-onset and
late-onset. Different from our human analysis, late-onset
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FIGURE 8 | The absence of PD1 gene expression suppresses expression of
cytokines IL-10 and TNF-a after CS compared to WT CS. A similar pattern is
witnessed in IL-6 among PD1~/~ mice after CS but did not reach significance.
Mean + SEM, n = 6 per group; *P < 0.05 vs. wildtype (WT) CS group; t-test.

sepsis patient more strongly correlated with PD1 expression
compared to early-onset. Further investigation into peripheral
vs. pulmonary parenchymal expression of PD1 in infected
neonates could provide insight into the immune effects of the
associated pathway.

In summary: murine neonatal lungs are sensitive to extra-
pulmonary sepsis as an isolated insult. This is in contrast to
adult mouse lungs, which require cellular priming to incur
evidence of lung injury (48). By deleting PD1 gene expression,
we attenuate this lung injury, with less edema, fewer neutrophils,
and loss of compensatory ligand upregulation. Both PD1 and
PDL1 are highly expressed on neutrophils present in the
lung after sepsis, suggesting a direct cellular mechanism for
increased cellular pulmonary congestion. And finally, epithelial

Frontiers in Immunology | www.frontiersin.org

10

March 2021 | Volume 12 | Article 634529


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Fallon et al. PD1: Lung Injury and Septic Neonates

x =g
s 8
™ w
o -
I
o g
T 8]
2
] '
SRR +
S Rading, a g .
TR iy g 2 e .
) > o
§ 8
o & =
< )
§ =z ] -’
g . =
- o e & —_—
@
g ] No Infection <24h Infection <24h No Infection >48h Infection >48h

‘ld P> ﬁ‘hf
Fon kY AN R

FIGURE 9 | Representative lung autopsy specimens derived of a non-septic (patient EC17: cause of death “abruption, no inflammation”) and septic newborn (patient
EC1: cause of death “amniotic fluid infection syndrome”) who died either immediately after birth, i.e., within 24 h, stained for their expression of PD1 (A). Original [top
half (A)] image magnification x200, scale bar: 100 um; inset [lower half (A)] at magnification x400, scale bar: 50 um. The cumulative change in the numerical density
of PD1 positive cells per 10 high powered fields (HPF) (B), at 20 x magnification, is presented for lung autopsy specimens from either non-septic (No Infection) or
septic (Infection) newborn whom died either immediately after birth, i.e., within 24 h (<24 h), or in a delayed time, i.e., after 48 h (>48h) of life. Data is provided as box
and whisker plot; *P < 0.05, “No Infection <24 h (n = 6)” vs. “Infection <24 h (n = 8)” group or “No Infection >48h (n = 7)” vs. “Infection >48h (n = 15)” group;
Kruskal-Wallis test.
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cell adhesive junction interactions and the lung tissue cytokine In previous research, patients were at higher risk for
microenvironment are disrupted after sepsis, but PD1 deletion  contracting nosocomial infections during their protracted
reduces these factors closer to a non-septic state. recovery from the initial septic insult (49). This risk correlated
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with expression of PD1 within their circulation. When PD1 is
ligated via binding to one of its 2 ligands, it acts to prevent the
activation of immune cells. This causes downregulation of the
function of T and pro-B cells, among others. It also contributes
to inhibition of macrophage function in the setting of sepsis
(25). Conversely, when we somehow inhibit the function of PD1
(either by completely deleting the gene responsible for the protein
creation; or by partially blocking it via an antagonizing agent), we
can observe these effects. The immune paralysis induced by sepsis
and mediated by PD1 is now reversed, and the innate immune
system is re-activated to clear or neutralize the septic challenge.
Given the emerging central role for PD1 in the septic response in
the adult population, we undertook to assess the contribution of
this checkpoint protein in the neonatal demographic.

Not only within patients afflicted with infections, but also
within patients afflicted with cancer, is the understanding of
PD1’s relationship with the endothelium important. A study by Li
et al. described a flubendazole treatment model of mice afflicted
with melanoma and found that it depressed PD1 expression
on melanoma cells themselves and also diminished PECAM-
1 expression, thus potentially inhibiting angiogenesis amongst
cancer cells (50).

Invariant natural killers T cells may provide a cellular
mechanism that could explain the results found in our study
of the PDI:PDLI interactions and subsequent cascade. In the
same model of murine neonatal sepsis, but among iNKT~/~
mice, survival was improved following CS. This may have been
mediated by an attenuation in end-organ damage including the
liver and the site of infectious nidus, namely the peritoneal
cavity (51). In contrast, the Wang lab showed that pre-treatment
with an iNKT cell stimulator actually improved survival and
signs of lung injury compared to non-treated wildtypes (52).
Inasmuch, further investigation into iNKT cells’ role in lung
injury will be needed to answer the question of whether iNKT
cells are responsible for the injury patterns, and septic attenuation
described above.

With COVID-19 now in our midst, consideration for
the future of lung injury across age groups, including even
neonatal populations is important. Neonates have tested
COVID-19 positive, particularly when born to infected
mothers (53). At present we do not know the downstream
harm that neonatal COVID-19 infection may inflict on the
developing lung. However, here we have demonstrated a
possible key to inflammatory processes within neonatal sepsis
and lung injury that might be leverage in such individuals.
With the goal in mind of unlocking the mechanisms of
inflammation/immunosuppression mediating lung injury, we
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