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Lymphadenopathy and synovial
hyperplasia are associated with
sepsis risk in an experimental
model of rheumatoid arthritis
Johann Aleith*, Wendy Bergmann-Ewert
and Brigitte Müller-Hilke
Core Facility for Cell Sorting and Cell Analysis, Rostock University Medical Center, Rostock, Germany
Sepsis is a life-threatening condition arising from immune dysregulation, particularly
in patients with underlying diseases like rheumatoid arthritis (RA). However,
experimental data on this phenomenon are lacking. Using �ow cytometry, we
investigated immune responses in mice with or without collagen-induced arthritis
(CIA) following Streptococcus infection. Mice without CIA effectively cleared the
infection, maintained hematopoiesis, and mobilized lymphocytes. In contrast, CIA
mice exhibited impaired bacterial clearance, leukopenia, and sepsis. Emergency
hematopoiesis in CIA mice led to depletion of lineage-committed progenitor cells,
correlating with an accumulation of immature neutrophils that exhibited diminished
cytokinogenesis. Notably, immune dysregulation in CIA mice appeared before
sepsis onset. We detected an increase in neutrophils and monocytes in draining
lymph nodes and joints. Importantly, lymphadenopathy and hyperactivated synovial
�broblasts, along with articular immune cell in�ltration, drove excessive cytokine
production, increasing sepsis risk. Our �ndings emphasize the importance of
rigorous medical management of RA to mitigate infection-related complications.
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GRAPHICAL ABSTRACT
1 Introduction

Sepsis—de�ned as a dysregulated host response following infection
that leads to organ dysfunction—is the leading cause of mortality in
intensive care settings (1, 2). It is characterized by an inadequate release
of pro-in�ammatory cytokines upon activation of pattern recognition
receptors (3). The hyperin�ammatory phase transitions into systemic
immunosuppression, driven by immune cell apoptosis, upregulation of
anti-in�ammatory effector functions, and maladaptive emergency
hematopoiesis (4, 5). In sepsis, the maladaptive immune response
fails to control bacterial dissemination and is often accompanied by
immunosuppression, including leukocyte apoptosis and impaired
recovery of immune cells due to exhausted emergency hematopoiesis
(6, 7). Although the pathophysiology of sepsis has been extensively
studied, mortality rates remain high, and progress in developing novel
diagnostic and therapeutic tools has been limited (1, 8–10).

Sepsis predominantly occurs in patients with comorbidities and
underlying conditions such as diabetes, malignancies, and
rheumatoid arthritis (RA), which considerably increase the risk of
fatal disease progression (11–13). RA is a prevalent autoimmune
disorder that primarily affects the joints and has long been
recognized to heighten infection risk and related complications
(14–16). Notably, serious infections in RA patients carry an
increased risk for sepsis, sepsis-related fatality, and long-term
mortality following sepsis survival (17–20).

It has been debated whether this increased risk is linked to
immunosuppressive therapy (21, 22). We previously demonstrated in
a model of intravenous Streptococcus infection that immunocompetent
mice with underlying collagen-induced arthritis (CIA) had a
considerably increased risk of developing sepsis and septic arthritis,
with a ninefold increase in mortality rate compared to infected mice
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without CIA (23). Conversely, mice with non-in�ammatory joint disease
resembling osteoarthritis were not more susceptible to sepsis (24).
Collectively, our preliminary results suggest that the ampli�ed sepsis
risk in chronic in�ammation extends beyond immunosuppression and
joint damage alone and may instead be linked to the
immunopathophysiology of the pre-existing disease itself (14).

Understanding the interaction between underlying in�ammatory
joint disease and infection might unlock new avenues for more
individualized sepsis diagnostics and therapy in patients suffering
from RA. This perspective underscores the need to further explore
immune responses and hematopoietic changes in the context of
autoin�ammation-associated infection. Thus, we here set out to
further explore sepsis immunobiology in RA. Speci�cally, we aimed
to identify immune cell populations and cytokine production patterns
that might correlate with increased sepsis risk For this, mice with and
without CIA were infected and cell-type speci�c cytokine productions
were investigated. Mice were sacri�ced at two stages of infection, and
cells from blood, liver, spleen, draining lymph nodes, joints, and bone
marrow were analyzed by �ow cytometry. This approach allowed us to
identify potential immunological correlates that may contribute to
sepsis susceptibility in RA.
2 Results

2.1 Sub-clinical sepsis in autoimmune
arthritis was associated with impaired
bacterial clearance and leukopenia

To model rheumatoid arthritis, mice underwent prime-boost
immunization with bovine type II collagen in adjuvant, while
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control mice were left untreated (Figure 1A). Collagen-induced
arthritis (CIA) led to paw joint swelling and erythema, peaking at
three weeks and declining after eight weeks post-boost. Eleven
weeks post-immunization, CIA mice were randomized into
groups for 24- or 48-hour intravenous Group A Streptococcus
infections. The severity of CIA was comparable between mice
assigned to the different infection durations (Supplementary
Figure S1A). Notably, CIA mice exhibited signi�cantly lower
body weight than controls immediately before infection (t0),
Frontiers in Immunology 03
indicating compromised overall health, though weight-adjusted
bacterial inoculums were comparable across all groups
(Supplementary Figure S1B).

We next monitored the course of infection and observed that
signi�cant clinical manifestations of sepsis—measured by a scoring
system incorporating weight loss, altered appearance, and abnormal
behavior—emerged in CIA mice only at 48 hours post-infection
(Figure 1B). Interestingly, bacterial burdens in peripheral blood,
spleen, and liver were already increased in CIA mice at 24 hours
FIGURE 1

Group A Streptococcus (GAS) infection in an experimental model of rheumatoid arthritis. (A) Experimental study design scheme illustrating that �rst-
generation (F1) offspring from DBA/1J × B10.Q crosses were subjected to prime-boost immunization using bovine collagen type 2 (bovCII) in
adjuvant to elicit collagen-induced arthritis (CIA). Healthy control (HC) mice were not immunized. Eleven weeks after the booster immunization,
animals were infected with GAS. Mice received a weight-adapted dose of Brefeldin A (BFA) either 20 or 44 hours post-infection and were sacri�ced
at 24 or 48 hours post-infection, respectively. (B) Box plot showing sepsis scores for mice without underlying conditions infected for 24 hours (GAS,
n = 5) or 48 hours (GAS, n = 17), and for mice with pre-existing CIA infected for 24 hours (CIA+GAS, n = 7) or 48 hours (CIA+GAS, n = 15). (C) Box
plots showing counts of b-hemolytic bacteria in peripheral blood, spleen and liver. (D) Box plots showing cell counts in peripheral blood and bone
marrow, determined by trypan blue staining using a hemocytometer. Box plots indicate the median, with the lower and upper hinges corresponding
to the 25th and 75th percentiles. Whiskers extend to the smallest and lowest values within 1.5 × interquartile range. (E) Scatter plots showing
peripheral blood and bone marrow cell counts in relation to sepsis scores 48 hours post-infection. Each dot represents one animal. The black
regression line follows a linear model with locally estimated scatter plot smoothing (LOESS), and the gray area represents the 95% con�dence
interval. r: Pearson correlation coef�cient. p-values were obtained using Dunn’s test (B–D) or Pearson correlation analysis (E). p < 0.05 (*), p < 0.01
(**), p < 0.001 (***).
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post-infection (Figure 1C), indicating a maladaptive antibacterial
immune response associated with the pre-existing disease.
Similarly, arthritic mice tended to have a higher proportion of
knee joint cavities invaded by bacteria (Supplementary Table S1).

While mice without underlying CIA exhibited a modest
increase in blood cell counts at 48 hours post-infection, CIA mice
developed cytopenia at both 24 and 48 hours. Similarly, bone
marrow cellularity remained stable in control mice, whereas
medullary cell counts decreased signi�cantly over the course of
infection in CIA mice (Figure 1D). Liver cell numbers were similar
between groups, but an increase of spleen leukocytes over the course
of infection was observed only in mice without CIA (Supplementary
Figure S1C). Focusing on 48 hours post-infection, when sepsis
became distinctive for CIA mice, we found signi�cant negative
correlations between the sepsis score and cell counts in blood, bone
marrow, and spleen (Figure 1E; Supplementary Figure S1D).

Taken together, CIA mice exhibited early bacterial dissemination
and failed to maintain cellular homeostasis following Streptococcus
infection, which preceded the onset of sepsis.
2.2 Sepsis in arthritic mice was paralleled
by an enrichment of non-classical myeloid
cells in peripheral organs

We next sought to de�ne sepsis-induced immunopathology in
greater depth. To do this, we performed single-cell analyses on
peripheral blood, spleen, liver, and inguinal lymph nodes (iLN) using
a �ow cytometry panel of antibody conjugates that covered a variety of
markers for both innate and adaptive immune lineages. Through
hierarchical gating (Supplementary Figures S2A, B), we identi�ed 15
immune cell populations (Figure 2A). To gain an overview of our data,
we compared their distribution across different peripheral organs.
Regardless of the underlying condition or infection-associated
pathology, blood samples were primarily composed of
polymorphonuclear neutrophils (PMN) and monocytes (MO,
Supplementary Figure S2C). The spleen was dominated by B cells,
the liver contained a balanced mixture of lymphoid and myeloid cells,
and iLN were enriched in B and T lymphocytes.

Stratifying the data by infection period and underlying condition,
we identi�ed distinct immune landscapes: one of them appeared
indicative of a competent immune response leading to host resilience
in mice without pre-existing CIA, and another one exhibited
characteristic of immune dysregulation and sepsis in mice with
CIA (Supplementary Table S2). Speci�cally, resilience was
associated with an increase in lymphocytes—particularly CD4+ T
cells, and natural killer (NK) cells—in blood, spleen, and liver
(Figures 2B, C; Supplementary Figure S2D). In contrast, while
PMN frequencies tended to increase in CIA mice 24 hours post-
infection, they were depleted in both blood and spleen under sepsis
conditions at 48 hours post-infection (Figures 2B, C). Notably,
CD11b+Gr-1lo/� F4/80� CD11c� I-A/I-E� non-classical myeloid cells
(ncMyC, Supplementary Figure S2B) were signi�cantly enriched in
CIA mice 48 hours post-infection across all analyzed organs
(Figures 2B, C; Supplementary Figure S2D, Supplementary Table S2).
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Next, we focused on iLN, the secondary lymphoid compartment
speci�cally draining the immunization site in CIA. Interestingly, the
overall lymphocyte composition differed markedly between groups,
potentially re�ecting baseline differences between mice with and
without CIA rather than infection alone (Supplementary Figure
S2E). However, in CIA mice, PMN and MO frequencies and counts
were higher at 24 hours post-infection (Figure 2D). We then
conducted correlation analyses to examine whether alterations in
the multiorgan immune landscape were associated with infection
severity. Our data reveal throughout strong positive correlations
between sepsis scores and the frequency of ncMyC in blood, spleen,
liver, and iLN (Figure 2E).

In summary, an ef�cient immune response to bacterial infection
was marked by lymphoid cell expansion, whereas sepsis in the
context of arthritis was associated with the depletion of peripheral
leukocytes that was paralled by an increase in non-classical myeloid
cells across multiple organs.
2.3 Immature neutrophils exhibiting
reduced cytokine expressions expanded
during sepsis

Given the reported association between Gr-1 expression and
neutrophil development (25), and the marked expansion of Gr-1lo/�

ncMyC in CIA-associated sepsis in our study, we suspected that a
signi�cant portion of this population comprised immature
neutrophils (IMN). Supporting this, Gr-1 expression among PMN
was lower in septic mice (Figure 3A). Since this reduction limited
our ability to identify neutrophils by Gr-1 expression alone, we
recently developed a gating strategy based on the observation that
nearly all neutrophils, regardless of developmental stage, exhibit
high intracellular interferon (IFN)g expression (26). This approach
allowed us to distinguish Gr-1hi PMN from Gr-1lo/� IMN via �ow
cytometry (Figure 3B; Supplementary Figure S3A). Using this
method, we con�rmed an increase in IMN frequencies across
peripheral organs in CIA mice 48 hours post-infection
(Figures 3B, C), with levels positively correlating with the sepsis
score (Supplementary Figure S3B).

To assess the effector functions of PMN and IMN, we performed
intracellular cytokine staining and found distinct expression patterns
between these two cell populations (Figure 3D). Notably, IMN
produced signi�cantly lower levels of tumor necrosis factor
(TNF)a, IFNg, interleukin (IL)-6, and IL - 10 in blood, spleen,
liver, and iLN, while CCL2 was elevated in spleen and liver
(Supplementary Figure S3C; Supplementary Table S3). IL - 17A
labeling was speci�cally increased in liver IMN (Supplementary
Figure S3D). Importantly, while IMN were much less frequent in
resilient mice (i.e., those without pre-existing CIA), their impaired
effector function was independent of infection time and infection-
associated immunopathology (Supplementary Figure S3E).

Taken together, our �ndings indicate that IMN expanded
during sepsis in CIA mice and exhibited diminished cytokine
production compared to their mature counterparts, suggesting
impaired antibacterial effector functions.
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FIGURE 2

The enrichment of non-classical myeloid cells in various organs from arthritic mice correlated with the sepsis score. (A) Topological maps generated
using t-distributed stochastic neighbor embedding (tSNE) illustrate immune cells identi�ed by �ow cytometry and hierarchical gating. Immune cell
populations are indicated by color coding and numbered annotations. (B�D) Superimposed tSNE maps showing the immune landscape in peripheral
blood (B), spleen (C), and iLN (D), with black arrows indicating differences in immune cell compositions. Data include mice without underlying
conditions infected for 24 hours (GAS, n = 5) or 48 hours (GAS, n = 14), and for mice with pre-existing CIA infected for 24 hours (CIA+GAS, n = 7) or
48 hours (CIA+GAS, n = 14). Box plots presenting frequencies and cell counts of CD4+ T lymphocytes, natural killer (NK) cells, polymorphonuclear
neutrophils (PMN), and non-classical myeloid cells (ncMyC) for peripheral blood and spleen. For iLN, box plots show the frequencies and counts of
PMN and monocytes (MO). Box plots indicate the median, with the lower and upper hinges corresponding to the 25th and 75th percentiles. Whiskers
extend to the smallest and largest values within 1.5 × interquartile range. (E) Bubble plot demonstrating for peripheral blood (PB), spleen (Sp), liver
(Lvr), and iLN the correlation between immune cell frequencies and sepsis scores at 48 hours post-infection. r: Pearson correlation coef�cient. p-
values were obtained using Dunn’s test (B�D), or Pearson correlation analysis (E). p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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