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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 Muller-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 flow 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
fibroblasts, along with articular immune cell infiltration, drove excessive cytokine
production, increasing sepsis risk. Our findings emphasize the importance of
rigorous medical management of RA to mitigate infection-related complications.
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GRAPHICAL ABSTRACT

1 Introduction

Sepsis—defined 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-inflammatory cytokines upon activation of pattern recognition
receptors (3). The hyperinflammatory phase transitions into systemic
immunosuppression, driven by immune cell apoptosis, upregulation of
anti-inflammatory 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-inflammatory joint disease
resembling osteoarthritis were not more susceptible to sepsis (24).
Collectively, our preliminary results suggest that the amplified sepsis
risk in chronic inflammation 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 inflammatory
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
autoinflammation-associated infection. Thus, we here set out to
further explore sepsis immunobiology in RA. Specifically, 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 specific cytokine productions
were investigated. Mice were sacrificed at two stages of infection, and
cells from blood, liver, spleen, draining lymph nodes, joints, and bone
marrow were analyzed by flow 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 significantly lower
body weight than controls immediately before infection (ty),

+ Prime-Boost HC:CIA

10.3389/fimmu.2025.1671137

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
significant 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
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FIGURE 1

Sepsis Score Sepsis Score

Group A Streptococcus (GAS) infection in an experimental model of rheumatoid arthritis. (A) Experimental study design scheme illustrating that first-
generation (F1) offspring from DBA/1J x B10.Q crosses were subjected to prime-boost immunization using bovine collagen type 2 (bovCll) 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 sacrificed
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 25™ and 75™ percentiles. Whiskers extend to the smallest and lowest values within 1.5 x 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% confidence

interval. r: Pearson correlation coefficient. p-values were obtained using
(**), p < 0.001 (***).
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Dunn'’s test (B—D) or Pearson correlation analysis (E). p < 0.05 (*), p < 0.01
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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 significantly 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 significant 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 define 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 flow 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 identified 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 identified 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). Specifically, 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-1"""F4/80"CD11c I-A/I-E” non-classical myeloid cells
(ncMyC, Supplementary Figure S2B) were significantly 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
specifically draining the immunization site in CIA. Interestingly, the
overall lymphocyte composition differed markedly between groups,
potentially reflecting 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 efficient 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-1'*~
ncMyC in CIA-associated sepsis in our study, we suspected that a
significant 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)y expression (26). This approach
allowed us to distinguish Gr-1" PMN from Gr-1'"" IMN via flow
cytometry (Figure 3B; Supplementary Figure S3A). Using this
method, we confirmed 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 significantly lower levels of tumor necrosis factor
(TNF)o, IFNy, 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 specifically 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 findings 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 identified by flow 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 (hcMyC) 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 25" and 75" percentiles. Whiskers
extend to the smallest and largest values within 1.5 X 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 coefficient. 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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FIGURE 3

Sepsis in arthritic mice was paralleled by an enrichment of immature neutrophils featuring a decreased cytokine output. (A) Scatter plots depicting
the relationship between Gr-1 expressions, based on the median fluorescence intensity (MFI) and sepsis scores in peripheral blood (PB), Spleen,
Liver, and inguinal lymph nodes (iLN). 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). Each dot represents one animal. The black
regression line follows a linear model with locally estimated scatterplot smoothing (LOESS), and the gray area represents the 95% confidence
interval. (B) Top: Gating strategy for flow cytometry analyses of polymorphonuclear neutrophils (PMN) and immature neutrophils (IMN) across
different organs. Bottom: Representative contour plots showing IMN frequencies for mice exhibiting different sepsis scores. (C) Box plots showing
IMN frequencies in peripheral organs. (D) Principal component (PC) analysis illustrating the variance between PMN (green) and IMN (yellow), based
on the median fluorescence intensities of intracellularly labeled tumor necrosis factor (TNF)a, interferon (IFN)y, interleukin (IL-)6, IL - 17A, IL - 10, C-
C motif chemokine ligand (CCL)2, and CCL3 - 24 and 48 hours post-infection. Violin and superimposed box plots depicting for PMN and IMN the
expression of TNFo and IL - 6 across different organs, based on z(MFI). Box plots indicate the median, with the lower and upper hinges
corresponding to the 257 and 75" percentiles. Whiskers extend to the smallest and largest values within 1.5 x interquartile range (IQR). r: Pearson
correlation coefficient. p-values were obtained using Pearson correlation analysis (A), Dunn'’s test (C) or the Mann-Whitney U test (D). p < 0.05 (*), p

< 0.01 (**), p < 0.001 (***), p < 0.0001 (****),

2.4 Emergency hematopoiesis in sepsis
stalled at the stage of myeloid- and
lymphoid-biased progenitor cells

To link sepsis-associated alterations in the peripheral immune
landscape to hematopoiesis, we performed single-cell analyses on
medullary stem and progenitor cells. First, we identified immune
lineage cells and observed a decrease in PMN frequencies alongside
an increase in myeloid cells (MyC) in the bone marrow of CIA mice
48 hours post-infection (Supplementary Figure S4A). This shift
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coincided with a reduction in Gr-1 expression among PMN, which
correlated with higher sepsis scores (Supplementary Figure S4B).
We then analyzed the lineage KIT'* population (Figure 4A), which
contains the majority of hematopoietic stem and progenitor cells
(HSPCs) (27). Interestingly, this population transiently expanded in
CIA mice at 24 hours post-infection but returned to levels that were
comparable to resilient control mice by 48 hours (Figure 4B).
Conversely, the most striking alteration in hematopoiesis
occurred in CIA mice at 48 hours post-infection, identified by the
marked overexpression of stem cell markers such as Sca-1 and
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CD38, which correlated significantly with sepsis scores (Figure 4C).
To determine whether these expression shifts translated into
changes in specific HSPC subpopulations, we performed manual
gating as previously described (7, 28, 29) (Supplementary Figure
§4C). Notably, short-term hematopoietic stem cells (ST-HSCs) and
multipotent progenitor cells biased toward megakaryocytes/
erythrocytes (MPPyg) and granulocytes/monocytes (MPPgy),
respectively, were enriched in sepsis (Figure 4D). In contrast,
common myeloid progenitors (CMP) and granulocyte-monocyte
progenitors (GMP) were severely depleted in CIA mice at 48 hours
post-infection.

Recognizing that manual gating only accounted for 30% of
HSPC events (data not shown), we employed FlowSOM clustering
on lineage KIT* cells to gain a more comprehensive view of
sepsis-induced emergency hematopoiesis (Figure 4E). FlowSOM-
generated cellular subsets ("HSPC) were phenotyped and annotated
through hierarchical clustering. This allowed for the comparison of
stem cell marker expression patterns among *HSPC with manually
gated cells (Supplementary Figure S4D). Notably, sepsis led to an
increase in "HPC subpopulations resembling MPP cells. While only
CD127" ®CLP; cells were significantly increased, other lymphoid-
and myeloid-biased progenitors were markedly depleted in CIA
mice 48 hours post-infection (Figures 4E, F; Supplementary Figure
$4D, E, Supplementary Table S4).

To integrate single-cell data from peripheral organs and bone
marrow, we performed correlation analyses. This revealed that
sepsis-induced alterations in the HSPC compartment were
strongly linked to diminished lymphocyte frequencies and the
increased mobilization of immature leukocytes (Figure 4G).
Particularly, the depletion of myeloid- and lymphoid-biased
progenitor cells in the bone marrow correlated significantly with
increased frequencies of ncMyC/IMN across peripheral organs.

Collectively, our findings indicate that sepsis-induced
hematopoietic dysfunction resulted in the depletion of immune
cell progenitors, leading to a failure to replenish the peripheral
leukocyte pool. The apparent bottleneck at the stage of myeloid-
and lymphoid-biased progenitor cells suggests that emergency
hematopoiesis in sepsis became progressively impaired, ultimately
contributing to immune paralysis (Figure 4H).

2.5 Lymphadenopathy-driven cytokine
overproduction was associated with sepsis
risk in autoimmune arthritis

Systemic inflammation is a hallmark of sepsis, and we therefore
investigated whether sepsis risk in autoimmune arthritis is related
to aberrant cytokine production. To address this, we first identified
cytokine-positive events among non-neutrophils using manual
gating for TNFo,, IFNy, IL-6, IL-17A, IL-10, CCL2, or CCL3 and
applied a Boolean OR operator to combine all cytokine-producing
cells for subsequent analyses (Supplementary Figures S5A, B).
Comparing cytokine expression across peripheral organs, we
found that non-neutrophil leukocytes from the liver highly
expressed various cytokines, including IL-6, IL-10, and CCL3
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(Supplementary Figure S5C). In contrast, splenic cytokine
production was less pronounced. Blood leukocytes primarily
produced TNFa, IFNy, and CCL2, while IL-17A was
predominantly synthesized in the iLN (Supplementary Figure S5C).

To further characterize cytokine-producing immune subsets,
we utilized FlowSOM clustering and annotated populations based
on surface marker expression patterns (Supplementary Figure S5D).
This analysis identified eight populations responsible for 94% of
cytokine production across peripheral organs: NK cells, CD4" and
CD8" T lymphocytes, double-negative T cells (DNT)/non-classical
monocytes (ncMO), B lymphocytes, classical monocytes (cMO),
macrophages (M®), and ncMyC (Figure 5A). Notably, ncMyC,
which highly expressed TNFa, IFNY, and IL-10, constituted the
largest proportion of cytokine producers in the blood and liver. B
lymphocytes were the primary source of TNFa, IFNYy, and CCL3 in
the spleen, whereas IL-17A, TNFaq, and IFNY-producing CD4" and
CD8" T lymphocytes were predominantly found in the iLN
(Figure 5B; Supplementary Figure S5E).

Next, we compared cytokine-producing leukocytes between
infected mice with and without CIA. While the compositions in
blood, liver, and spleen were largely comparable across groups
(Figure 5C; Supplementary Table S5), CIA mice exhibited
significantly increased frequencies of TNFa, IL-6, IL-17A, IL-10,
and CCL2-producing cells in the blood 48 hours post-infection
(Supplementary Figure S5F). Changes in the spleen and liver were
less pronounced, primarily involving differential TNFo. and IL-10
productions (Supplementary Figure S5G, H). Given the above-
described increase in PMN frequencies in the iLN 24 hours post-
infection, we suspected these cells might contribute to nodal
cytokine production. Indeed, we found for early infection in CIA
mice an enrichment of cytokine-positive PMN in the
iLN (Figure 5D).

Since adjuvant-chaperoned immunization and subsequent CIA
led to an accumulation of cells in the draining lymph nodes (i.e.,
iLN, Figure 5E), we investigated whether this resulted in enhanced
cytokine production in this organ. We observed a marked
enrichment of cytokine-producing cells in the iLN as early as 24
hours post-infection, persisting until clinical sepsis development
(Figure 5F). Furthermore, sepsis scores strongly correlated with iLN
cell counts in septic mice (Figure 5G), suggesting that CIA-
associated lymphadenopathy and excessive cytokine production
contributed to immune dysregulation.

Overall, while cytokine-producing immune cells in the blood
were only enriched at the clinical stage of sepsis, iLN leukocytes in
CIA mice exhibited sustained cytokine overproduction before
sepsis onset.

2.6 ClA-associated joint immune cell
infiltration and synovial fibroblast
activation accompanied articular cytokine
overexpression in sepsis

Synovial hyperplasia and immune cell infiltration are common
features of joint pathology in autoimmune arthritis. To determine

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1671137
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Aleith et al. 10.3389/fimmu.2025.1671137

A B K|TIO[0-
= P

2 2 S

° ? g KITior 8 61 ;15

2 g @ 2 =

& F 9 =y @ 10
-4 =3 = w

3 a a 5 = &
T o = 2 5im,
o S 2 8

24h 48h 24h 48h
B GAS [EHCIA+GAS

B20BVS10  cosen 4 [—c-m TOBVTS0  Ljpeages 4 KIT (CD117yBVA21

| il et 0
cp127 t STHSC MPPue MPPg,,
coso o D i T
Ki [0) 4 e *
T S 10 75
AL . .
cD105 @ 0 3
[ 5.0
T1 CD34 2 0.5
cD44 D u,, 3 4lo@ * 25
co73 o £ 00l =
CD16 ® @ e p<00s o 24h48h
CD135 @& .~ @ p<0.001 5 cmp GmP
st @ B @p<ioe 5 L |10 =
cp3s @ BT 75
cD4s = 5o
coiso © 2O 05 i
e o * 25
R | 0.0 0.0 -
2 1 0 4 2 3 24h48h 24h48h
z; (MF1) among KIT'o*
E F
FlowSOM
01 *MPP
02 *HPC;
03 *HPC;;
04 °HPC;;
05 °HSC
06 *GMP;
07 °GMP;
08 *CLP;
09 °CLP;
10 °CLP;;
11 ¢*CLP;,
© GAS @ CIA+GAS
G H W
MBlood MSpleen MLiver LN HBM =GP EEROLRSY (o)
- uCMP g
22 y — =PMN ALTHSC A Upin Sepsis
—_— 8 11 [ ] mB2 W Down in Sepsis.
o R B2 STHSC
1z L] LI [ meCLP,
IMN = ' = meGMP;
ncMyC 1 L4y ] HeHSC | MPP |
DNT =
onTE || © - A A
LT-HSC m . [ MPPye MPPGy
°HPC, : 2
SHPC, m i l ’ v®
CLPi m bl 05 MEP e
- - » o
At E— i =) 0.0 v@®
MPPy,c B " oMP
sthscm || P 05
IMN = » §51 I A
neMyC = b | 1.0 v
IMN 1 IMN
1 2
82 — L — © ?
IMN = 4 MDSC
ncMyC m MO/M®
CD4'CD5'T W IR ,ﬂo’q\?qf‘g‘&‘@\;‘ @9‘ \g‘ Vg;
o\"co& SFF & oy Bakearo Platelet
© ( Periphery

FIGURE 4

Characterizing the sepsis-specific medullary stem/progenitor cell compartment and its relationship with peripheral immune landscape restructuring.

(A) Gating strategy for flow cytometry analyses of hematopoietic stem and progenitor cells in the bone marrow. (B) Box plots showing frequencies and
cell counts of KITlo/hi cells in mice without underlying conditions infected for 24 hours (GAS, n = 5) or 48 hours (GAS, n = 14), and in mice with pre-
existing CIA infected for 24 hours (CIA+GAS, n = 7) or 48 hours (CIA+GAS, n = 13). (C) Heatmap illustrating standardized (z) expression values of cell
surface markers, based on median fluorescence intensities (MFI) among medullary KITlo/hi cells, and their correlation with sepsis scores at 48 hours
post-infection. (D) Box plots presenting frequencies of manually-gated short-term hematopoietic stem cells (ST-HSC), multipotent progenitor (MPP)
cells biased towards the megakaryocyte/erythrocyte (MkE) or granulocyte/monocyte (GM) lineage, common myeloid progenitor (CMP) cells, and
granulocyte/monocyte progenitor (GMP) cells in the bone marrow. 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 X interquartile range (IQR). (E) Topological map generated using
t-distributed stochastic neighbor embedding (tSNE) illustrate KITlo/hi hematopoietic stem and progenitor cells identified by flow cytometry and flow
self-organizing map (FlowSOM Cell populations are color-coded labeled with numbered annotations. (F) Superimposed tSNE maps showing the
hematopoietic landscape stratified by infection time and pre-existing condition, with black arrows indicating differences in composition. (G) Heatmap
representing the correlation matrix between frequencies of hematopoietic stem/progenitor cells in the bone marrow (purple) and peripheral immune
cells in blood (dark red), spleen (gray), liver (pink), and inguinal lymph nodes (LN, yellow). Red boxes highlight clusters of positively correlated cell
populations, while the blue box marks populations negatively correlated with those labeled by the blue bar. (H) Flow chart illustrating the sepsis-induced
alterations in medullary hematopoietic stem and progenitor cell frequencies. Arrowheads illustrate relative changes in frequencies among cell
populations in septic CIA mice compare to infected control mice without CIA. MDSC, Myeloid-derived suppressor cells. r: Pearson correlation
coefficient. p-values were obtained using Dunn'’s test (B, D), or Pearson correlation analysis (C, G). p < 0.05 (*), p < 0.01 (**).
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stochastic neighbor embedding (tSNE) illustrate cytokine-producing immune cells identified by flow cytometry and flow self-organizing map
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whether joint cells contribute to immune dysregulation before or
during sepsis, we enzymatically digested paw tissue from infected
mice, analyzed the extracted articular cells by flow cytometry, and
identified immune and stromal cell populations via manual gating
(Supplementary Figure S6A). Although the time interval between
collagen immunization and GAS infection allowed joint swelling to
subside (Supplementary Figure S1), leukocyte infiltration remained
pronounced in mice with underlying CIA (Figure 6A;
Supplementary Table S6). In contrast, fibroblast-like synoviocyte
(FLS) counts were comparable between groups (Supplementary
Figure S6B).

Next, we examined joint cell composition and found a notable
enrichment of PMNs in CIA mice 24 hours post-infection, which
persisted—albeit at a lower level—until 48 hours post-infection
(Figure 6B-D). Additionally, CIA joints exhibited a transient
increase in monocytes at 24 hours post-infection, whereas CD4" T
cell enrichment was independent of infection time (Supplementary
Figure S6C). Given that FLS constituted the majority of joint cells, we
investigated their role in immune dysregulation. Indeed, FLS from
CIA mice were hyperactivated, as indicated by increased expressions
of cytokines, adhesion molecules such as CD54 (ICAM-1), and the
co-stimulatory molecule CD80 (Figure 6E).

To further characterize cytokine-producing joint cells, we
performed FlowSOM clustering on populations identified through
Boolean gating. Lymphocytes, PMNs, antigen-presenting cells (APC),
myeloid APCs (MyAPC), FLS, and endothelial cells were the primary
sources of cytokine expression in the joint (Supplementary
Figure S6D). When comparing the composition of cytokine-
producing populations, we observed an increased frequency of
IFNy- and IL-10-producing PMNs, particularly in CIA mice at 24
hours post-infection (Supplementary Figures S6E, F). Notably,
marked cytokine overexpression among all cell populations in CIA
mice was evident for TNFa, IFNy, IL-10, CCL2, and CCL3 as early as
24 hours post-infection (Figure 6F).

In summary, GAS infection in CIA mice was associated with
hyperactivated FLS and persistent immune cell infiltration,
contributing to cytokine overexpression and potentially increasing
sepsis risk.

3 Discussion

Serious infections are a major cause of excess mortality in
patients with RA (30, 31). While several observational studies
have reported that immunosuppression caused by biological
disease-modifying antirheumatic drugs (bDMARDs) significantly
increases infection risk (21, 32, 33), data from the pre-bDMARD era
suggest that RA itself may be inherently linked to an impaired
immune response to pathogens (14). Moreover, retrospective
single- and multi-center studies indicated that RA patients face
an increased risk of developing sepsis and septic shock (17, 18),
highlighting that immune responses in RA are not only insufficient
for pathogen clearance but also dysregulated.

In this study, we investigated the immunological intricacies
underlying sepsis in RA by employing the murine CIA model as an
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in vivo representation of the human disease. We demonstrated that
mice with pre-existing chronic inflammatory joint disorder were
unable to clear invading Streptococci. Conversely, mice without
underlying autoimmunity rapidly eradicated the infection and
exhibited an expansion of various lymphocyte subsets. During the
early stages of infection (ie., 24 hours post-infection), CIA mice
developed peripheral lymphopenia caused by T cell depletion, while
neutrophil counts remained stable. Lymphopenia is a common feature
of sepsis arising from apoptosis, to which T cells are particularly
susceptible, significantly contributing to immunosuppression (34-36).
Consequently, lymphopenia is independently associated with worse
outcomes and early mortality in sepsis patients (37, 38).

In the later stages of infection (i.e., 48 hours post-infection)—
when sepsis developed exclusively in CIA mice—we observed a
decline in peripheral blood neutrophils coinciding with an
enrichment of CD11b*Gr-1'" non-classical myeloid cells in
various organs. Consistent with previous studies, we classified
these cells as immature neutrophils (39, 40). For a more rigorous
characterization of neutrophil development during sepsis, future
studies should incorporate CXCR2 and CD101 as suggested by
Evrard et al. (41). In our analyses, immature neutrophils produced
fewer cytokines than their mature counterparts, suggesting reduced
functionality. Neutrophils are essential for early pathogen
containment due to their rapid migration to infected tissue and
potent antibacterial activity (42). However, in sepsis, it has been
reported that neutrophils can contribute to tissue damage through
excessive extracellular trap formation and aberrant reactive oxygen
species production (43, 44). In this context, immature neutrophils
demonstrate increased NADPH oxidase expression, promoting
oxidative bursts as discussed by previous studies (45, 46).
Furthermore, according to studies on sepsis patients, immature
neutrophils exhibit enhanced adhesion properties that may
accelerate vascular integrity decline, while key functions such as
phagocytosis and transmigration are diminished, particularly
during septic shock (47, 48). These immature cells also appear
more resistant to apoptosis, and their persistence may contribute to
organ damage (49, 50). Accordingly, increased frequencies of
immature neutrophils have been associated with a higher risk of
sepsis-related death (51).

To meet the increased demand for circulating innate immune
cells during infection, the stem cell compartment shifts into a state
known as emergency granulopoiesis (42, 52). In our study, we
linked the sepsis-induced release of immature myeloid cells, which
occurred at the cost of mature neutrophil development, to an
enrichment of hematopoietic stem cells and multipotent
progenitors skewed towards myeloid differentiation. Conversely,
the pool of common myeloid and granulocyte-monocyte progenitor
(CMP/GMP) cells was markedly depleted. A previous study
investigating lethal P. aeruginosa infection reported similar
findings, demonstrating neutrophil depletion accompanied by
expansion of hematopoietic stem cell subsets and exhaustion of
myeloid-biased progenitor cells (53). While transiently reduced
frequencies of CMP/GMP were also observed in the early stages
of sepsis following cecal ligation and puncture, these populations
expanded as the infection progressed (54). Another study using an
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FIGURE 6
Linking immune cell infiltration in the arthritic joint to fibroblast-like synoviocyte (FLS) activation and cytokine production in sepsis susceptibility.
(A) Box plots showing frequencies and counts of leukocytes in paw joints from mice without underlying conditions infected for 24 hours (GAS,

= 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).
(B) Topological map generated using t-distributed stochastic neighbor embedding (tSNE) illustrate cell populations in paw joints identified by flow
cytometry and hierarchical gating. Cell populations are indicated by color coding and numbered annotations. (C) Superimposed tSNE maps showing
the cellular composition in paw joints stratified by infection time and pre-existing condition, with black arrows indicating differences between mice
with and without CIA. (D) Box plots depicting frequencies and counts of polymorphonuclear neutrophils (PMN) in paw joints. (E) Heatmap (left)
illustrating standardized (z) expression values of surface protein markers, based on median fluorescence intensities (MFl) among FLS. Representative
histograms and box plots (right) show the expression of CD54 (top) and CD80 (bottom), based on MFI among FLS. (F) Box plots presenting the
counts of paw joint cells producing (TNF)a, interferon (IFN)y, interleukin (IL-)6, IL-17A, IL-10, C-C motif chemokine ligand (CCL)2, or CCL3. Box plots
indicate the median, with the lower and upper hinges corresponding to the 25" and 75" percentiles. Whiskers extend to the smallest and largest
values within 1.5 X interquartile range (IQR). p-values were obtained using Dunn’s test. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

Frontiers in Immunology 11 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1671137
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Aleith et al.

analogous model demonstrated that sustained hematopoietic
exhaustion in polymicrobial peritonitis was restricted to common
lymphoid progenitors, whereas myeloid progenitors expanded (7).
However, unlike our model, in which a sepsis-related lethal
outcome typically occurs shortly after 48 hours post-infection
(23), polymicrobial infection in the above-mentioned studies was
associated with delayed mortality. This suggests that not only the
mode of infection (i.e., monobacterial vs. polymicrobial) but also
the trajectory of disease progression may shape hematopoietic
dynamics, with persistent depletion of myeloid progenitors
potentially contributing to the accelerated onset of septic shock.

While lymphopenia, the release of immature neutrophils (i.e., left
shift), and distorted hematopoiesis are well-established features of
sepsis (37, 45, 52), these phenomena are rarely investigated in
combination and have not been studied extensively in models that
reflect pre-existing autoimmune pathology. Our work addresses this
gap by demonstrating that these hallmark features of sepsis emerge in
a coordinated fashion in the context of chronic inflammatory disease.

Thus, our model of serious infection in the setting of underlying
autoimmune arthritis recapitulates classical immunological features
of sepsis while revealing additional immunopathological processes
shaped by the pre-existing inflammatory disease. Notably, we
demonstrated that CIA-associated lymphadenopathy and
persistent synovitis correlated with an increased susceptibility to
sepsis, an association that has remained underappreciated due to
the lack of appropriate disease models. In particular, swollen lymph
nodes, activated synovial fibroblasts, and joint-infiltrating immune
cells, which are characteristic of RA (55-57), harbored considerable
numbers of cytokine-producing cells and may contribute to the
cytokine storm observed in CIA mice upon infection (23).

Our study primarily generated correlative data, and mechanistic
insights remain limited, necessitating further investigation in future
studies. For instance, it remains to be investigated whether
lymphadenectomy in models of arthritis or other autoimmune
disorders can reduce the risk of sepsis. For instance, systemic lupus
erythematosus—a systemic autoinflammatory condition—is also
associated with an increased risk for serious infections (58).
Therefore, it remains unclear whether the increased sepsis risk in
our model arises primarily from joint and nodal pathology, or from
the broader systemic effects associated with adjuvant-chaperoned
immunization and CIA. Similarly, other factors not investigated in
our study may confound the relationship between lymphadenopathy,
synovitis, and infection-related immune dysfunction. In particular,
RA-associated comorbidities—such as cardiovascular and renal
disease—have been reported to significantly increase the risk of
sepsis (59, 60), and similar pathologies have been observed in CIA
models, where chronic inflammation is associated with endothelial
and cardiac dysfunction, as well as nephropathy (61-63).

Furthermore, it has been demonstrated that heat-killed M.
tuberculosis, which was used as an adjuvant component for
immunization in our study, can induce trained immunity in
monocytes and macrophages (64). Trained immunity involves
epigenetic and metabolic changes in innate immune cells
following microbial exposure and activation of pattern-
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recognition receptors, leading to an amplified inflammatory
response upon a subsequent challenge (65). While no specific
data exist on enhanced immune responses against Group A
Streptococcus following M. tuberculosis exposure, both pathogens
share immunostimulatory motifs, particularly ligands that bind to
Toll-like receptor (TLR)2 and Nucleotide-binding oligomerization
domain (NOD)2 (66-68). Thus, future studies should explore the
impact of CIA-associated comorbidities and trained immunity on
immune dysregulation subsequent to invasive infection.

While our study focused on the infection-induced immune
landscape in autoimmune arthritis, we did not include additional
control mice to characterize the immune status of CIA animals
prior to infection (i.e., at t = 0 h), which represents a limitation.
Previous studies have shown that during acute CIA, lymphocyte
populations accumulate in peripheral blood, spleen, and joint-
draining lymph nodes (69-72). Although we cannot fully exclude
the possibility that CIA-associated alterations in immune cell
composition across different organs obscured the effect of
infection, CIA was in remission in our model, and we suspect
that long-term changes in immune cell composition were largely
confined to the joints and joint-draining lymph nodes. Assessing
baseline differences between CIA and healthy control mice remains
the subject of ongoing research on immunopathophysiology in a
broader context, which lies beyond the scope of the present study.

Furthermore, the translatability of our results is limited, as no
observations on human subjects were included. While CIA
recapitulates several key aspects of RA pathophysiology, it differs
from the human disease in terms of etiology, the circulating
autoantibody repertoire, disease chronicity, and heterogeneity
(73). How these differences influence sepsis susceptibility remains
unclear. Finally, we only studied male mice, as they are more prone
to both CIA induction and GAS infection (74-76). Given that RA is
more prevalent in women, and that male RA patients exhibit higher
sepsis-related mortality (60), future studies should address sexual
dimorphism as a potential determinant of sepsis risk in chronic
joint inflammation. Taken together, our study indicates that
lymphadenopathy and persistent synovitis are associated with an
increased risk of sepsis in autoimmune arthritis. Notably, in RA,
lymphadenopathy is most pronounced in joint-draining lymph
nodes (56). While DMARD therapy primarily aims to reduce
synovitis, it has been reported that swollen lymph nodes also
respond to anti-inflammatory treatment (77, 78). Therefore,
effective disease control in RA may contribute to a lower risk of
sepsis. Supporting this, retrospective cohort studies have shown that
the absence of swollen joints and reduced systemic inflammation
are associated with a lower risk of serious infections (79, 80).
Although bDMARD:s generally increase infection risk (81), TNF
inhibitors, in particular, have been linked to a lower prevalence of
sepsis and reduced mortality after serious infections in RA patients,
according to a prospective cohort study (60).

In conclusion, achieving complete and sustained remission in
patients with RA is not only the primary goal of pharmacological
treatment but may also significantly reduce infection-related
complications and the risk of sepsis.
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4 Methods
4.1 Animal model

DBA/1J and B10.D1-H29/SgJ (B10.Q) mice were obtained from
The Jackson Laboratory (Bar Harbor, US-ME) and continuously
bred at the Rostock University Medical Center Animal Care
Facility. Animals were housed in individually ventilated cages
under specific pathogen-free conditions, maintained on a 12-hour
light/dark cycle at 21 + 2°C with 60 + 10% humidity. Food and
water were provided ad libitum. The F1 generation from a cross
between female DBA/1] and male B10.Q mice was used for
experiments. Male F1 mice were randomized using a dice-based
random number generator into one of four groups: a control group
(no immunization) or a collagen-induced arthritis (CIA) group
scheduled for either 24-hour or 48-hour infections. From our own
experience, F1 mice develop CIA with high incidence and with a
severity and disease course comparable to that observed in DBA/1]
mice (23, 82-84). While DBA/1J mice are the most commonly used
strain for the CIA model, in our hands the incidence was
consistently lower, which would have required substantially
higher animal numbers. To adhere to the 3R principles and
reduce animal use, we therefore chose the F1 model.

One week prior to immunization, animals at a minimum age of
five weeks were transferred to conventional housing, including
control mice. CIA group mice were anesthetized with isoflurane
under oxygen flow. A total of 140 pg of bovine type II collagen
(Chondrex, Redmond, US-WA), dissolved in 0.1 M acetic acid and
emulsified in Freund’s adjuvant containing 240 ug Mycobacterium
tuberculosis (Becton Dickinson, Franklin Lakes, US-NJ), was
subcutaneously injected at the base of the tail, as previously
described (23, 84). From this point, mice received 1 mg/mL
tramadol (Ratiopharm, Ulm, Germany) in drinking water for
analgesia until the experiment’s conclusion. Three weeks later,
immunization was repeated with collagen in adjuvant without
Mpycobacterium. Subsequently, mice were monitored and scored
for signs of arthritis, such as paw swelling and erythema, as
previously reported (82).

Ten weeks after the second immunization, CIA and control
mice were transferred to a facility for infection studies at the
Rostock University Medical Center Microbiology Department.
After another week, mice were infected with the emmI Group A
Streptococcus (GAS) strain AP1 under isoflurane anesthesia, as
previously described (23, 85). In brief, bacteria were cultured in
Todd-Hewitt Broth (BD) until exponential growth was achieved,
washed in PBS, and approximately 2 x 10° colony-forming units
(CFU) in 100 uL PBS were injected into the lateral tail vein.

Mice were subsequently monitored for signs of health
impairment using an adapted murine sepsis score (23, 86). The
summed score from four categories was used:

i. Weight loss:
>5% (5 points), 210% (10 points), >20% (30 points,
humane endpoint).

ii. General appearance changes:
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Piloerection (5 points), hunched back or filthy orifices

(10 points), cold to the touch (30 points, humane endpoint).
iii. Impaired consciousness or behavior:

Lameness (5 points), self-isolation and lethargy (10
points), apathy and no reaction to stimuli (30 points,
humane endpoint).

iv. Signs of inflammation or reduced respiration:

Localized edema (5 points), disseminated edema or

labored breathing (10 points), open wounds, or gasping (30

points, humane endpoint).

After 20 or 44 hours of infection, 10 mg/kg body weight
Brefeldin A (Sigma-Aldrich, St. Louis, US-MO) was administered
intraperitoneally. At 24 or 48 hours post-infection, mice were
scored and received an intraperitoneally administered overdose of
ketamine (150 mg/kg body weight, Livisto, Senden-Bosensell,
Germany) and xylazine (10 mg/kg body weight, Bayer,
Leverkusen, Germany). Blood samples were collected via cardiac
puncture and mixed with EDTA. Mice were euthanized by
cervical dislocation.

A medial arthrotomy was performed on both knee joints,
followed by swabbing the synovium and plating the fluid on 5%
sheep blood agar (BD). Inguinal lymph nodes (iLN) were removed
and placed in a storage/staining buffer (SB; PBS with 0.5% BSA,
Miltenyi Biotec, Bergisch Gladbach, Germany) containing 5 pg/mL
Brefeldin A (Cayman Chemical, Ann Arbor, US-MI). The spleen,
liver, fore- and hind-paws were excised, and the femur was
separated from the tibia. All organs were stored in SB on ice. The
spleen was passed through a 70 pum strainer (pluriSelect, Leipzig,
Germany). The liver was weighed, and 0.4 g was minced using a
scalpel and stored for later analysis. The remaining liver was passed
through a cell strainer. Blood, spleen, and liver suspensions were
plated on blood agar. Agar plates were incubated at 37°C overnight
and counted.

4.2 Single-cell analysis

Most of the centrifugation steps were performed at 400 x g for 5
min. Two hundred microliters of anticoagulated blood was mixed
with 5 mL of an in-house erythrocyte lysis buffer (0.15 M NH,CI, 10
mM NaHCO;, 1 mM EDTA) and incubated on a rotary mixer at
room temperature (RT) for 10 min. After centrifugation, blood cells
were suspended in SB. Spleen samples were processed using 1X
RBC Lysis buffer according to the manufacturer’s instructions
(BioLegend, San Diego, US-CA). Minced liver samples were
digested in 2 mL of pre-warmed RPMI - 1640 containing 10%
FCS (PAN-Biotech, Aidenbach, Germany) and 1 mg/mL
Collagenase/Dispase (Roche, Basel, Switzerland) at 37°C and 350
rpm for 30 min. The resulting suspension was filtered through a 100
um strainer, centrifuged, washed, and suspended in SB. Red blood
cell lysis was then performed as described for spleen samples. The
iLN were passed through a 70 um strainer and suspended in SB.

Joint cells were isolated as previously described (23). In brief,
the claws of fore- and hind-paws were cut, and the skin was
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removed. The tendons were transected, followed by the removal of
any remaining soft tissue. The paws were then separated from the
brachium and tibia, and digested in 4 mL of DMEM containing 10%
FCS (PAN-Biotech) and 240 U/mL Collagenase Type IV
(STEMCELL Technologies, Vancouver, Canada) at 37°C and 400
rpm for 90 min on a magnetic stirrer. Tissue debris was removed by
passing the suspension through a 100 pum strainer. The flow-
through was centrifuged, and joint cells were suspended in SB.

Bone marrow was isolated as previously described (87).
Briefly, the epiphyses of femora were removed, and bones were
placed in a perforated tube. Cells were obtained by centrifugation
at 10,000 x g for 15 s. The pellet was resuspended in 1X RBC lysis
buffer and incubated as described for spleen and liver samples.
Cell counts from all samples were determined using a
hemocytometer, and 100,000 - 500,000 cells were used for
subsequent steps.

Cells from all organs were washed in PBS, suspended in 1:2000
ZombieNIR (BioLegend), and incubated for 20 minutes at RT.
Subsequently, cells were washed and suspended in SB. To block
unspecific antibody-conjugate binding sites, cells were incubated
with 10% FCS, 5% TruStain Monocyte Blocker, and 0.25 pg
TruStain FcX PLUS (Hu IgG4 anti-mouse CD16/32, BioLegend)
for 10 minutes on ice.

For blood, spleen, liver, and iLN samples (Panel 1), the
following antibody-conjugates were added:

* 0.25 ng of CD3:BV480 (clone 17A2) and F4/80:APC/R700
(T45 - 2342, BD).

* 0.03 ug of CD4:BV650 (GK1.5), CD11b:BV750 (M1/70), I-
A/I-E:PE/Fire640 (M5/114.15.2), CD49b:PerCP/Cy5.5
(HMo2), and CD45:APC/Fire810 (30-F11).

* 0.063 pg of Gr-1:SparkBlue550 (RB6 - 8C5).

e 0.125 pg of CD80:BV605 (16 - 10A1) and CDllc:
PerCP (N418).

* 0.25 ug of B220:BV510 (RA3 - 6B2).

e 0.5 ug of CD25:PE/Dazzle594 (3C7, BioLegend).

* 0.15 pg of CD80u:PerCP/Vio700 (REA601) and CD86:APC/
Vio770 (PO3.3, Miltenyi).

* 0.5 ug of CD127:eFluor450 (A7R34, Thermo Fisher
Scientific, Waltham, US-MA).

For paw joint cells (Panel 2), the following antibody-conjugates
were used:

e 0.25 ug of CD106:BV480 (429, BD) and F4/80:APC/R700
(as above).

* 0.015 ug of CD90.2:BV711 (30-H12).

* 0.03 ug of Gr-1:BV650 (RB6 - 8C5).

e 0.063 pg of CD4:SparkBlue550 (GK1.5) and CD54:PerCP/
Cy5.5 (YN1/1.7.4).

* 0.25 g of CD3:BV570 (17A2).

* B220:BV510, CD80:BV605, CD11b:BV750, CD25:PE/
Dazzle594, I-A/1-E:PE/Fire640, CD11c:PerCP, CD45:APC/
Fire810, CD80u:PerCP/Vio700, and CD86:APC/Vio770 (as
above, BioLegend).
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* 0.06 ug of CD31:SuperBright436 (390) and CD127:
eFluor450 (as above, Thermo).

For bone marrow cells (Panel 3), the following antibody-
conjugates were used:

* 0.13 pug of CD105:BV786 (MJ7/18).

° 025ug of CD44:APC/R700 (IM7, BD).

* 0.06 pug of CD73:APC (Ty/11.8) and CD48:APC/Fire750
(HM48-1).

« 0.1 ug of CD127:PE/Cy5 (A7R37).

* 0.125 pg of KIT: BV421 (QA17A09), CD90.2:BV605 (30-
H12), and CD106:PerCP/Cy5.5 (429).

* 0.25 ug of Sca-1:PE/Dazzle594 (D7).

« 0.5 ug of CD135:PE (A2F10), CD150:PE/Cy7 (TCI5 -
12F12.2), and CD34:AlexaFluor647 (SA378A4).

¢ B220:BV510, CD3:BV570, CD11b:BV750, Gr-1:SparkBlue550,
and I-A/I-E:PE/Fire640 (as above, BioLegend).

+ 038 ug of CD38:VioBlue (REA616, Miltenyi).

Cells were incubated for 20 minutes on ice, followed by washing
in SB. Bone marrow cells were centrifuged, suspended in
autoMACS Running Buffer (RB, Miltenyi), and analyzed on the
Aurora V16-B14-R8 cytometer running the SpectroFlo software
v3.1.0 or v3.2.1 (Cytek Biosciences, Fremont, US-CA). Other cell
samples were further processed using the Fixation Buffer and the 1X
Intracellular Staining Permeabilization Wash Buffer per the
manufacturer’s instructions (BioLegend). Unspecific antibody-
conjugate binding sites were blocked as described above.

For intracellular cytokine staining, the following antibody-
conjugates were added:

e 0.125 pg of TNFo:BV421 (MP6-XT22).

* 0.25 ug of IL-17A:BV785 (TC11-18H10.1), CCL2:PE
(2H5), and IL-10:PE/Cy7 (JSE5-16E3, BioLegend).

« 0075 pg of CCL3:APC (REA355).

* 0.15 ug of IL-6:FITC (REA1034, Miltenyi).

Cells were labeled for 20 minutes at RT. After washing with
permeabilization buffer, cells were suspended in RB and analyzed
on the Aurora cytometer as described above. Surface antigen
staining using Panels 1 and 2, including intracellular labeling, was
established and validated as recently described (88).

4.3 Statistics

Flow cytometry data were analyzed using Flow]Jo v10.10.0. Data
analysis and visualization were performed in R v4.4.1 running on
RStudio v2024.09.0. Contingency tables were analyzed using
Fisher’s exact test. Normality was assessed using the Shapiro-Wilk
test, with data considered normally distributed if p > 0.05. Normally
distributed data were compared using ANOVA followed by the
TukeyHSD test. For non-normally distributed data, the Dunn’s test
was used. Statistical significance was defined as p < 0.05.
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