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Abstract

Group A Streptococcus (GAS) is a pathogen that is capable of colonizing various infection sites and can potentially elicit
an inadequate immune response that will lead to sepsis. The processes underlying this misdirected immune reaction remain
poorly understood, and reliable biomarkers for indicating impending organ failure during sepsis are still missing. The
present study aims to identify parameters that can predict the onset of end-organ damage in the course of sepsis. To that
extent, we investigated key aspects of the immune response in early-phase sepsis following infection of different tissues in
a mouse model, using Brefeldin A to link cytokine production to specific cell types through multi-parameter flow cytom-
etry. Subcutaneous and intravenous GAS infections resulted in clinical sepsis, which was paralleled by peripheral blood
lymphopenia. Intravenous infection in particular was associated with a higher bacterial burden in the liver that strongly
correlated with an increased granulocyte-to-lymphocyte ratio of the peripheral blood. Strikingly, IL-6 overexpression was
more pronounced in intravenous infection and strongly correlated with hepatic stress, indicated by elevated bacterial loads
in the liver. Collectively, our data highlight the potential utility of IL-6 in conjunction with an elevated granulocyte-to-
lymphocyte ratio as promising early indicators of concomitant liver stress in sepsis.
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Introduction cytokine production, also known as a “cytokine storm”,

lymphocyte apoptosis, and neutrophil recruitment to the

Sepsis is a life-threatening condition caused by a dysregu-
lated response of the body to infection [42]. Organ dysfunc-
tion, e.g. liver failure, is a severe complication in the course
of sepsis that impacts on the clinical outcome considerably
[54]. The liver plays a critical role in the immune response
during sepsis through its production of cytokines and acute-
phase proteins, bacterial clearance, and metabolic regulation
[44]. Acute liver injury caused by sepsis disrupts these func-
tions, leading to hepatitis, cholestasis, and coagulopathies
[14]. These changes result from excessive inflammatory

Communicated By: Jonathan Jantsch.

D4 Johann Aleith
johann.aleith@med.uni-rostock.de

' Core Facility for Cell Sorting and Cell Analysis, Rostock

University Medical Center, Rostock, Germany

Published online: 03 April 2025

liver [12, 13, 50]. Lymphopenia is further sustained by the
suppression of lymphoid progenitor cells in the bone mar-
row [48]. Approximately 30 million people worldwide are
affected by sepsis each year, with one-fifth of them suc-
cumbing to the illness [9]. This high mortality rate makes
sepsis the leading cause of death in intensive care units and
prompted the World Health Organization to classify sepsis
as a global health priority [23, 36].

One pathogen capable of inducing sepsis is Group A
Streptococcus (GAS). Via different infection sites, it causes
a wide spectrum of clinical manifestations from mild enti-
ties such as pharyngitis and pyoderma to invasive and
potentially life-threatening infections and toxin-mediated
diseases. Despite the apparent control facilitated by antibi-
otic therapies [3], severe diseases such as necrotizing fas-
ciitis, pneumonia, and Streptococcus-induced toxic shock
syndrome (STSS) continue to present challenges in mod-
ern medicine [6, 37, 41]. Moreover, the incidence of GAS
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infections has shown an upward trend in industrialized
nations since the 1980s, emphasizing the critical need for
better understanding the pathophysiological dynamics and
revised medical interventions [11, 22, 26, 27]. To this day,
the development of a GAS vaccine remains elusive due to
gaps in understanding the intricate interplay between viru-
lence factors and host immune responses [51].

Numerous studies have attempted to identify reliable
biomarkers for sepsis, though their clinical utility remains
limited due to insufficient specificity and sensitivity [2, 34].
Current interest lies in the overexpression of cytokines such
as IL-6, IL-10, and CCL2 due to their reported correlation
with sepsis severity [30, 46, 49]. To identify cytokines indi-
cating organ failure in sepsis and their cellular source, we
here used a mouse model in combination with in vivo appli-
cation of Brefeldin A. This compound immobilizes cyto-
kines within the cytosol, enabling their detection through
intracellular labelling [20, 24]. Cytokine profiles were sub-
sequently analyzed using multi-parametric flow cytometry.

Moreover, using subcutaneous, intravenous, and intrana-
sal infection routes allowed us to investigate whether the
immune response in early GAS-induced sepsis is general-
ized or dependent on the primary site of infection. By estab-
lishing a connection between cellular changes and cytokine
expression patterns with disease severity and bacterial bur-
den in organs, we ultimately sought to distinguish mark-
ers for imminent organ stress during sepsis in the initial
phase of disease manifestation, when clinical signs are not
pathognomonic.

Materials and methods
Animals

C57BL/6J mice were initially obtained from Charles River.
They were bred in the animal care facility (Rudolf Zenker
Institute for Experimental Surgery, Rostock University
Medical Center) under specific germ-free conditions. Aged
between 6 and 8 weeks, male animals were transferred to
individually ventilated cages and kept on a 12-h light/dark
cycle, an ambient temperature of 22+2 °C, and 50+20%
humidity for infection experiments. Food and water were
provided ad libitum. Animal experiments were reviewed
and approved by the ethics committee of the State Depart-
ment for Agriculture, Food Safety, and Fishery in Mecklen-
burg-Western Pomerania under the file reference number
7221.3-1-042/22.
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Bacteria

Streptococcus pyogenes (Group A Streptococcus, GAS)
strain AP1 of the emml (M1) serotype was originally
acquired from the World Health Organization Collaborating
Center for Reference and Research on Streptococci (Prague,
Czech Republic). Bacteria were thawed onto Columbia
agar plates containing 5% sheep blood (Becton Dickinson,
Franklin Lakes, NJ, USA) and were cultured overnight, fol-
lowed by storage at 4 °C for up to three weeks. For individ-
ual experiments, three colonies were picked from the plate,
suspended in Todd-Hewitt broth (THB, Becton Dickinson)
and incubated under microaerobic conditions for 16 h at
37 °C and 5% CO,. The suspension was then diluted 20-fold
in THB followed by incubation until an exponential phase
of growth was reached after another 3 h, which was con-
firmed by measuring the optical density. Afterwards, bac-
teria were washed three times with PBS (Thermo Fisher,
Waltham, MA, USA) and diluted to match an optical den-
sity of 0.5, which is equivalent to 10 colony-forming units
(CFU) according to our experience. Confirmation of the
applied CFU was followed by counting serially diluted sus-
pensions cultivated overnight.

Pathogen inoculation and quantification

Mice were randomly divided into groups with three differ-
ent application routes of either PBS (control group, CON)
or bacteria (infection group, INF) using a six-sided dice-
based random number generator. The application was either
performed subcutaneously in the neck, intravenously into
the lateral tail vein, or intranasally into both nostrils under
5% isoflurane anaesthesia. As performed in previous stud-
ies [39, 52], unpublished in-house data), 10’ CFU GAS in
200 pL PBS were used for subcutaneous, 0.5 x 10° CFU in
100 pL PBS for intravenous and 10® CFU in 20 uL PBS
for intranasal infection while control animals received only
the respective volumes of PBS via the same routes. After
24 h, 10 pL of EDTA-anticoagulated blood was drawn
by puncturing the saphenous vein and incubated on agar
plates overnight. Colonies of beta-hemolytic bacteria were
counted the next day. After euthanasia, homogenized spleen
and liver tissue as well as cardiac blood and BAL samples
were plated on blood agar plates and incubated overnight.

Clinical scoring and application of Brefeldin A

Mice were scored at least twice a day for sepsis symptoms for
a maximum of 48 h or until humane endpoints were reached
as established in previous studies [40, 52]. The evaluation
included weight loss, general condition, spontaneous behav-
iour, and signs of infection. In each category, 0, 5, 10, or 30
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points were assigned and summed up at each observation
time point to estimate sepsis activity, with 0 points equal-
ling no clinical manifestation, 5 points low grade, 10 to 25
points moderate, and 30 and more points severe disease
burden. Humane endpoints were defined to avoid severe
disease activity and minimize suffering, including coldness,
apathy, necrotizing fasciitis, and open wounds at infection
sites. Infected animals received 0.1 mg/mL tramadol (Ratio-
pharm) in their drinking water for analgesia after bacterial
inoculation. Six hours prior to the experimental end point
(i.e. 42 h post infection), mice were administered a weight-
adapted dose of Brefeldin A (BFA, Sigma, St. Louis, USA)
intraperitoneally. Animals received 10 mg per kg body
weight of a stock solution containing 20 mg BFA per mL
dimethyl sulfoxide, diluted 20-fold in PBS.

Euthanasia and organ extraction

Forty-eight hours post infection, mice underwent final
anaesthesia with an intraperitoneally administered dose of
150 mg ketamine (Pharmanovo) and 10 mg xylazine (Bayer)
per kg body weight. Following confirmation of full anaes-
thesia, mice were exsanguinated by cardiac puncture and
then euthanized by cervical dislocation. Blood was collected
with EDTA as an anticoagulant. Spleen, liver, and femora
were extracted and stored in autoMACS Running Buffer
(RB, Miltenyi Biotec, Bergisch Gladbach, Germany), con-
taining 5 pg/mL BFA for the short-term storage of spleen
and liver samples. For intranasally infected animals only, a
bronchoalveolar lavage (BAL) was performed as previously
described [45]. In brief, the trachea was exposed, incised,
and punctured with a larynx tube, followed by injection of
0.8 mL RB via the larynx tube and aspiration.

Single cell analysis by flow cytometry

Erythrocyte lysis was performed on 200 pL anticoagulated
cardiac blood using 4 mL of an in-house NH,Cl lysis buf-
fer. After ten minutes of incubation with gentle agitation at
room temperature, blood cells were centrifuged, and the
pellet was suspended in RB. Splenocytes were obtained by
passing the spleen through a 70 pm strainer that was subse-
quently rinsed with RB. After centrifugation of the suspen-
sion, the pellet was suspended in 5 ml Red Blood Cell (RBC)
Lysis Buffer (BioLegend) and left on ice for 5 min. To stop
the lysis, 20 mL RB was added, followed by centrifugation
and suspension in RB. For liver processing, 400 mg of cut-
up liver was added to 2 mL of a pre-heated solution of 1 mg
collagenase/dispase (Sigma) per ml Roswell Park Memo-
rial Institute Medium 1640 (RPMI, Pan-Biotech, Germany)
and digested at 37 °C for 30 min on a magnetic stirrer set
to 350 rpm. The liver was then processed using the same

protocol as for the spleen. For bone marrow extraction, the
epiphyses were removed from the femora, and the bones
were placed into perforated tubes within an outer tube. After
centrifugation at 10,000 g for 15 s (according to Amend et
al., [1], the bone marrow was treated using the same lysis
protocol as for the spleen and liver.

Cells were counted using a haemocytometer, and
500,000 cells from each suspension were incubated with
ZombieNIR (BioLegend) at room temperature for 20 min.
Cells were then washed and suspended in 25 uL RB. A
blocking mix containing fetal calf serum (FCS, PANbio-
tech), TruStain FcX (BioLegend), and Monocyte Blocker
(BioLegend) was added to prevent nonspecific binding and
incubated on ice in the dark for 10 min. Subsequently, an
antibody mixture containing (anti-)CD3:BV480 (clone:
17A2), F4/80:APC/R700 (BD, T45-2342), CD8:PerCP/
Vio700 (REA601), CD86:APC/Vio 770 (Miltenyi Bio-
tec, PO3.3), CD127:eFluor 450 (Thermo Fisher Scientific,
A7R34), B220:BV510 (RA3-6B2), CD80:BV605 (16-
10A1), CD4:BV650 (GK1.5), CD11b: BV750 (M1/70), Gr-
1:SparkBlue550 (RB6-8C5), CD25:PE/Dazzle594 (3C7),
CDllc: PerCP (N418), CD49b: PerCP/Cy5.5 (HMa2),
CD45:APC/Fire810 (30-F11), and I-A/I-E: PE/Fire640 (Bio-
Legend, M5/114.15.2) was added to blood, liver, spleen, and
BAL samples and incubated on ice in the dark for 20 min.
The antibody mixture for BAL samples also contained
IgM: BV711 (BioLegend, RMM-1). For bone marrow, an
antibody mixture of CD3:BV570 (17A2), CD105:BV786
(MJ7/18), CD44:APC/R700 (BD, IM7), CD38:VioBlue
(Miltenyi Biotec, REA616), c-Kit: BV421 (QA17A09),
B220:BV510, CD90.2:BV605 (30-H12), CD11b: BV750,
Gr-1:SparkBlue 550, FIk2:PE (A2F10), Sca-1:PE/Daz-
zle594 (D7), CD127:PE/Cy5 (A7R34), CDI106:PerCP/
CyS5.5 (429), SLAM: PE/Cy7 (TC15-12F12.2), CD73:APC
(TY/11.8), CD34:AlexaFluor647 (SA376A4), CD48:APC/
Fire750 (HM48-1), and I-A/I-E: PE/Fire640 (BioLegend)
was added and incubated as described above. Cells were
washed, and bone marrow cells were suspended in 200
pL RB. For intracellular staining, blood, liver, and spleen
samples were suspended in 0.5 mL fixation buffer (Bio-
Legend) and incubated in the dark at room temperature
for 20 min. After centrifugation, cells were washed three
times with 0.5 mL intracellular staining permeabilization
wash buffer (BioLegend). The resuspended cells were incu-
bated with blocking mix at room temperature for 10 min.
Then, an intracellular staining antibody mixture contain-
ing TNFa:BV421 (MP6-XT22), IL-17 A: BV785 (TC11-
18H10.1), CCL2:PE (2HS), IL-10:PE/Cy7 (JES5-16E3),
IFNy:AlexaFluor647 (BioLegend, XMG1.2), IL-6:FITC
(REA1034), and CCL3:APC (Miltenyi Biotec, REA355)
was added and incubated at room temperature for 20 min.
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Cells were washed with 2 mL perm buffer and suspended
in 200 uL RB.

Data acquisition was performed on a Cytek®Aurora spec-
tral flow cytometer running on the SpectroFlo software v3.3
(Cytek Biosciences, Fremont, CA, USA). Data analysis was
conducted using the FlowJo software v10.7.1.

Statistical analysis

Data analysis and visualization were performed using
GraphPad Prism 8.0.2 and SRplot [47]. Data sets were
tested for Gaussian distribution using the Shapiro-Wilk
test. Comparisons between two groups were made using an
unpaired two-sided t-test for parametric data and the Mann-
Whitney test for non-parametric data. For tests involving
multiple comparisons, the Kruskal-Wallis test with Dunn’s
correction or two-way ANOVA with post hoc Tukey’s test
were conducted. Correlation analysis was performed via
Spearman correlation. A p-value of <0.05 was considered
statistically significant.

Results

Clinical deterioration of GAS-induced sepsis was
influenced by the route of infection

To determine whether different infection routes elicit dis-
tinct immune responses, C57BL/6J mice were infected with
GAS via subcutaneous, intravenous, or intranasal routes.
Corresponding control animals received PBS. Peripheral
blood samples from all groups were taken at 24 and 48 h to
assess bacterial load. At 42 h (6 h prior to experimental end
point), mice were intraperitoneally administered a weight-
adapted dose of BFA. Animals were then euthanized,
and their organs were harvested for subsequent analyses
(Fig. 1A).

In order to investigate whether the different infection
routes resulted in varying clinical progressions, we scored
sepsis severity via clinical manifestations, such as weight
loss and abnormal behaviour or appearance. Indeed, when
comparing sepsis scores between infection groups and over
time, significant differences were observed (p<0.001, two-
way ANOVA, Fig. 1B). In detail, subcutaneously infected
animals exhibited immediate weight loss and clinical signs
of infection, plateauing at 24 h. In contrast, intravenously
infected mice showed a delayed progression without any
clinical manifestations for the first 24 h, with a steep increase
in disease activity thereafter. At the final observation point
at 48 h, disease activity was comparable between the subcu-
taneous and intravenous routes (p=0.179, two-sided t-test).
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Surprisingly, intranasally infected mice did not display sig-
nificant signs of infection at any time.

Bacterial dissemination was assessed in the periph-
eral blood at 24 and 48 h and in homogenized organs and
BAL fluids at endpoint. Despite the differences in clinical
progression, bacterial load in the blood was similar across
all infection routes at both time points (Fig. 1C). As for
peripheral organs, intravenously infected mice exhibited the
highest bacterial dissemination, while intranasally infected
animals had only minimal bacterial colonization.

In summary, subcutaneous and intravenous infections
culminated in comparable sepsis manifestation at the
experimental endpoint, even though differences occurred in
kinetics and bacterial disseminations. In contrast, intrana-
sal infection did not elicit sufficient disease progression to
effectively model sepsis. These findings indicate that while
bacteraemia was present across all infection routes, the pri-
mary site of GAS infection impacted on clinical progression.

Increased granulocyte-to-lymphocyte ratio in
the blood of septic animals correlated with high
bacterial burden in the liver

After establishing that different infection routes caused dis-
tinct clinical progressions, we investigated the underlying
immune responses by assessing the respective peripheral
blood immune cell landscapes. GAS infection in general led
to reduced leukocyte counts across all groups, with signifi-
cant leukopenia observed in subcutaneous and intravenous,
but not intranasal infections (Fig. 2A).

To identify cell types affected by leukopenia, we next
analyzed immune cell compositions using flow cytometry,
applying the gating strategy for blood samples shown in
Supplementary Fig. 1A. Subcutaneously and intravenously
infected mice showed a relative increase of the neutrophil
population at the expense of the B cell fraction (Fig. 2B).
Absolute counts confirmed reductions in B cells, T cells,
and innate lymphoid cells (ILCs, Fig. 2C), suggesting that
lymphopenia was the main cause of leukocyte composi-
tion alterations. Although there was also a decrease in
macrophage counts, the alterations in this low-frequency
population affected the peripheral immune landscape only
marginally (Supplementary Fig. 1B). Conversely, neutro-
phil counts remained stable during this phase of infection,
as well as natural killer (NK) cells, natural killer T cells
(NKTs), dendritic cells (DCs) and CD11b"B220* B1 cells.
Correlation analyses between leukocyte population counts
and sepsis scores revealed a negative correlation of B cell, T
cell, and ILC numbers with sepsis severity (Fig. 2D), under-
scoring the strong interrelationship between lymphocyte
depletion and disease progression. Finally, we asked whether
the granulocyte-to-lymphocyte ratio could be linked to the
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Fig. 1 Clinical disease burden and bacterial dissemination in Group A
Streptococcus (GAS)-infected mice. (A) Experimental design depict-
ing the infection protocol of C57BL/6J mice with GAS via subcutane-
ous (SC, n=38), intravenous (IV, n=9), and intranasal (IN, n=_8) routes
with respective control groups receiving PBS. (B) Disease activity
scores over 48 h post infection for SC, IV, and IN routes. Dots and

bacterial load in the liver as an indicator of organ stress and
indeed, an elevated ratio (> 1) correlated significantly with
a higher bacterial burden (Fig. 2E). These increased ratios
were almost exclusively observed after intravenous infec-
tion, hinting at a link between reduced circulating lympho-
cytes and peripheral bacterial dissemination.

In summary, the early phase of clinically apparent sepsis
was characterized by peripheral blood lymphoid cell deple-
tion, resulting in an elevated granulocyte-to-lymphocyte
ratio, which in turn showed a significant association with
both disease severity and bacterial burden in the liver.

error bars display mean sepsis scores and standard error of the mean,
respectively. (C) Bacterial dissemination in blood and organs quanti-
fied by colony-forming units (CFU) per ml or per organ. Dots indicate
individual counts of CFU per mouse. Bars represent median values.
Groups were compared using the Kruskal-Wallis test with Dunn’s mul-
tiple comparisons test (**p<0.01, ***p<0.001)

Intravenous infection resulted in increased
granulocyte infiltration and B lymphopenia in the
liver

Next, we explored the effects of GAS infection on the
immune cell landscapes in the liver, spleen and lung (i.e.
bronchoalveolar lavage, for intranasal infection only). For
spleen and liver, we implemented the gating strategy out-
lined in Supplementary Fig. 2A to assess both absolute
immune cell numbers as well as their relative distribution.
Notably, intravenous infection resulted in a significant
increase in hepatic leukocyte infiltration, while the spleen
remained unaffected (Fig. 3A and B).

In intranasally infected animals, using the gating strategy
shown in Supplementary Fig. 3A, bronchoalveolar lavage
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Fig. 2 Immune cell alterations in the blood after GAS infection. (A)
Absolute leukocyte counts of infected animals (INF) as a fraction
of counts in control animals (CON). Interleaved bars indicate mean
values. (B) Stacked bar plots depict immune cell compositions. Col-
umns represent individual samples. (C) Absolute counts of B cell, T
cell, ILC, and neutrophil populations are shown. Data of control and
infected animals are presented for each infection route. Box plots
show median values and interquartile range. Mann-Whitney test was
used for comparison between control and infected animals (#p<0.05).
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Kruskal-Wallis test with Dunn’s multiple comparisons test was applied
for comparisons between infection routes (¥*p<0.05, ****p<0.0001).
(D) Correlation analysis of leukocyte population counts with sepsis
score is presented as a linear regression graph with a 0.95 confidence
interval. Spearman correlation coefficient (r) is indicated. Dots repre-
sent individual animals. (E) Granulocyte-to-lymphocyte ratio of the
peripheral blood was correlated with bacterial load in the liver using
Spearman correlation
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Fig. 3 Immune cell alterations in peripheral organs after GAS infec-
tion. Absolute leukocyte counts in liver (A) and spleen (B). Data of
control and infected animals are presented for each infection route.
Dot plots represent individual samples and lines depict mean values.

revealed significant leukocyte migration into the lower
respiratory tract despite the lack of clinical symptoms, con-
firming an adequate immune response following mucosal
infection. In detail, significant increases in relative cell
numbers were noted for B cells, T cells, ILCs, and NK cells,
while the fraction of neutrophils was reduced (Supplemen-
tary Fig. 3B).

In the livers of subcutaneously and intravenously
infected mice, we observed immune cell alterations similar
to those in the blood. Especially in intravenous infection,
there was a relative decrease in B cells and an increase in
neutrophils (Fig. 3C). Again, the percentages of B cells cor-
related negatively with the respective sepsis score (Supple-
mentary Fig. 3B and C). In contrast, the fraction of DCs
increased after infection and positively correlated with dis-
ease activity. In the spleens however, the immune cell com-
positions remained largely stable post infection (Fig. 3D),
with significant alterations restricted to low-frequency pop-
ulations. In detail, ILCs were significantly depleted, while
CD11b"B220" B1 cell fractions increased in subcutaneous
and intravenous infection (Supplementary Fig. 3E). Both
alterations correlated strongly with the sepsis score (Supple-
mentary Fig. 3F).

These findings suggest that during the early phase of
sepsis, splenic immune cell proportions remain largely

v IN

Mann-Whitney test was used for comparisons between control and
infected animals (#p<0.05). Immune cell compositions of the liver (C)
and spleen (D) are depicted in stacked bar plots for various cell types.
Columns represent individual samples

unaffected by both subcutaneous and intravenous GAS
infections. In contrast, the liver exhibits distinct immune
alterations, with intravenous infection leading to pro-
nounced hepatic leukocyte infiltration.

Early sepsis induced depletion of common myeloid
and lymphoid progenitor cells in the bone marrow

In order to link the peripheral immune response to the stem
and progenitor cell landscape, we analyzed the bone mar-
row compartment of infected mice using the gating strategy
shown in Supplementary Fig. 4A. To that end, we examined
the main lineage leukocyte populations in the bone marrow
in absolute (Fig. 4A) and relative cell counts (Supplemen-
tary Fig. 4B). Interestingly, B cell reduction was observed
across all infection routes, yet reached significance only
following subcutaneous and intranasal infection. Similarly,
neutrophil depletion occurred and was paralleled by a nega-
tive correlation of sepsis activity with Gr-1 expression on
neutrophils (Supplementary Fig. 4C). Since Gr-1 serves as
a marker of neutrophil maturity [8], we further analyzed the
population of immature Gr-1" neutrophils, applying the gat-
ing strategy shown in Supplementary Fig. SA. Compared
to mature polymorphonuclear Gr-1" neutrophils, immature
neutrophils were significantly enriched in the blood of septic
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Fig. 4 Changes in leukocytes (A) and their progenitor cells (B) in the
bone marrow after GAS infection. Data of control and infected animals
are presented for each infection route. Box plots show median values
and interquartile range. Mann-Whitney test was used for compari-

animals, while their increase in the spleen and liver was less
pronounced (Supplementary Fig. 5B). Cytokine analysis
further indicated reduced functionality, as immature neutro-
phils exhibited a universal decrease in IL-6 expression and
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son between control and infected animals (#p <0.05). Kruskal-Wallis
test with Dunn’s multiple comparisons test was applied for compari-
sons between infection routes (¥p<0.05, **p<0.01, ***p<0.001,
*HxEp<0.0001)

partial decline in TNFa and IFNy levels in the bloodstream
and liver (Supplementary Fig. 5C).

Next, we investigated alterations of the stem and pro-
genitor cells. Numbers of long-term hematopoietic stem
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cells (LT-HSCs) were unaffected by infection, but short-
term hematopoietic stem cells (ST-HSCs), mesenchymal
stem/stromal cells (MSCs), and multipotent progenitor cells
(MPPs) increased significantly following subcutaneous and
intravenous infections (Fig. 4B). These effects were more
pronounced in intravenously infected mice compared to the
other infection routes. Conversely, common myeloid pro-
genitors (CMPs) and common lymphoid progenitors (CLPs)
significantly decreased after both subcutaneous and intrave-
nous infection.

To link alterations in the bone marrow compartment to
shifts in the peripheral immune cell landscape, we performed
correlation analyses. Supplementary Fig. 6 illustrates that
the sepsis-induced accumulation of bone marrow MPPs and
ST-HSC:s significantly correlated with a decrease in CMPs,
CLPs, and bone marrow neutrophils and was also associ-
ated with peripheral lymphocyte depletion. Furthermore,
an increase in peripheral immature neutrophils was signifi-
cantly associated with this disruption in hematopoiesis.

Our data suggest that ongoing emergency hematopoiesis
was characterized by an exhausted reservoir of progeni-
tor cells from both myeloid and lymphoid lineages, which
coincided with a failure to replenish depleted peripheral
lymphocytes while leading to the release of immature neu-
trophils with reduced effector functions.

B cells were key drivers of cytokine production and
IL-6 overexpression in peripheral blood indicated
hepatic stress in sepsis

Next, we examined the cellular origins of cytokines dur-
ing early sepsis. To this end, we generated broad cytokine
profiles at a single cell level and concentrated on a selec-
tion of pro- and anti-inflammatory cytokines as well as
chemokines. Analyzing general cytokine expressions by
all peripheral blood leukocytes, we found only a non-spe-
cific upregulation of CCL3 in both intranasally infected
and their respective control mice (Fig. SA and Supplemen-
tary Fig. 7A). Due to this overall inconspicuous cytokine
profile, we thus focused on subcutaneous and intravenous
infections. Here, we observed elevated expressions of IL-6,
IFNy, CCL2, TNFa, and IL-10 in blood leukocytes. Nota-
bly, IFNy-expressing cells were more prevalent in intrave-
nous infection.

In order to filter for clinically relevant cytokine dynam-
ics, we performed correlation analyses between significant
changes in cell type-specific cytokine expressions and the
infection route-specific sepsis scores. This way, we identi-
fied B cells, T cells, ILCs, and MHCII" macrophages as key
contributors to cytokine production (Supplementary Table
1). No relevant changes were observed for IL-10, IL-17A,
and CCL3 in the cell type-specific analyses. However, IL-6"

cells were significantly enriched in infected animals across
nearly all cell types and regardless of infection route, and
their frequency correlated positively with the sepsis score
(Fig. 5B). Of note, the highest proportion of IL-6 express-
ing cells was found in the B cell population. IFNy expres-
sion in subcutaneous infection was significantly increased
in B cells only, while intravenously infected animals dem-
onstrated elevated IFNy levels in B cells, T cells, ILCs, and
macrophages (Fig. 5C). Consequently, intravenous infec-
tion was characterized by a strong correlation between IFNy
expression and the sepsis score for the mentioned cell types.
CCL2 levels were enriched in B cells of both subcutane-
ously and intravenously infected animals, while upregula-
tion of CCL2 in ILCs and macrophages was significant only
following subcutaneous infection (Supplementary Fig. 7B).
Finally, TNFa overexpression was restricted to B cells and
ILCs following subcutaneous infection, while intravenously
infected animals remained inconspicuous (Supplementary
Fig. 7C).

Next, we investigated how cytokine analysis could aid in
predicting organ complications in sepsis. Given the strong
correlation between disease activity and IL-6 expression, we
further explored the relationship between bulk IL-6 levels
and organ stress. Therefore, IL-6 expression was correlated
with hepatic bacterial load. We found that intravenously
infected animals, which were characterized by increased
bacterial accumulation in the liver, exhibited the highest
IL-6 levels (Fig. 5SD).

In summary, especially peripheral blood B cells pro-
duced multiple pro-inflammatory cytokines following both
subcutaneous and intravenous infection. IL-6 levels were
consistently elevated across various blood lymphocyte pop-
ulations. Notably, following intravenous infection, exces-
sive overexpression of IL-6 was strongly associated with
hepatic stress.

Intravenous infection led to liver inflammation with
an unbalanced expression of IFNy and IL-10

Cytokine expressions among leukocytes were also investi-
gated in peripheral organs. In intranasally infected animals,
leukocyte populations from BAL samples during intranasal
infections showed elevated levels of CCL3 among T cells
and macrophages (Supplementary Fig. 8A). Moreover, B
cells and CD4" T cells demonstrated a slight but significant
overexpression of IFNy. Given that there was no discernible
cytokine reaction in the lung beyond this (Fig. 6A), these
findings suggest a localized mucosal immune reaction in the
lower respiratory tract following intranasal infection. In the
livers of subcutaneously and intravenously infected animals,
bulk MFT levels of CCL3, IFNy, IL-10, IL-6, CCL2, and
TNFa were significantly increased (Fig. 6A, Supplementary
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Fig.5 Cytokine expressions in the blood after GAS infection. (A) Heat
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in live leukocytes. Percentage of IL-6" (B) and IFNy"* (C) cells among
immune cell populations are demonstrated for subcutaneous and intra-
venous infection. Data of control and infected animals are presented
for each infection route. Superimposed bar plots show median val-

Fig. 8B). Interestingly, the tendency towards IL-17A over-
expression among liver leukocytes was restricted to intrave-
nously infected mice (Fig. 6A). In contrast, cytokine levels
in spleen cells remained unchanged, except for an increase
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ues with interquartile range. Mann-Whitney test was used for com-
parison between control and infected animals (*p<0.05, **p<0.01,
***%p<0.001). Dots represent Spearman correlation analysis of cyto-
kine expression with sepsis score, with correlation coefficient (r) indi-
cated by color and p>0.05 marked x. (D) Bulk IL-6 expression was
correlated with bacterial load in the liver using Spearman correlation

in IFNy following intravenous infection (Supplementary

Fig. 8C). We thus focused further analyses on the liver.
Correlation analyses with the sepsis score again identi-

fied lymphocytes and macrophages as key contributors to
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cytokine overproduction (Supplementary Table 2). When
investigating differences between the infection routes, we
found an enrichment of CCL3" T cells and MHCII" mac-
rophages following intravenous infection (Fig. 6B). Due to
their strong correlation with the sepsis score, this indicates

range. Mann-Whitney test was used for comparison between control
and infected animals (*»<0.05, **p<0.01, ***p<0.001). Dots repre-
sent Spearman correlation analysis of cytokine expression with sepsis
score, with correlation coefficient (r) indicated by color and p>0.05
marked x

increased chemotactic functions during intravenous infec-
tion. Intravenous infection also resulted in significantly
elevated levels of IFNy-expressing cells across all lym-
phocyte populations (Fig. 6C), which again correlated
strongly with the sepsis score. Although there was a minor

@ Springer
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increase in median IFNy expression by T cell populations
following subcutaneous infections, this did not exceed
2%, rendering it less relevant. Strikingly, IL-10 was only
marginally expressed by B cells in intravenously infected
mice (Fig. 6D). In contrast, subcutaneous infection led to
increased IL-10" B cells, CD4*, CD8" T cells, and MHCII"
macrophages, all correlating with the sepsis score. This sug-
gests a diminished anti-inflammatory response after intra-
venous infection.

Collectively, our analysis reveals a strong chemotactic
response and a higher pro-inflammatory cytokine burden in
the liver following intravenous infection. Increased expres-
sion of IFNy in hepatic lymphocytes was paralleled by
insufficient IL-10-mediated anti-inflammatory regulation.
This suggests a distinct cytokine imbalance and highlights
liver involvement in excessive inflammation.

Discussion

This study presents the first comparative characterization
of immune processes following GAS infection at different
sites and contributes to the identification of early-phase sep-
sis biomarkers with diagnostic value for organ stress. Our
findings highlight the impact of the primary infection site
on the clinical course of sepsis. While intranasal infection
did not result in systemic disease, subcutaneous and intra-
venous infection caused clinical deterioration at different
kinetics yet culminated within 48 h in comparable disease
burdens. Given the rapid decline in general health status
in intravenously infected mice, our data align with clinical
studies linking vascular-origin sepsis to poor outcomes [38,
43]. The mild course of intranasal infection in our model
suggests a localized mucosal immune response, making this
infection route suitable for representing an immune layout
eliciting host resilience.

In both subcutaneous and intravenous infections, we
identified critical immune parameters tied to sepsis devel-
opment. First, we noticed lymphopenia in the blood, which
serves as an indicator of early sepsis [5, 13]. Remarkably,
B cell counts showed the most significant decrease among
leukocyte populations in our experiment. This aligns with
a clinical meta-analysis linking reduced B cell numbers to
lower survival in sepsis patients [21]. However, our analysis
of early-phase sepsis revealed stable neutrophil counts in
peripheral blood. Concomitantly, we detected an increased
granulocyte-to-lymphocyte ratio, as suggested by Loof et al.
[25]. Beyond its known function as a sepsis biomarker, our
findings further indicate a strong correlation with the extent
of bacterial colonization in the liver. The highest hepatic
bacterial burden and most pronounced increase in the
granulocyte-to-lymphocyte ratio occurred in intravenously
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infected animals, suggesting liver stress particularly for
this route. Therefore, the granulocyte-to-lymphocyte ratio
has the potential to indicate impending organ failure, thus
addressing the existing diagnostic gap for sepsis-associated
liver damage described by Woznica et al. [54].

Examining leukocyte maturation processes in the bone
marrow, we found an enrichment of ST-HSCs and MPPs as
similarly described by Morales-Mantilla et al. [33]. How-
ever, this upregulation of undifferentiated cells appears
insufficient to counteract the peripheral leukocyte deficit,
as CLP and CMP counts were reduced in our analysis and
correlated with peripheral lymphocyte depletion. Conclu-
sively, while the first line of haematopoiesis remained intact
during sepsis, our data suggest an exhaustion of immedi-
ate progenitor cells in the bone marrow. Furthermore, we
showed a reduction of bone marrow neutrophil counts, with
reduced Gr-1 expression as a marker of their maturity [8],
indicating emergency granulopoiesis and the deployment of
immature neutrophils to peripheral sites [28]. We observed
that the immature neutrophil subpopulation exhibited sig-
nificantly lower expressions of pro-inflammatory cytokines.
This impaired functionality may contribute to the dysregu-
lated immune response in sepsis. Emergency recruitment
of immature immune cells usually includes monocytes,
which transiently express Gr-1 in the bone marrow. The
Gr-1 antibody clone used in our study has low affinity for
the monocyte marker Ly6C [10], potentially obscuring
peripheral neutrophil counts. However, the near-universal
IFNy expression in Gr-1" neutrophils allowed clear distinc-
tion from monocytes, which typically lack IFNy expres-
sion. Myeloid-derived suppressor cells were not analyzed,
as they cannot be reliably delineated from neutrophils and
monocytes using flow cytometry surface markers alone [4].
Together, our analyses of the immune and stem cell land-
scape suggest an imbalanced immune response skewed
toward dysfunctional innate immunity at the expense of
adaptive immunity, regardless of infection route.

Our study successfully implemented in vivo Brefeldin
A application as a means to identify relevant cytokine-pro-
ducing cell types in the early phase of sepsis in situ. We
observed a strong pro-inflammatory cytokine response in
the blood, dominated by IL-6, IFNy, TNFa, and CCL2, with
lymphocytes, particularly B cells, as the primary contribu-
tors. Although innate immune cells are typically considered
crucial during the early sepsis, our data suggest that cyto-
kine overexpression in sepsis is primarily driven by cells
of adaptive immunity. Consistently, B cells are reported to
play a pivotal role in the regulation of both innate and adap-
tive immune responses beyond their function of antibody
production [31, 32, 35]. Their indispensability for the ini-
tiation of many immune processes, such as pathogen clear-
ance mediated by innates, has been reported before [15].
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This holds true even in the context of lymphopenia, where
selective apoptosis predominantly affects immature B cells
[56], while the surviving mature B cells exhibit a highly
inflammatory phenotype [16]. In this setting, a compensa-
tory increase in IL-6 may serve to amplify the inflammatory
response despite lymphocyte depletion. Our findings sug-
gest that the innate-like functions of lymphocytes may still
be underappreciated and warrant further investigation.

IL-6 is widely recognized as a promising biomarker for
sepsis due to its strong correlation with sepsis severity [30,
53]. Our finding that IL-6 is elevated irrespective of the
infection focus in clinically apparent sepsis consolidates
this knowledge. Especially vascular-origin sepsis is report-
edly linked to high mortality and elevated IL-6 levels [38,
43, 55]. In our intravenous infection model, we observed
a rapidly progressing, impending lethal outcome driven
by hepatic stress. Sepsis-associated acute liver injury was
evidenced by a higher bacterial burden, excessive leuko-
cyte chemotaxis, increased emergency granulopoiesis with
recruitment of neutrophils to the liver, and heightened pro-
inflammatory cytokine expression. While organ involve-
ment is nearly inevitable in sepsis [42], its early detection
remains a challenge. Bilirubin, though commonly used to
diagnose hepatic failure [7], typically rises only in later
stages of disease progression [29]. As liver failure is a
critical determinant of sepsis progression [18], our findings
suggest that IL-6 overexpression may serve as an early indi-
cator of hepatic stress in sepsis. Thus, utilizing IL-6 as an
additional biomarker next to the granulocyte-to-lymphocyte
ratio may enable more precise characterization of sepsis
subentities, facilitating earlier diagnosis and tailored thera-
peutic interventions to prevent irreversible organ damage.

Despite our profound insights into the immune response
during sepsis originating from different infection sites,
this study has some limitations. Our findings are based on
a mouse model where sepsis onset was predictable. While
this allowed early sampling — before the diagnosis would
be made in a clinical setting — future studies should validate
these findings using human samples to enhance their trans-
lational relevance. Although GAS is a strictly human patho-
gen, we used a mouse model in an attempt to mirror immune
processes. However, the application of a highly pathogenic
GAS strain resulted in disease manifestations similar to
human infections when inoculating various tissues. Only
intranasal application of GAS was not suitable for induc-
ing pneumonia-associated sepsis. Nonetheless, local inflam-
matory responses in the lung, i.e. leukocyte infiltration and
CCL3 overexpression, reflect a successful infection and
an effective administration of BFA even in a more limited
immune reaction. Additionally, our monomicrobial infec-
tion model does not fully replicate the polymicrobial nature
that is common in sepsis [17], warranting further studies

using sepsis models as described by Korneev [19]. Key
cytokines involved in sepsis, such as IL-1p, were excluded
from our analysis, as its bioactive form cannot be detected
through intracellular staining. Future studies should there-
fore validate and supplement our findings using methods
like ELISA. Additionally, our data represent a single time
point at 48 h and should be expanded by cytokine dynam-
ics across different stages of sepsis. Finally, our study’s cor-
relative design limits mechanistic insights, which should be
explored in future research.

In conclusion, our study emphasizes the relationship
between lymphocyte-driven cytokine expression and sep-
sis activity regarding organ involvement across different
infection routes. Importantly, both IL-6 expression and an
increased granulocyte-to-lymphocyte ratio in the peripheral
blood correlate strongly with bacterial load in the liver, sug-
gesting that the combination of these two markers may be a
robust tool to predict hepatic stress.
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25-00826-2.

Acknowledgements The authors sincerely express their gratitude to
all staff and students that took part in the scientific discussions and
experimental conduct. Moreover, we like to thank Karin Gerber and
Mareike Degner for their participation in animal breeding and care at
the animal core facility.

Author contributions JA, BM-H, and WB-E contributed to concep-
tion and design of the study. VB and JA conducted the experiments.
VB performed the statistical analysis and wrote the first draft of the
manuscript. JA and BM-H wrote sections of the manuscript and re-
vised the first draft. All authors contributed to the article and approved
the submitted version.

Funding Open Access funding enabled and organized by Projekt
DEAL.

JA and this study were financially supported by a research grant from
the Deutsche Forschungsgemeinschaft (VO 2697/2—1).

Data availability The raw data supporting the conclusions of this arti-
cle will be made available by the authors upon reasonable request.

Declarations

Ethical approval The animal study was reviewed and approved by the
State Department for Agriculture, Food Safety and Fishery in Meck-
lenburg-Western Pomerania with the file reference number 7221.3-1-
042/22.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this

@ Springer


https://doi.org/10.1007/s00430-025-00826-2
https://doi.org/10.1007/s00430-025-00826-2

17 Page 14 of 16

Medical Microbiology and Immunology (2025) 214:17

article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Amend SR, Valkenburg KC, Pienta KJ (2016) Murine Hind limb
long bone dissection and bone marrow isolation. J Visualized
Experiments 2016(110). https://doi.org/10.3791/53936

2. Barichello T, Generoso JS, Singer M, Dal-Pizzol F (2022) Bio-
markers for sepsis: more than just fever and leukocytosis—a nar-
rative review. In Critical Care (Vol. 26, Issue 1). BioMed Central
Ltd. https://doi.org/10.1186/513054-021-03862-5

3. Basetti S, Hodgson J, Rawson TM, Majeed A (2017) Scarlet fever:
A guide for general practitioners. Lond J Prim Care 9(5):77-79. h
ttps://doi.org/10.1080/17571472.2017.1365677

4. Bronte V, Brandau S, Chen S-H, Colombo MP, Frey AB, Greten
TF, Mandruzzato S, Murray PJ, Ochoa A, Ostrand-Rosenberg S,
Rodriguez PC, Sica A, Umansky V, Vonderheide RH, Gabrilov-
ich DI (2016) Recommendations for myeloid-derived suppressor
cell nomenclature and characterization standards. Nat Commun
7(1):12150. https://doi.org/10.1038/ncomms12150

5. CaoC,YuM, ChaiY (2019) Pathological alteration and therapeu-
tic implications of sepsis-induced immune cell apoptosis. In Cel/
Death and Disease (Vol. 10, Issue 10). Nature Publishing Group.
https://doi.org/10.1038/s41419-019-2015-1

6.  Crum NF, Russell KL, Kaplan EL, Wallace MR, Wu J, Ashtari P,
Morris DJ, Hale BR (2005) Pneumonia Outbreak Associated with
Group A Streptococcus Species at a Military Training Facility. In
GAS Pneumonia Outbreak * CID. https://academic.oup.com/cid/a
rticle/40/4/511/352257

7. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM,
French C, Machado FR, Mcintyre L, Ostermann M, Prescott HC,
Schorr C, Simpson S, Wiersinga WJ, Alshamsi F, Angus DC,
Arabi Y, Azevedo L, Beale R, Beilman G, Levy M (2021) Surviv-
ing sepsis campaign: international guidelines for management of
sepsis and septic shock 2021. Intensive Care Med 47(11):1181—
1247. https://doi.org/10.1007/s00134-021-06506-y

8. Evrard M, Kwok IWH, Chong SZ, Teng KWW, Becht E, Chen
J, Sieow JL, Penny HL, Ching GC, Devi S, Adrover JM, Li JLY,
Liong KH, Tan L, Poon Z, Foo S, Chua JW, Su IH, Balabanian
K, Ng LG (2018) Developmental analysis of bone marrow neu-
trophils reveals populations specialized in expansion, trafficking,
and effector functions. Immunity 48(2):364-379¢8. https://doi.or
2/10.1016/j.immuni.2018.02.002

9. Fleischmann C, Scherag A, Adhikari NKJ, Hartog CS, Tsaga-
nos T, Schlattmann P, Angus DC, Reinhart K (2016) Assess-
ment of global incidence and mortality of hospital-treated sepsis
current estimates and limitations. Am J Respir Crit Care Med
193(3):259-272. https://doi.org/10.1164/rccm.201504-07810C

10. Fleming TJ, Fleming ML, Malek TR (1993) Selective expression
of Ly-6G on myeloid lineage cells in mouse bone marrow. RB6-
8C5 mAb to granulocyte-differentiation antigen (Gr-1) detects
members of the Ly-6 family. J Immunol 151(5):2399-2408. https
://doi.org/10.4049/jimmunol.151.5.2399

11. Guy R, Williams C, Irvine N, Reynolds A, Coelho J, Saliba V,
Thomas D, Doherty L, Chalker V, von Wissmann B, Chand M,
Efstratiou A, Ramsay M, Lamagni TheresaLamagni T, Wissmann
vonB (2013) 1 Increase in scarlet fever notifications in the United
Kingdom. In Euro Surveill (Vol. 19, Issue 12). https://doi.org/ww

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

w.eurosurveillance.org:pii=20749. Available online https://doi.or
g/www.eurosurveillance.org/ViewArticle.aspx? Articleld=20749
He X, Chen J, Feng Y, Song P, Wong YK, Xie L, Wang C, Zhang
Q, Bai Y, Gao P, Luo P, Liu Q, Liao F, Li Z, Jiang Y, Wang J
(2023) Single-cell RNA sequencing Deciphers the mechanism of
sepsis-induced liver injury and the therapeutic effects of Artesu-
nate. Acta Pharmacol Sin 44(9):1801-1814. https://doi.org/10.10
38/s41401-023-01065-y

Hotchkiss RS, Nicholson DW (2006) Apoptosis and caspases
regulate death and inflammation in sepsis. Nat Reviews Immunol
(Vol 6(11):813-822. https://doi.org/10.1038/nri1943

Jacobi J (2022) The pathophysiology of sepsis — 2021 update:
part 2, organ dysfunction and assessment. Am J Health-System
Pharm 79(6):424-436. https://doi.org/10.1093/ajhp/zxab393
Jarczak D, Kluge S, Nierhaus A (2021) Sepsis—Pathophysiology
and therapeutic concepts. Front Med 8. https://doi.org/10.3389/f
med.2021.628302

Kelly-Scumpia KM, Scumpia PO, Weinstein JS, Delano MJ,
Cuenca AG, Nacionales DC, Wynn JL, Lee PY, Kumagai Y, Efron
PA, Akira S, Wasserfall C, Atkinson MA, Moldawer LL (2011)
B cells enhance early innate immune responses during bacterial
sepsis. J Exp Med 208(18):1673—1682. https://doi.org/10.1084/je
m.20101715

Kingsley SMK, Bhat BV (2016) Differential paradigms in animal
models of sepsis. In Current infectious disease reports. Curr Med
Group LLC 1 18. https://doi.org/10.1007/s11908-016-0535-8
Kobashi H, Toshimori J, Yamamoto K (2013) Sepsis-associated
liver injury: incidence, classification and the clinical significance.
Hepatol Res 43(3):255-266

Korneev KV (2019) Mouse models of sepsis and septic shock.
Mol Biol 53(5):704-717. https://doi.org/10.1134/S00268933190
50108

Kovacs SB, Oh C, Aachoui Y, Miao EA (2021) Evaluating cyto-
kine production by flow cytometry using Brefeldin A in mice.
STAR Protocols 2(1). https://doi.org/10.1016/j.xpro.2020.10024
4

Krautz C, Maier SL, Brunner M, Langheinrich M, Giamarellos-
Bourboulis EJ, Gogos C, Armaganidis A, Kunath F, Griitzmann
R, Weber GF (2018) Reduced circulating B cells and plasma IgM
levels are associated with decreased survival in sepsis - A meta-
analysis. In Journal of Critical Care (Vol. 45, pp. 71-75). W.B.
Saunders. https://doi.org/10.1016/j.jcrc.2018.01.013

Lee CF, Cowling BJ, Lau EHY (2017) Epidemiology of reemerg-
ing Scarlet fever, Hong Kong, 2005-2015. Emerg Infect Dis
23(10):1707-1710. https://doi.org/10.3201/eid2310.161456
Lidicker J, Bhat A (2001) Epidemiology of severe sepsis in
the United States: Analysis of incidence, outcome, and associ-
ated costs of care DG4: DISEASE SEVERIT Y DET ERMINES
COST OF GAST ROESOPHAGEAL REFLUX DISEASE IN A
MIDWES...

Liu F, Whitton JL (2005) Cutting edge: Re-evaluating the in vivo
cytokine responses of CD8+T cells during primary and second-
ary viral infections. J Immunol 174(10):5936-5940. https://doi.o
rg/10.4049/jimmunol.174.10.5936

Loof TG, Sohail A, Bahgat MM, Tallam A, Arshad H, Akmatov
MK, Pils MC, Heise U, Beineke A, Pessler F (2018) Early lym-
phocyte loss and increased granulocyte/lymphocyte ratio predict
systemic spread of Streptococcus pyogenes in a mouse model of
acute skin infection. Front Cell Infect Microbiol 8(APR). https://
doi.org/10.3389/fcimb.2018.00101

Low DE, Schwartz B, McGeer A (1997) The reemergence of
group A Streptococcal disease: an evolutionary perspective.
Emerg Infections 1:93—123

Lu Q, Yu D, Yang Y (2023) Group A Streptococcus Is Still at
Large. In Journal of Clinical Medicine (Vol. 12, Issue 7). MDPIL.
https://doi.org/10.3390/jcm12072739


https://doi.org/www.eurosurveillance.org:pii=20749
https://doi.org/www.eurosurveillance.org/ViewArticle.aspx?ArticleId=20749
https://doi.org/www.eurosurveillance.org/ViewArticle.aspx?ArticleId=20749
https://doi.org/10.1038/s41401-023-01065-y
https://doi.org/10.1038/s41401-023-01065-y
https://doi.org/10.1038/nri1943
https://doi.org/10.1093/ajhp/zxab393
https://doi.org/10.3389/fmed.2021.628302
https://doi.org/10.3389/fmed.2021.628302
https://doi.org/10.1084/jem.20101715
https://doi.org/10.1084/jem.20101715
https://doi.org/10.1007/s11908-016-0535-8
https://doi.org/10.1134/S0026893319050108
https://doi.org/10.1134/S0026893319050108
https://doi.org/10.1016/j.xpro.2020.100244
https://doi.org/10.1016/j.xpro.2020.100244
https://doi.org/10.1016/j.jcrc.2018.01.013
https://doi.org/10.3201/eid2310.161456
https://doi.org/10.4049/jimmunol.174.10.5936
https://doi.org/10.4049/jimmunol.174.10.5936
https://doi.org/10.3389/fcimb.2018.00101
https://doi.org/10.3389/fcimb.2018.00101
https://doi.org/10.3390/jcm12072739
https://doi.org/10.3390/jcm12072739
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3791/53936
https://doi.org/10.1186/s13054-021-03862-5
https://doi.org/10.1080/17571472.2017.1365677
https://doi.org/10.1080/17571472.2017.1365677
https://doi.org/10.1038/ncomms12150
https://doi.org/10.1038/s41419-019-2015-1
https://doi.org/10.1038/s41419-019-2015-1
https://academic.oup.com/cid/article/40/4/511/352257
https://academic.oup.com/cid/article/40/4/511/352257
https://doi.org/10.1007/s00134-021-06506-y
https://doi.org/10.1016/j.immuni.2018.02.002
https://doi.org/10.1016/j.immuni.2018.02.002
https://doi.org/10.1164/rccm.201504-0781OC
https://doi.org/10.4049/jimmunol.151.5.2399
https://doi.org/10.4049/jimmunol.151.5.2399
https://doi.org/www.eurosurveillance.org:pii=20749

Medical Microbiology and Immunology

(2025) 214:17

Page 150f 16 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Manz MG, Boettcher S (2014) Emergency granulopoiesis. In
Nature reviews immunology. Nat Publishing Group 14(5):302—
314. https://doi.org/10.1038/nri3660

Marshall JC, Cook DJ, Christou NV, Bernard GR, Sprung CL,
Sibbald WJ (1995) Multiple organ dysfunction score. Crit Care
Med 23(10):1638-1652. https://doi.org/10.1097/00003246-1995
10000-00007

Matsumoto H, Ogura H, Shimizu K, Ikeda M, Hirose T, Matsuura
H, Kang S, Takahashi K, Tanaka T, Shimazu T (2018) The clinical
importance of a cytokine network in the acute phase of sepsis. Sci
Rep 8(1). https://doi.org/10.1038/s41598-018-32275-8

Mauri C, Bosma A (2012) Immune regulatory function of B cells.
Annu Rev Immunol 30(1):221-241. https://doi.org/10.1146/annu
rev-immunol-020711-074934

Monserrat J, de Pablo R, Diaz-Martin D, Rodriguez-Zapata M, de
la Hera A, Prieto A, Alvarez-Mon M (2013) Early alterations of B
cells in patients with septic shock. Crit Care 17(3):R105. https://d
oi.org/10.1186/cc12750

Morales-Mantilla DE, Kain B, Le D, Flores AR, Paust S, King
KY (2022) Hematopoietic stem and progenitor cells improve sur-
vival from sepsis by boosting Inmunomodulatory cells. ELife 11.
https://doi.org/10.7554/ELIFE.74561

Pierrakos C, Velissaris D, Bisdorff M, Marshall JC, Vincent JL
(2020) Biomarkers of sepsis: time for a reappraisal. Crit Care
24(1). https://doi.org/10.1186/s13054-020-02993-5

Rauch PJ, Chudnovskiy A, Robbins CS, Weber GF, Etzrodt M,
Hilgendorf I, Tiglao E, Figueiredo J-L, Iwamoto Y, Theurl I,
Gorbatov R, Waring MT, Chicoine AT, Mouded M, Pittet MJ,
Nahrendorf M, Weissleder R, Swirski FK (2012) Innate response
activator B cells protect against microbial sepsis. Science
335(6068):597-601. https://doi.org/10.1126/science.1215173
Reinhart K, Daniels R, Kissoon N, Machado FR, Schachter RD,
Finfer S (2017) Recognizing sepsis as a global health Priority —
A WHO resolution. N Engl J Med 377(5):414-417. https://doi.or
2/10.1056/nejmp1707170

Ruiz-Rodriguez JC, Chiscano-Camoén L, Maldonado C, Ruiz-
Sanmartin A, Martin L, Bajaia I, Bastidas J, Lopez-Martinez R,
Franco-Jarava C, Gonzalez-Lopez JJ, Ribas V, Larrosa N, Riera
J, Nuvials-Casals X, Ferrer R (2024) Catastrophic Streptococcus
pyogenes disease: A personalized approach based on phenotypes
and treatable traits. Antibiotics 13(2). https://doi.org/10.3390/anti
biotics13020187

Schertz AR, Eisner AE, Smith SA, Lenoir KM, Thomas KW
(2023) Clinical phenotypes of sepsis in a cohort of hospital-
ized patients according to infection site. Crit Care Explorations
5(8):e0955. https://doi.org/10.1097/CCE.0000000000000955
Shannon O, Rydengard V, Schmidtchen A, Moérgelin M, Alm P,
Serensen OE, Bjorck L (2010) Histidine-rich glycoprotein pro-
motes bacterial entrapment in clots and decreases mortality in a
mouse model of sepsis. Blood 116(13):2365-2372. https://doi.or
2/10.1182/blood-2010-02-271858

Shrum B, Anantha RV, Xu SX, Donnelly M, Haeryfar SMM,
McCormick JK, Mele T (2014) A robust scoring system to evalu-
ate sepsis severity in an animal model. BMC Res Notes 7(1). http
s://doi.org/10.1186/1756-0500-7-233

Shumba P, Shambat SM, Siemens N (2019) The role of strepto-
coccal and staphylococcal exotoxins and proteases in human nec-
rotizing soft tissue infections. In Zoxins (Vol. 11, Issue 6). MDPI
AG. https://doi.org/10.3390/toxins 11060332

Singer M, Deutschman CS, Seymour C, Shankar-Hari M, Annane
D, Bauer M, Bellomo R, Bernard GR, Chiche JD, Coopersmith
CM, Hotchkiss RS, Levy MM, Marshall JC, Martin GS, Opal
SM, Rubenfeld GD, Poll T, Der, Vincent JL, Angus DC (2016)

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

The third international consensus definitions for sepsis and sep-
tic shock (sepsis-3). In JAMA - Journal of the American Medical
Association (Vol. 315, Issue 8, pp. 801-810). American Medical
Association. https://doi.org/10.1001/jama.2016.0287

Stortz JA, Cox MC, Hawkins RB, Ghita GL, Brumback BA,
Mohr AM, Moldawer LL, Efron PA, Brakenridge SC, Moore FA
(2020) Phenotypic heterogeneity by site of infection in surgical
sepsis: A prospective longitudinal study. Crit Care 24(1). https://d
oi.org/10.1186/s13054-020-02917-3

Strnad P, Tacke F, Koch A, Trautwein C (2017) Liver — guardian,
modifier and target of sepsis. Nat Reviews Gastroenterol Hepatol
14(1):55-66. https://doi.org/10.1038/nrgastro.2016.168

Sun F, Xiao G, Qu Z (2017) Murine Bronchoalveolar lavage.
BIO-PROTOCOL 7(10). https://doi.org/10.21769/bioprotoc.228
7

Surbatovic M, Popovic N, Vojvodic D, Milosevic I, Acimovic
G, Stojicic M, Veljovic M, Jevdjic J, Djordjevic D, Radakovic S
(2015) Cytokine profile in severe gram-positive and gram-nega-
tive abdominal sepsis. Sci Rep 5. https://doi.org/10.1038/srep113
55

Tang D, Chen M, Huang X, Zhang G, Zeng L, Zhang G, Wu S,
Wang Y (2023) SRplot: A free online platform for data visualiza-
tion and graphing. PLoS ONE 18(11):¢0294236. https://doi.org/1
0.1371/journal.pone.0294236

Terashima A, Okamoto K, Nakashima T, Akira S, Tkuta K, Takay-
anagi H (2016) Sepsis-Induced osteoblast ablation causes immu-
nodeficiency. Immunity 44(6):1434—1443. https://doi.org/10.101
6/j.immuni.2016.05.012

Tian R, Wang X, Pan T, Li R, Wang J, Liu Z, Chen E, Mao E, Tan
R, Chen Y, Liu J, Qu H (2019) Plasma PTX3, MCP1 and Ang2
are early biomarkers to evaluate the severity of sepsis and septic
shock. Scand J Immunol 90(6). https://doi.org/10.1111/sji.12823
Tisoncik JR, Korth MJ, Simmons CP, Farrar J, Martin TR, Katze
MG (2012) Into the eye of the cytokine storm. Microbiol Mol
Biol Rev 76(1):16-32. https://doi.org/10.1128/mmbr.05015-11
Vekemans J, Gouvea-Reis F, Kim JH, Excler JL, Smeesters PR,
O’brien KL, Van Beneden CA, Steer AC, Carapetis JR, Kaslow
DC (2019) The path to group A Streptococcus vaccines: world
health organization research and development technology road-
map and preferred product characteristics. Clinical infectious dis-
eases, vol 69. Oxford University Press, pp 877-883. 5 https://doi
.org/10.1093/cid/ciy1143

Volzke J, Schultz D, Kordt M, Miiller M, Bergmann W, Methling
K, Kreikemeyer B, Miiller-Hilke B (2020) Inflammatory joint
disease is a risk factor for Streptococcal sepsis and septic arthritis
in mice. Front Immunol 11. https://doi.org/10.3389/fimmu.2020.
579475

Wang S-M, Lu I-H, Lin Y-L, Lin Y-S, Wu J-J, Chuang W-J, Lin
MT, Liu C-C (2008) The severity of Streptococcus pyogenes
infections in children is significantly associated with plasma
levels of inflammatory cytokines. Diagn Microbiol Infect Dis
61(2):165-169. https://doi.org/10.1016/j.diagmicrobio.2008.01.
008

Woznica EA, Inglot M, Woznica RK, Lysenko L (2018) Liver
dysfunction in sepsis. In Advances in Clinical and Experimental
Medicine (Vol. 27, Issue 4, pp. 547-551). Wroclaw University of
Medicine. https://doi.org/10.17219/acem/68363

Yang X, Zeng J, Yu X, Wang Z, Wang D, Zhou Q, Bai T, Xu Y
(2023) PCT, IL-6, and IL-10 facilitate early diagnosis and patho-
gen classifications in bloodstream infection. Ann Clin Microbiol
Antimicrob 22(1). https://doi.org/10.1186/s12941-023-00653-4

@ Springer


https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1186/s13054-020-02917-3
https://doi.org/10.1186/s13054-020-02917-3
https://doi.org/10.1038/nrgastro.2016.168
https://doi.org/10.21769/bioprotoc.2287
https://doi.org/10.21769/bioprotoc.2287
https://doi.org/10.1038/srep11355
https://doi.org/10.1038/srep11355
https://doi.org/10.1371/journal.pone.0294236
https://doi.org/10.1371/journal.pone.0294236
https://doi.org/10.1016/j.immuni.2016.05.012
https://doi.org/10.1016/j.immuni.2016.05.012
https://doi.org/10.1111/sji.12823
https://doi.org/10.1128/mmbr.05015-11
https://doi.org/10.1093/cid/ciy1143
https://doi.org/10.1093/cid/ciy1143
https://doi.org/10.3389/fimmu.2020.579475
https://doi.org/10.3389/fimmu.2020.579475
https://doi.org/10.1016/j.diagmicrobio.2008.01.008
https://doi.org/10.1016/j.diagmicrobio.2008.01.008
https://doi.org/10.17219/acem/68363
https://doi.org/10.1186/s12941-023-00653-4
https://doi.org/10.1038/nri3660
https://doi.org/10.1097/00003246-199510000-00007
https://doi.org/10.1097/00003246-199510000-00007
https://doi.org/10.1038/s41598-018-32275-8
https://doi.org/10.1146/annurev-immunol-020711-074934
https://doi.org/10.1146/annurev-immunol-020711-074934
https://doi.org/10.1186/cc12750
https://doi.org/10.1186/cc12750
https://doi.org/10.7554/ELIFE.74561
https://doi.org/10.7554/ELIFE.74561
https://doi.org/10.1186/s13054-020-02993-5
https://doi.org/10.1126/science.1215173
https://doi.org/10.1056/nejmp1707170
https://doi.org/10.1056/nejmp1707170
https://doi.org/10.3390/antibiotics13020187
https://doi.org/10.3390/antibiotics13020187
https://doi.org/10.1097/CCE.0000000000000955
https://doi.org/10.1182/blood-2010-02-271858
https://doi.org/10.1182/blood-2010-02-271858
https://doi.org/10.1186/1756-0500-7-233
https://doi.org/10.1186/1756-0500-7-233
https://doi.org/10.3390/toxins11060332

17 Page 16 of 16 Medical Microbiology and Immunology (2025) 214:17

56. Zheng X, Wang Y, Wang Y, Wang X, Pei L, Zhao S, Gong F, Li Publisher’s note Springer Nature remains neutral with regard to juris-
R, Liu H, Liu W, Mao E, Yang Z, Chen E, Chen Y (2024) Dis- dictional claims in published maps and institutional affiliations.
secting the mediating role of cytokines in the interaction between
immune traits and sepsis: insights from comprehensive mende-
lian randomization. Front Immunol 15. https://doi.org/10.3389/f
immu.2024.1417716

@ Springer


https://doi.org/10.3389/fimmu.2024.1417716
https://doi.org/10.3389/fimmu.2024.1417716

	﻿Interleukin-6 overexpression and elevated granulocyte-to-lymphocyte ratio indicate hepatic stress in experimental group a Streptococcus sepsis
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animals
	﻿Bacteria
	﻿Pathogen inoculation and quantification
	﻿Clinical scoring and application of Brefeldin A
	﻿Euthanasia and organ extraction
	﻿Single cell analysis by flow cytometry
	﻿Statistical analysis

	﻿Results
	﻿Clinical deterioration of GAS-induced sepsis was influenced by the route of infection
	﻿Increased granulocyte-to-lymphocyte ratio in the blood of septic animals correlated with high bacterial burden in the liver
	﻿Intravenous infection resulted in increased granulocyte infiltration and B lymphopenia in the liver
	﻿Early sepsis induced depletion of common myeloid and lymphoid progenitor cells in the bone marrow
	﻿B cells were key drivers of cytokine production and IL-6 overexpression in peripheral blood indicated hepatic stress in sepsis
	﻿Intravenous infection led to liver inflammation with an unbalanced expression of IFNγ and IL-10

	﻿Discussion
	﻿References


