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e Monocytes in CoH mice provide enhanced resistance to
UPEC infection

e CoH circulating monocytes are skewed toward a classical
phenotype

e CoH mice have enhanced monocyte egress from the BM and
elevated BM myelopoiesis
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In brief

Cohousing laboratory mice with pet store
mice changes the immune system and
alerts responsiveness to future
challenges. Martin et al. show that
microbial exposure drives changes to the
innate immune system, including a
skewing toward classical phenotype
monocytes driven by enhanced
myelopoiesis, resulting in increased
resistance to systemic bacterial infection.

¢? CellPress


mailto:tgriffit@umn.edu
https://doi.org/10.1016/j.celrep.2023.113345
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.113345&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

CD115" monocytes protect microbially
experienced mice against E. coli-induced sepsis

Matthew D. Martin,"-212 Cara Skon-Hegg,'-%'2 Caleb Y. Kim,?-2 Julie Xu," Tamara A. Kucaba,' Whitney Swanson,’
Mark J. Pierson,?* Jesse W. Williams,?5 Vladimir P. Badovinac,®” Steven S. Shen,® Molly A. Ingersoll,®1°
and Thomas S. Griffith,2:311,12,14,*

1Department of Urology, University of Minnesota, Minneapolis, MN 55455, USA

2Center for Immunology, University of Minnesota, Minneapolis, MN 55455, USA

3Microbiology, Immunology, and Cancer Biology Graduate Program, University of Minnesota, Minneapolis, MN 55455, USA
4Department of Laboratory Medicine and Pathology, University of Minnesota, Minneapolis, MN 55455, USA

5Department of Integrative Biology and Physiology, University of Minnesota, Minneapolis, MN 55455, USA

6Department of Pathology, University of lowa, lowa City, 1A 52242, USA

“Interdisciplinary Graduate Program in Immunology, University of lowa, lowa City, IA 52242, USA

8|nstitute for Health Informatics, University of Minnesota, Minneapolis, MN 55455, USA

SUniversité Paris Cité, Institut Cochin, INSERM U1016, CNRS UMR 8104, 75014 Paris, France

10Mucosal Inflammation and Immunity, Department of Immunology, Institut Pasteur, Inserm U1223, 75015 Paris, France
1Masonic Cancer Center, University of Minnesota, Minneapolis, MN 55455, USA

2Minneapolis VA Health Care System, Minneapolis, MN 55417, USA

13These authors contributed equally

14| ead contact

*Correspondence: tgriffit@umn.edu

https://doi.org/10.1016/j.celrep.2023.113345

SUMMARY

Uropathogenic E. coli (UPEC) is a primary organism responsible for urinary tract infections and a common
cause of sepsis. Microbially experienced laboratory mice, generated by cohousing with pet store mice, exhibit
increased morbidity and mortality to polymicrobial sepsis or lipopolysaccharide challenge. By contrast, co-
housed mice display significant resistance, compared with specific pathogen-free mice, to a monomicrobial
sepsis model using UPEC. CD115" monocytes mediate protection in the cohoused mice, as depletion of these
cells leads to increased mortality and UPEC pathogen burden. Further study of the cohoused mice reveals
increased TNF-a production by monocytes, a skewing toward Ly6C™MCD115* “classical” monocytes, and
enhanced egress of Ly6C™CD115" monocytes from the bone marrow. Analysis of cohoused bone marrow
also finds increased frequency and number of myeloid multipotent progenitor cells. These results show
that a history of microbial exposure impacts innate immunity in mice, which can have important implications

for the preclinical study of sepsis.

INTRODUCTION

Sepsis is defined as a life-threatening organ dysfunction resulting
from a dysregulated host immune response to an infection.” Each
year, ~2 million people in the U.S. experience a septic event, lead-
ing to 300,000 deaths.?® Bacterial infections are the most common
inducers of sepsis, but severe viral/fungal infections or traumatic
injury can also progress to sepsis.”® The lungs, gastrointestinal
tract, kidneys, and bladder are frequent infection sites that can
eventually develop into full-blown sepsis.6 For example, if uropa-
thogenic E. coli (UPEC), which causes a majority of urinary tract in-
fections (UTls), ascends from the bladder to cause pyelonephritis,
in severe cases the bacteria can enter the bloodstream causing
bacteremia and sepsis.”

Preclinical research using mice has shown that the immune
system is involved in the development of pathologies arising
due to sepsis and the response to treatments.® However, knowl-
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edge of immune system involvement in the response during a
septic event is incomplete, and data from mouse sepsis studies
have inconsistently translated to humans. Thus, development
and use of experimental models with increased physiological
and clinical relevance are critically needed to maintain the
robustness of preclinical sepsis research. One important differ-
ence between the mice used in almost all preclinical studies
and humans is that laboratory mice are typically housed under
specific pathogen-free (SPF) conditions, while humans are
exposed to a diverse array of commensal and pathogenic mi-
crobes (e.g., bacteria, viruses, or fungi) throughout their lives.
This microbial exposure, together with vaccinations received
over time, shapes the immune system of a person as they age
to provide rapid, robust, and long-lasting protection against
future infection. However, an immune system primed for a quick
and vigorous response can be detrimental to the host in some
situations such as sepsis.
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The immune system of SPF mice is dominated by naive pheno-
type immune cells, especially within the T cell compartment, and
resembles that of neonatal humans.®'° Sequential infection of
SPF-housed laboratory mice with common experimental patho-
gens, such as MHV, MCMV, Listeria monocytogenes, LCMV, and
influenza A virus,'®"" or cohousing SPF mice with pet store mice
carrying multiple pathogenic and commensal bacteria, viruses,
and/or fungi® induces immune system alterations and matura-
tions that more closely resemble the adult human immune sys-
tem. Such microbial exposure drastically alters the composition
and function of the immune system of laboratory mice, which
can significantly influence the overall outcome (and survival)
to subsequent infection. For example, cohoused (CoH) mice
have higher frequencies of phagocytes (Ly6G™ neutrophils and
CD64" monocytes) and Ag-experienced T cells in the circulation
and secondary lymphoid organs.'? CoH mice also display quali-
tatively different T cell-mediated responses and are better able to
clear virulent L. monocytogenes infection than SPF mice.®'?

The magnitude of the immune response to a systemic infection
plays a major role in both pathogen clearance and host survival.'®
One of the canonical features of sepsis is the development of a
“cytokine storm.”'* Data from our lab found that CoH mice pro-
duce an exaggerated cytokine storm and are more susceptible,
compared with SPF mice, to polymicrobial sepsis induced by
cecalligation and puncture (CLP) surgery or cecal slurry injection,
or sterile inflammation induced by lipopolysaccharide (LPS) chal-
lenge.'? An uncontrolled inflammatory response can result in
mortality, but an insufficient response will not clear the infecting
pathogen.'® At present, it is unknown how previous microbial
exposure influences susceptibility to monomicrobial sepsis or
how alterations in innate or adaptive compartments due to micro-
bial exposure determine sepsis outcomes.

As E. coli are a Gram-negative bacteria with abundant LPS in
their outer membrane'® and CoH mice are more susceptible to
LPS endotoxemia,'® we hypothesized CoH mice would exhibit
an enhanced cytokine storm and be more susceptible to sepsis
induced by systemic UPEC infection (modeling monomicrobial
sepsis). CoH mice did display an increased systemic cytokine
response following UPEC infection compared with SPF mice,
but contrary to our hypothesis CoH mice were found to be less
susceptible to systemic UPEC infection and the UPEC burden
in CoH mice was significantly lower in multiple tissues compared
with SPF mice 24 h after infection. Interestingly, CD115* mono-
cytes were crucial for providing CoH mice with enhanced protec-
tion against systemic UPEC. These results advance our knowl-
edge of how generalized microbial exposure shapes the
phenotype of the innate immune system, in addition to the adap-
tive immune system, and they further support the use of micro-
bially experienced mice to advance clinically relevant mouse
models, including those related to the study of sepsis.

RESULTS

Microbially experienced CoH mice show increased
resistance against systemic UPEC infection

Cohousing SPF laboratory mice with microbially experienced pet
store mice permits the transfer of diverse microbes that activate
and mature the immune system, which can be most easily seen
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by the increase in memory T cell frequency.®'? The cohousing
model established by Beura et al. combines eight female laboratory
mice with one female pet store mouse in a large mouse cage (nine
mice total) located in a non-SPF housing facility.'” We and others
have used such “dirty” mice to evaluate immune responsesinava-
riety of experimental settings compared with age-matched SPF
mice.'>'%23 After 60 days of cohousing, the activation state of
circulating CD4 and CD8 T cells in all CoH mice was assessed
before use, as a means of confirming microbial exposure. Flow
cytometric analysis of peripheral blood leukocytes of female
CoH C57BI/6 (B6) mice revealed increased percentages of CD11a-
MicD49d" Ag-experienced CD4 T cells®*° and CD8'°CD11a" Ag-
experienced CD8 T cells’” compared with female SPF mice (Fig-
ures S1A and S1B). The majority of CD8'°CD11a" Ag-experienced
CD8 T cells from CoH mice also had an effector/memory pheno-
type (i.e., CD62L~ and/or KLRG1"). Despite using different pet
store mice (often from different local pet stores) for each cohousing
cohort, we found consistent increases in CD44™ CD8 T cells in the
CoH B6 mice used (Figure S1C), which is similar with recently pub-
lished data.”’

CoH mice exhibit an exacerbated cytokine storm and
increased mortality during CLP-induced sepsis and LPS endo-
toxemia.’” Thus, we were interested to determine whether
CoH mice were similarly more susceptible to monomicrobial
sepsis caused by systemic infection with Gram-negative UPEC
strain UTI89.%% Female SPF and CoH mice were injected intrave-
nously with 4 x 10’ CFU UPEC/mouse and survival was moni-
tored. In contrast to other models of sepsis we have used,
CoH mice were more resistant to systemic UPEC infection
than SPF mice, as 78% of CoH mice survived to day 7 following
infection while 94% of SPF mice succumbed to the infection by
day 4 (Figure 1A). Pet store mice had similar increased resistance
to systemic UPEC infection compared with SPF animals (58%
vs. 6%; Figure S1D). We next determined bacterial titers in the
blood, spleen, liver, and kidney 24 h after infection to determine
the extent to which the increased survival of CoH mice was due
to more efficient UPEC clearance. Significantly lower UPEC titers
were found in all organs examined from CoH mice compared
with SPF mice (Figure 1B), indicating that CoH mice had the ca-
pacity to rapidly contain a systemic UPEC infection. We also
tested whether CoH mice would have enhanced survival from
a different monomicrobial infection. CoH and SPF mice were
intravenously infected with virulent L. monocytogenes, modeling
listeriosis,?® and survival was monitored over time. Similar to
increased resistance to systemic UPEC infection, CoH mice
had less mortality than SPF mice after systemic infection with
L. monocytogenes (Figure S1E). Collectively, these data suggest
that exposure to diverse pathogenic and commensal microbes
establishes a state of increased resistance against systemic
UPEC infection.

CoH mice exhibit a heightened inflammatory response
and increased number of CD115* monocytes following
systemic UPEC infection

We next wanted to experimentally address if the differences in
survival and UPEC clearance between SPF and CoH mice
were driven by differences in the immune response following
infection. We first examined the magnitude of the inflammatory
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Figure 1. Microbially experienced CoH mice demonstrate increased resistance against systemic UPEC-induced sepsis
Female SPF and CoH mice were infected with 4 x 107 colony forming units (CFUs) of uropathogenic E. coli (UPEC) intravenously.

(A) Survival at the indicated days post-infection.

(B) Bacterial CFU per 100 L of blood or gram of spleen, liver, and kidney tissue of SPF and CoH mice 24 h following infection. *p < 0.05, **p < 0.01, and **p <
0.005 as determined by log rank test in (A) or nonparametric Mann-Whitney test in (B). Data in (A) were combined from two experiments lasting 5-7 days using a
total of 14-18 mice per group. Data in (B) are representative from three experiments using 4-5 mice per group, where each symbol represents a mouse and bars
indicate means with SEM. Dashed line in (B) indicates limit of detection of the assay.

cytokine/chemokine response in SPF and CoH mice 3 h foll-
owing UPEC infection, an early time point meant to capture the
initial cytokine storm, as well as 24 h after UPEC infection.
Consistent with what we saw in other sepsis models, serum con-
centrations of multiple cytokines and chemokines, including IFN-
v, IL-12p70, IL-6, TNF-a,, CCL3, CCL4, and CCL5, were signifi-
cantly greater in UPEC-infected CoH mice than SPF mice
(Figures 2A and 2B). These same cytokines and chemokines
were also increased in the serum from uninfected CoH vs. SPF
mice (Figures 2A and 2B), which is consistent with our previous
findings.'? These data suggest that CoH mice are primed to
respond more vigorously and quickly during a systemic UPEC
infection.

To determine how immune cell numbers in SPF and CoH mice
were affected by the systemic UPEC infection, CD4 T cells, CD8
T cells, B cells, NK cells, CD11b*CD115* monocytes (hereafter
referred to as CD115" monocytes), and neutrophils in the spleens
and blood of SPF and CoH mice were quantitated before and 24 h
after systemic UPEC infection. Prior to infection, the number of
each cell type—except for B cells—was increased in CoH mice
(Figures 3A and 3B). Following infection, T cell and B cell numbers
were maintained in both SPF and CoH spleens, while NK cell
numbers decreased slightly (but significantly) in CoH mice (Fig-
ure 3A). Neutrophil numbers increased in both SPF and CoH
spleens, which was expected under the early conditions of the
infection. The most interesting change in the spleen occurred
within the CD115" monocyte compartment, marked by a signifi-
cant decrease in SPF mice vs. increase in CoH mice compared
with uninfected mice (Figure 3A). In the blood, a significant reduc-
tionin number of CD4 T cells, CD8 T cells, B cells, NK cells, neutro-
phils,and CD115" monocytes was observed in SPF mice 24 h after
UPEC infection compared with uninfected SPF mice (Figure 3B).
While a less prominent, but significant, reduction was seen in
CoH blood CD4 T cells, CD8 T cells, and B cells 24 h after UPEC
infection, the number of CoH NK cells and neutrophils in the blood
did not drop (Figure 3B). Most strikingly, unlike the marked reduc-
tion of SPF CD115" monocytes after UPEC infection, blood
CD115" monocytes increased in number in CoH mice (Figure 3B),
similar to the increased number of CD115" monocytes in CoH
spleens (Figure 3A). These increases in CD115" monocytes corre-

lated with the overall survival (Figure 1A) and UPEC CFU numbers
inthe tissues (Figure 1B). Intotal, the datain Figures 1, 2, and 3 sug-
gest that the survival and UPEC clearance advantages seen for
CoH mice relate to the immune response generated, and the
most notable immune cell difference between SPF and CoH was
observed within the monocyte compartment.

CD115* monocytes from CoH mice are necessary to
protect against systemic UPEC infection
We were intrigued by the data showing increased numbers of
CD115" monocytes in the spleens and blood of CoH mice after
UPEC infection, leading us to speculate that these cells may be
major contributors to the resistance to systemic UPEC infection
in CoH mice. Thus, we examined the impact of depleting these
cells from CoH mice prior to infection using an anti-mouse
CD115 monoclonal antibody (mAb).>**" We also examined the
impact of depleting CD4 T cells or CD8 T cells from the CoH
mice because of the skewing of the T cell compartment to Ag-
experienced memory cells in CoH mice compared with the pre-
dominantly naive T cells in SPF mice. To confirm the efficiency of
each mAb used for depletion, we first measured the frequency of
CD4 T cells, CD8 T cells, and CD115" monocytes among CD45*
peripheral blood leukocytes prior to infection. Indeed, the percent-
ages of CD4 T cells, CD8 T cells, and CD115* monocytes were
significantly lower in CoH mice injected with the respective
depleting mAb compared with mice that received control IgG
(clgG) (Figures 4A and 4B). Survival of clgG-treated CoH mice
was significantly greater than SPF mice after UPEC infection (Fig-
ure 4C), which agrees with the survival differences between SPF
and CoH mice shown in Figure 1A. Depletion of either CD4 or
CD8 T cells did not influence resistance of CoH mice to infection,
suggesting that these populations of cells do not meaningfully
contribute to the survival advantage seen in CoH mice following
systemic UPEC infection. By contrast, susceptibility of CoH mice
to UPEC infection was significantly increased after removal of
CD115* cells (Figure 4C), suggesting that these cells are necessary
mediators of the survival advantage for UPEC-infected CoH mice.
To determine the contribution of monocytes in the accelerated
UPEC clearance seen in CoH mice, we next depleted CD115*
cells from CoH mice and determined bacterial titers in blood,
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Figure 2. CoH mice exhibit a heightened inflammatory response following systemic UPEC-induced sepsis
Blood was collected from SPF and CoH mice prior to infection (0 h), and 3 and 24 h after infection with 4 x 107 CFU UPEC i.v. The concentration of 20 cytokines

and chemokines in the serum was determined by Luminex.

(A) Radar plot shows the average steady state, 3 and 24 h post-infection serum concentrations (pg/mL) of the indicated cytokines and chemokines.

(B) Amount (pg/mL) of IFN-v, IL-12p70, IL-2, IL-6, TNF-a, CCL3, CCL4, and CCLS5 in serum prior to (0 h), and 3 and 24 h after UPEC infection. For statistical
comparisons, SPF mice with undetectable cytokines were given a value of “0.” *p < 0.01, **p < 0.005, and ****p < 0.0001 as determined by nonparametric
Mann-Whitney test. Data in (A) and (B) were combined from two experiments using a total of 7-10 mice per group, where each symbol in (B) represents a mouse

and bars indicate means with SEM.

spleen, liver, and kidney of these mice, as well as SPF mice and
clgG-treated CoH mice, 24 h after infection. While the UPEC
burden was significantly lower in clgG-treated CoH mice
compared with SPF mice (which is also consistent with the clear-
ance data shown in Figure 1B), the UPEC burden in CoH mice
depleted of CD115" cells was not statistically different from
that seen in SPF mice (Figure 4D). CD115* mAb depletion also
reduced the magnitude of the systemic cytokine response, as
the circulating levels of IFN-y, IL-6, and TNF 3 h after UPEC
were reduced to what was measured in SPF mice (Figure 4E),
as well as CXCL10, GM-CSF, IL-2, and IL-12p70 (Figure S2). In
sum, these data suggest that CD115" cells from CoH mice are
necessary mediators of enhanced protection against systemic
UPEC infection and significantly contribute toward the systemic
cytokine response.

CoH monocytes/macrophages have enhanced TNF-a
production

Since CoH mice had heightened chemokine/cytokine produc-
tion after UPEC infection compared with SPF mice and that
this difference was diminished with depletion of CD115" cells,
we next wanted to assess the functional capacity of CoH vs.
SPF monocytes and macrophages (M) to produce TNF-o pro-
duction, a cytokine known to be important in pathogen clear-
ance.®*** Because of the rapidity of cytokine production in vivo,
a whole blood ex vivo LPS-induced TNF-a production assay,
which is used to evaluate innate immune function in sepsis pa-
tients,** was utilized. Higher amounts of TNF-a. were detected
in samples containing whole blood from CoH mice compared
with SPF whole blood (Figure 5A). Similar results were seen
when using SPF and CoH splenocytes stimulated in vitro for

4 Cell Reports 42, 113345, November 28, 2023

4 h with either purified LPS, UPEC or left unstimulated, as CoH
splenocyte cultures exhibited greater production of TNF-a and
increased frequency and number of TNF-a.* cells (Figure 5B).

CD115 (CSF-1R) is a protein commonly used to identify mono-
cytes (with CD11b) as CD115 expression is highest on this sub-
set, but it is cleaved from the surface of cells when cultured at
37°C and hence unable to be used to identify these cells in
in vitro culture studies (Figure S3A).°>*° CD64 can also be used
to identify monocytes/Mo and, while it has less robust expression
than CD115 on monocytes (Figure S3B), its expression is not lost
with in vitro culture and was a good marker to identify monocytes/
Mg in this setting. Analysis of immune cell subsets within the
splenocyte culture determined that CD64* monocytes/M¢ had
the highest percentage of TNF-a-producing cells after 4 h LPS
exposure as well as without stimulation (Figures S4A, S4B, and
5C). In addition, when first gating on TNF-a-producing cells and
then determining what percentage each immune cell encom-
passes within that pool, most of the TNF-a-producing cells in
both the unstimulated and LPS-stimulated cultures were CD64*
monocytes/Me, and this fraction was increased in the CoH sam-
ples (Figure S4C). Besides there being more CoH TNF-a-produc-
ing CD64" monocytes/Mo, TNF-a-producing CoH CD64* mono-
cytes/Me also contained more TNF-o. on a per cell basis as TNF-a
gMFI was significantly elevated when compared with SPF TNF-
a-producing CD64* monocytes/M¢ without stimulation (Fig-
ure 5D). Collectively, these data show that CoH mice exhibit
elevated TNF-a production from both total blood cells and sple-
nocytes, and CoH CD64* monocytes/Mo produce significantly
more TNF-a in the steady state without additional treatment
providing additional evidence of the importance of monocytes/
Me in providing protection against UPEC infection.
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Figure 3. CoH mice exhibit increased numbers of CD115* monocytes following systemic UPEC infection

Number of CD4 T cells, CD8 T cells, B cells, NK cells, neutrophils, and CD115" monocytes in the (A) spleen and (B) blood of SPF and CoH mice before and 24 h
after systemic UPEC infection. *p < 0.05, **p < 0.01, **p < 0.005, and ***p < 0.0001 as determined by Kruskal-Wallis test, with a Dunn’s post hoc test to correct
for multiple comparisons. Data in (A) and (B) were combined from two experiments using a total of 6-9 mice per group, where each symbol represents a mouse

and bars indicate means with SEM.

CoH mice have an increased frequency of classical
Ly6CM"CD115* monocytes in the steady state, show
elevated egress of CD115* monocytes from the bone
marrow, and skew toward myelopoiesis in bone marrow
multipotent progenitor subsets

We next examined whether CoH CD115" monocytes had addi-
tional functional differences compared with SPF CD115* mono-
cytes besides TNF-a production. We conducted bulk RNA
sequencing (RNA-seq) of flow sort-purified CD115* monocytes
from the spleens of steady-state SPF and CoH mice (i.e., after
60 days of cohousing with pet store mice and no UPEC infection;
Figure S5A). Principal-component analysis of gene expression
revealed unique clustering for SPF and CoH CD115" monocytes
(Figure 6A), suggesting that these cells exist in different baseline
transcriptional states. Analysis identified 720 genes differentially
expressed with a false discovery rate (FDR) < 0.01 among
CD115* monocytes from SPF and CoH mice (Table S1), and dif-
ferences in gene expression can be seen in volcano plots and
heatmaps (Figures 6B and 6C). In addition, GO term analysis
identified many differentially regulated functional pathways in
SPF and CoH CD115* monocytes, including phagocytosis and
regulation of chemotaxis (Figure 6D).

Of all the differentially expressed genes in the steady state,
transcripts for Mpo were the most increased in CoH CD115*
monocytes (Figure 6B). Mpo encodes for myeloperoxidase
(MPO), a peroxidase important for innate microbial defense by
catalyzing the formation of reactive oxygen intermediates.®’
Importantly, the transcriptional Mpo increase carried over to
the protein level as we found there was a higher frequency of
CD115" monocytes from CoH mice expressing MPO based on
flow cytometric analysis (Figure 6E). Murine monocytes can be
classified into classical (LyBC™) or non-classical (Ly6C') subsets

based on Ly6C expression. Ly6C" mouse monocytes perform
pro-inflammatory functions and are analogous to human
CD14* monocytes.*® Ly6C" monocytes isolated from the blood
express 10-fold higher MPO than Ly6C'® monocytes.*® Mouse
Ly6C is comprised of two homologous isoforms encoded by
Ly6c1 and Ly6c2.%° Both transcripts were highly expressed in
CoH CD115" monocytes compared with SPF, and we similarly
found a significantly higher fraction of the CD115* monocytes
from CoH mice expressed high levels of Ly6C protein (Figure 6F).
Examining the CD115" monocytes for expression of both MPO
and Ly6C found that CoH mice had an increased frequency of
Ly6C"MPO*CD115* monocytes (Figure S5B). Importantly, the
expression of MPO on a per cell basis was similar between the
SPF and CoH Ly6CMMPO*CD115* monocytes (Figure S5C),
suggesting that CoH monocytes do not have more MPO on a
per cell basis compared with SPF monocytes, but instead have
a skewing toward classical Ly6C™ monocytes within the
CD115* compartment. Of the identified top 10 most differentially
expressed genes identified by RNA sequencing analysis of blood
Ly6C" vs. Ly6C'® monocytes,*' three of these genes—Rhou,
Fn1, and C3—were also upregulated in the CoH CD115" popu-
lation analyzed here (Figure S5D), providing additional evidence
supporting a skewing of the CoH CD115" monocyte population
toward a predominance of classical monocytes.

We next turned back to the 4 h in vitro splenocyte culture
to assess TNF-a. production within the CD64* monocyte/M¢ pop-
ulations. Of all immune cell subsets analyzed, untreated
CD11b*Ly6C"CD64" classical monocytes had the largest per-
centage of TNF-a-producing cells and CoH classical monocytes
had an elevated percentage (37%) of TNF-o* cells compared
with SPF (28%; Figure 6G). Untreated CoH CD11b*Ly6CMCD64*
classical monocytes also encompassed a larger percentage of
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Figure 4. CD115" cells mediate protection in CoH mice against systemic UPEC infection

(A-C) CoH mice were injected with control IgG or mAb to deplete CD4 T cells, CD8 T cells, or CD115" monocytes. (A) Representative dot plots showing detection
of CD4 and CD8 T cells (top) and CD115* monocytes (bottom) in CoH mice after injection with control IgG or anti-CD4, -CD8, or -CD115 depleting mAbs. (B)
Percentage of CD4 T cells, CD8 T cells, or CD115" monocytes among peripheral blood lymphocytes in CoH mice injected with control IgG or anti-CD4, -CD8, or
-CD115 depleting mAbs. (C) Survival of SPF mice, CoH mice injected with anti-CD115, anti-CD8, anti-CD4, or control IgG at the indicated days post-infection.
(D) Bacterial CFU per 100 uL of blood or grams of spleen, liver, and kidney 24 h following UPEC infection from SPF mice, CoH mice injected with control IgG, or
CoH mice injected with anti-CD115 mAbs.

(E) Serum IFN-v, IL-6, and TNF-a concentrations from SPF mice, CoH mice injected with control IgG, or CoH mice injected with anti-CD115 mAb 3 h following
UPEC infection. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001, as determined by nonparametric Mann-Whitney test (B), log rank test
(C), or Kruskal-Wallis test, with a Dunn’s post hoc test to correct for multiple comparisons (D and E). Data in (A) and (B) are representative from three experiments
using 7-8 mice per group, or 4-5 mice per group in (D). Combined data from three experiments using a total of 15-18 mice per group are in (C), and two ex-
periments using a total of 10-12 mice per group are in (E). Each symbol in (B, D, and E) represents a mouse and bars indicate means with SEM. Dashed line in
(D) indicates limit of detection of the assay.

the overall TNF-a-producing subset in the in vitro culture com-  duction as well as the highest TNF-o. gMFI of TNF-o. producers
pared with SPF (Figure S4D). In addition, untreated TNF-a-produc-  compared with SPF cells, suggesting that CoH classical mono-
ing CoH CD11b*Ly6CMCD64* classical monocytes had a higher  cytes are the main drivers of TNF-o. production in this context.

TNF-o. gMFI compared with TNF-a-producing SPF classical Monocyte recruitment and chemotaxis are mediated in part by
monocytes, suggesting that CoH classical monocytes produce  CCR2, which binds to multiple chemokines including monocyte
more TNF-a. than SPF classical monocytes on a per cell basis (Fig- chemoattractant protein-1 (MCP-1; CCL2) and monocyte
ure 6H). While CoH CD11b~CD64" resident M without and with  chemotactic protein-3 (MCP-3; CCL7). Ccr2 transcript and
LPS had a heightened percentage of TNF-a-producing cells CCR2 protein expression were increased in CoH CD115* mono-
compared with SPF, the TNF-a gMFI for TNF-a-producing resi-  cytes (Figure 7A). Moreover, CoH mice had a higher frequency of
dent Mg was significantly lower than classical monocytes, sug- CCR2*Ly6CMCD115" monocytes (Figure 7B), consistent with
gesting that resident Mg are not the main contributors of TNF-o.  published literature showing that Ly6C™ classical monocytes
production in this system (Figures 6G and 6H). Instead, CoH clas-  have higher CCR2 expression.”® Monocytes that first egress
sical monocytes both had the highest percentage of TNF-o pro-  from the bone marrow are phenotypically classical in nature,

6 Cell Reports 42, 113345, November 28, 2023



Cell Reports

¢? CellPress

OPEN ACCESS

A . 150 * EEEE & s %
—_ —_ 1 o =25 o x -
= = 125 320 *KKK 2 20 o
£ 60 S 2 2 [—\ = %% 5
Bﬁ B\ 100 3 (@] V15 o
*¥¥% w15 g # o
2 40 & 80 . =z ® o 3 O e®
3 360 o Eo L 10 00 ®ge g
LC [ *% X o (0)
=z 20 = 40 [ ] o S s o o)
: S L ANE T = o] g ]
0 0 T T T T T 0.0 . . . . 0.0 T T T T
s ¢ s Cc s ¢ SPF__CoH SPF  CoH SPF__CoH  SPF__ CoH
« Unstim LPS E.coli Unstim LPS Unstim LPS
BN
(o3 Unstim D Unstim *
il 12000 s
,,,,,,,, o] @ 9000
‘é CD3*Teells| — po | = kd o)
L o
z S 6000
= CD19* B cells i o}
X z
° 3000
Ly6G" neutrophils = o ﬂ ﬁ
S T 01— T T | R —
S ¢ S Cc s C s C s c CDo64 monocytes/Mp s ¢ s ¢ s c s ¢
Tcells Bcells NKcells neutro  CD64* TNFo.—> Tcells Bcells neutro CD64*
LPS
40 LPS 16000
"""""" e E 12000
E CD3*Teells| /] %
°
Z CD19* B cells S 8000 ©
X oo Z
° Ly6G" neutrophils \ e = 4000 M ﬁ % %
CD64* monocytes/Mop| ' N L L A
S C S C S C S C S C o — S C s C S C S C
r—— oL
T cells Bcells NKcells neutro  CD64* Tcells Bcells neutro CD64*

CoH

Figure 5. CoH monocyte/M¢ produce more TNF-o« than SPF monocyte/Me during in vitro culture

(A) Steady-state innate immune function was measured ex vivo by adding heparinized whole blood to tubes containing RPMI alone (“control” tubes) or RPMI and
0.5 ng/mL LPS and incubated for 4 h at 37°C. The amount of TNF-a in the supernatant was determined by ELISA.

(B) SPF and CoH splenocytes (2 x 10° cells) were incubated alone or with either LPS (100 ng/mL) or UPEC (5:1 UPEC:splenocytes) for 4 h. The amount of TNF-a.in
the supernatant was then measured by ELISA (left) and the frequency (middle) and number (right) of TNF-a.* cells was determined by flow cytometry.

(C) The frequency of TNF-a* cells within T cells, B cells, NK cells, neutrophils, and CD64* monocytes/M¢ from the unstimulated and LPS-stimulated splenocyte

cultures were also determined by flow cytometry.

(D) Geometric mean fluorescence intensity (MFI) of TNF-a. expression by unstimulated and LPS-stimulated TNF-o.* T cells, B cells, NK cells, neutrophils, and
CD64* monocytes/M¢ was determined by flow cytometry. Representative plots and cumulative data are shown and data in (A-D) were combined from at least
two independent experiments using a total of 6-9 mice per group, where each symbol represents a mouse and bars indicate means with SEM. *p < 0.05, *p <
0.01, **p < 0.005, and ****p < 0.0001 as determined by nonparametric Mann-Whitney test.

expressing CCR2 and Ly6C.** This population of classical
monocytes is short-lived and will either infiltrate into tissues or
transition into non-classical LyBC'® monocytes.** Since we iden-
tified an increased frequency of classical monocytes in the pe-
riphery of CoH mice, this could be explained by enhanced egress
of monocytes from the bone marrow. As part of our evaluation
of circulating chemokines, we noted higher concentrations of
CCL2 and CCL7 in serum collected from CoH mice at steady
state (Figure 7C). When combined with the increased frequency
of CCR2* classical Ly6C* monocytes, it is tempting to speculate
that the increased frequency of Ly6C*CD115* monocytes in the
periphery of CoH mice is due (in part) to the increased expression
of CCL2 and CCLY7 that call these cells from the bone marrow. To
directly test this possibility, we performed a 16 h in vivo BrdU
pulse-chase study to measure the egress of CD115* monocytes
from the bone marrow. Monocyte proliferation primarily occurs
in the bone marrow, so any BrdU* monocytes in the blood would

be those that were actively proliferating in the bone marrow prior
to their recent egress into the periphery. Indeed, there was a sig-
nificant increase in frequency of Ly6C*CD115* monocytes in the
blood of CoH mice that were BrdU™ (Figure 7D). These data sug-
gest an elevated rate of CD115" monocyte migration out of the
bone marrow of CoH mice.

Todirectly test whether CoH mice have enhanced myelopoiesis,
we analyzed bone marrow multipotent progenitor (MPP) popula-
tions using the new simpilified isolation scheme developed by the
International Society for Experimental Hematology community*®
(Figure S6A). Steady-state CoH mice had more total bone marrow
cells per femur compared with SPF femurs (Figure 7E). In addition,
while there was not an increase in the percentage or number of
lineage ~cKit* (LK) cells in CoH bone marrow, the percentage
and number of granulocyte/monocyte progenitor (GMP) cells
within the LK population were significantly increased in CoH
bone marrow (Figures 7F and S6B). Analysis of less differentiated
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Figure 6. CoH mice have increased frequency of “classical” Ly6C" CD115* monocytes at steady state that produce more TNF-a

(A-D) CD11b*CD115" monocytes were flow sort-purified from spleens of steady-state SPF and CoH mice, RNA was isolated, bulk RNA-seq analysis was
performed, and comparison of gene expression was conducted.

(A) Principal-component analysis from RNA-seq data showing unique clustering of CD115" monocytes from steady-state SPF and CoH mice.

(B) Volcano plot of log false discovery rate (FDR, y axis) by log fold change (x axis). Genes with an FDR < 0.01 with increased expression in CD115* monocytes
from spleens of steady-state CoH mice compared with SPF mice are shown in green, while genes with an FDR < 0.01 with decreased expression in CD115*
monocytes from spleens of steady-state CoH mice compared with SPF mice are shown in red.

(C) Heatmap showing relative gene expression in CD115* monocytes from spleens of steady-state SPF and CoH mice. Seven hundred and twenty genes were
differentially expressed with an FDR < 0.01.

(D) GO term analysis for pathways differentially regulated between CD115* monocytes from spleens of steady-state CoH and SPF mice.

(E) Representative histogram of MPO expression in SPF and CoH CD115" monocyte/Me (left) and frequency of myeloperoxidase (MPO)* cells among CD115*
monocytes in the spleen as measured by flow cytometry (right).

(F) Number of Ly6c1 and Ly6c2 mRNA transcripts in CD115* monocytes from steady-state SPF and CoH mice (left), representative histogram of Ly6C protein
expression on SPF and CoH CD115" monocytes (middle), and frequency of Ly6C* cells among CD115* monocytes in the spleens of CoH mice (right).

(G) Frequency of TNF-a.* cells within CD11b~CD64" resident macrophages, Ly6CMCD64* monocytes, and Ly6C'°CD64* monocytes in the spleens of SPF and
CoH at steady-state and after in vitro LPS stimulation (100 ng/mL).

(legend continued on next page)
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lineage ~Scal*cKit* (LSK) progenitor subsets also showed a
skewing toward the MPP-granulocyte/monocyte (MPP-G/M) pop-
ulation and away from the MPP-lymphocyte (MPP-Ly) subset in
CoH bone marrow (Figures 7G, 7H, and S6C). Together, these
data showing the increased skewing toward both GMP and
MPP-G/M progenitor subsets provide further evidence for
enhanced myelopoiesis in CoH mice.

Collectively, we show that microbially experienced CoH mice
have a heightened inflammatory response and increased resis-
tance against systemic UPEC infection. CoH mice have an
increased number of CD115" monocytes following systemic
UPEC infection, and CD115" cells from CoH mice are necessary
to protect against systemic UPEC infection. In addition, CoH
mice have an increased frequency of classical Ly6C"™ CD115*
monocytes driven by elevated egress from the bone marrow,
and this population has heightened TNF-a production at the
steady state compared with SPF mice. Bone marrow progenitor
analysis confirmed enhanced myelopoiesis in CoH mice.
Together these data highlight the importance of CoH classical
monocytes in contributing to protection against systemic
UPEC infection compared with SPF animals.

DISCUSSION

In this study, we used a laboratory/pet store mouse cohousing
system to examine how a history of microbial exposure impacts
outcomes after systemic UPEC infection as a model of monomi-
crobial sepsis. Past studies utilizing CoH mice have shown a his-
tory of microbial exposure can either be beneficial or detrimental
to the host depending on the infection/disease analyzed.®'%'?
Our data add valuable information to what is known regarding
the impact of prior microbial exposure on the response to new
pathogens. Whereas other studies have primarily focused on
demonstrating how such exposure affects the composition and
function of cells within the adaptive immunity arm,”'%?" the
data presented herein show how exposure to a diverse array
of pathogenic and commensal microbes can also have profound
impact on the functional capacity of innate immune cells. Our
data show that CD115* monocytes of CoH mice were transcrip-
tionally distinct from CD115* monocytes of SPF mice at steady
state (i.e., prior to sepsis induction), and there was a higher fre-
guency of CD115* monocytes from CoH mice expressing ROS-
producing enzyme MPO, Ly6C, and CCR2. In addition, CoH
CD64" monocytes/Mo have a heightened percentage of TNF-
a* cells compared with SPF and comprise the largest subset
of cells among the TNF-a-producing splenocytes in the steady
state or after LPS stimulation. Within the CD64* subset, classical
monocytes have the greatest production of TNF-a on a per cell
basis in the steady state, with CoH classical monocytes produc-
ing significantly more TNF-a than their SPF counterparts. TNF-o

¢ CellP’ress

is key in the handling and clearance of bacterial infections, >

leading to TNF-a being the predominant functional cytokine
analyzed here. However, it should be noted that other inflamma-
tory cytokines that encompass the septic cytokine storm are
likely contributing to the elevated UPEC clearance in CoH mice
reported here. Additional studies should be performed to assess
the extent to which CD115" monocytes/M¢ have elevated pro-
duction of other inflammatory cytokines. These phenotypic fea-
tures provide evidence that help to explain why CD115" mono-
cytes/M@ were key players in providing increased protection
for systemic UPEC-infected CoH mice.

Mouse models of sepsis have been vital for identifying key
cellular hallmarks, as well as testing novel therapies, to minimize
the pathology associated with the cytokine storm and restore im-
mune function during the prolonged state of immunoparalysis
related to sepsis. However, recent reports have suggested limited
correlation between mouse and human sepsis.*®° Among the
key differences noted was the (nearly) exclusive use of SPF mice
in preclinical sepsis research. As such, we were the first group to
show that microbially experienced mice displayed an exacerbated
response in multiple sepsis models,'? suggesting the perceived
differences between mouse and human sepsis data were not
because of a species difference but more the result in differences
in the baseline status of the mouse immune system. Most studies
with microbially experienced laboratory mice, generated by co-
housing with non-SPF mice, sequential infection with multiple
pathogens, or housing in outdoor enclosures, have focused
more on how this exposure impacts adaptive immune cells.®°%>?
By contrast, few experiments or models have examined the impact
on general microbial exposure on innate immune cell function. Our
findings are consistent with a recent report looking at natural
microbial exposure starting at the time of birth, which also showed
enhanced hematopoiesis, including myeloid progenitors, in the
bone marrow of 3-day-old pups.’® Our data suggest that
CD115" monocytes are important for mediating protection against
amonomicrobial systemic E. coliinfection as well as for preventing
downstream pathologies related to sepsis.

Recently, Chung et al. reported that severe septic patients
with initial blood monocyte counts less than 250 cells/uL
(compared with 250-500, 500-750, and >750 cells/uL) showed
the highest mortality, rate of bacteremia, and organ dysfunction
compared with severe septic patients with initial monocytes
>250 cells/uL.>® In addition, of patients who also had premorbid
differential blood cell counts, there was an increase in absolute
monocyte counts from premorbid to sepsis for patients who sur-
vived past 28 days. Non-survivors, in contrast, showed a
decrease in premorbid to sepsis absolute monocyte counts.
These clinical data suggest that the absolute number of mono-
cytes early during a human septic event positively correlates
with better outcomes, which is a similar conclusion as to that

(H) Geometric mean fluorescence intensity (QMFI) of TNF-a. expression by unstimulated and LPS-stimulated TNF-a*CD11b~CD64* resident macrophages
(green), CD11b*Ly6C"CD64* classical (red), and CD11b*Ly6C'°CD64* non-classical (black) monocytes was determined by flow cytometry (left). Dashed lines,
SPF; solid lines, CoH. TNF-a gMFI within TNF-o.*CD11b~CD64"* resident macrophages, Ly6C"'CD64* classical monocytes, and Ly6C'°CD64* non-classical
monocytes in the spleens of SPF and CoH at steady-state and after in vitro LPS stimulation (right). “p < 0.05, **p < 0.01, **p < 0.005, and ****p < 0.0001 as
determined by nonparametric Mann-Whitney test. Transcript (normalized copies per million [nCPM)]) data in (F) were obtained from 3 to 4 mice per group. Flow
data in (E) were combined from two experiments using a total of 9 mice per group, in (F) were combined from three experiments using a total of 25-26 mice per
group, in (G) were combined from three experiments using a total of 8-9 mice per group, in (H) were combined from two experiments using 3 mice per group. Each

symbol in (A and E-H) represents a mouse and bars indicate means with SEM.
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Figure 7. Increased egress of “classical” LyGChi CD115* monocytes from bone marrow and enhanced myelopoiesis in steady-state CoH mice
(A) Number of Ccr2 mRNA transcripts in CD115* monocytes from steady-state SPF and CoH mice (left), representative histogram of CCR2 protein expression on
SPF and CoH CD115" monocytes (middle), and frequency of CCR2+ cells among CD115" monocytes in the spleens of SPF and CoH mice as measured by flow
cytometry (right).

(B) Representative flow cytometry plots showing expression of CCR2 and Ly6C double-positive cells from CD11b*CD115" splenocytes (left) and frequency of
CCR2*Ly6C" CD115* monocytes (right).

(C) Concentration of CCL2 and CCL7 in serum of mice 60 days after cohousing using Luminex.

(D) SPF and CoH mice were injected with 1 mg BrdU i.p. Blood was collected 16 h later, and peripheral blood leukocytes were stained to detect BrdU*
Ly6C"'CD115* monocytes by flow cytometry.

(E-H) Bone marrow was isolated from steady-state SPF and CoH mice and progenitor populations were analyzed (see Figure S6A for gating strategy). (E) Total
number of bone marrow cells per femur of SPF and CoH mice. (F) Absolute number per femur and percentage of granulocyte/monocyte progenitors (GMP)
(lineage~Sca1cKit"CD16™) within the lineage cKit* (LK) progenitor population.

(G) Percentage of multipotent progenitor (MMP) populations within the lineage Scal*cKit* (LSK) population. MPP-granulocyte/monocyte (G/M)
(FIt3-CD48*CD1507), MPP-lymphocyte (Ly) (FIt3*), MPP-megakaryocyte/erythrocyte (Mk/E) (FIt3~CD48*CD150*), MPP (FIt3-CD48~CD150), and hematopoi-
etic stem cell (HSC) (FIt3~CD48 CD150%).

(H) Absolute number per femur and percentage of MPP-G/M (left) and MPP-Ly (right) within the LSK population. *p < 0.05, *p < 0.01, **p < 0.005, and
****p < 0.0001 as determined by nonparametric Mann-Whitney test. Transcript (normalized copies per million [nCPM]) data in (A) were obtained from 3 to 4 mice
per group. Flow data in (A) and (B) were combined from three experiments using a total of 12-13 mice per group, (C) were combined from at least two experiments
with a total of 7-31 mice per group, (D) were combined from three experiments using a total of 10-11 mice per group, (E-H) were combined from three inde-
pendent experiments using a total of 14 mice per group. Each symbol represents a mouse and bars indicate means with SEM.

reported here with increased presence of monocytes positively
affecting survival in microbially experienced mice. In addition,
classical monocytes account for ~85% of the total circulating
monocytes in humans during physiological conditions.>* Previ-
ous microbial exposure in mice boosts the frequency of classical
Ly6CM monocytes to 75% of total circulating monocytes (vs.
55% in SPF mice), more closely mirroring the monocyte ratio in
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humans. This is additional evidence to suggest generalized mi-
crobial experience in mice brings aspects of the mouse innate
immune system closer to humans in physiological conditions.
Moreover, these data suggest that addressing inflammatory
and other functional differences in SPF vs. CoH monocytes
could be instructive for developing therapeutics that target the
innate immune system.
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Previous work from our lab found that CoH mice are more sus-
ceptible, compared with SPF mice, to polymicrobial sepsis (CLP
or cecal slurry injection).’® Yet, here we report better survival in
CoH vs. SPF mice after monomicrobial UPEC sepsis. The reason
for this is not completely clear, but could have to do with the
magnitude and diversity of pathogen(s) encountered and whether
the pathogen is quickly containable or not. While in both polymi-
crobial and monomicrobial sepsis models CoH mice have an
exacerbated cytokine storm compared with SPF mice, in the
context of monomicrobial UPEC infection the CoH mice quickly
contained and eliminated the infection (Figure 1), which led to
increased survival. In the context of polymicrobial sepsis, the
lack of being able to quickly eliminate the pathogen burden due
to both pathogen magnitude and diversity could result in pro-
longed uncontrolled inflammatory response leading to increased
death in CoH mice compared with their SPF counterparts. Future
experiments are needed to tease apart the differences that lead to
worse mortality in some contexts but not others in CoH vs. SPF
mice. We detected high UPEC titers in the blood 24 h after infec-
tion (Figure 1B), yet multiple reports have described minimal blood
titers of Gram-negative bacilli at this time point because the
spleen and liver can filter the bacteria rapidly.®>>" However, the
high 24 h UPEC blood titers reported herein are consistent with
data reported by van Schaik and Abbas.*® It is unclear why
some UPEC (or other Gram-negative bacteria) isolates maintain
higher blood titers than others after infection, but potential expla-
nations may be due to a specific isolate’s fitness for establishing
and maintaining a presence in the blood, impact of inoculum
dose, and/or mouse strains used (among other factors).

Our data show that exposure to diverse microbes has signifi-
cant effects on monocyte gene expression patterns, and several
differentially expressed genes were validated to be differentially
expressed at the protein level by CoH CD115" monocytes, which
helps to explain the increased resistance to UPEC-induced
sepsis. However, the RNA-seq data also pointed to further alter-
ations in genes and pathways that may impact outcomes in other
infection/disease models. Of note, pathways that govern inflam-
matory responses, phagocytosis, and metabolism were differen-
tially regulated between SPF and CoH CD115" monocytes.
Given the importance of monocyte effector functions, including
cytokine/chemokine production and phagocytosis to infection
clearance,”®°° and the known impacts of metabolism on mono-
cyte functions,®’ further examination of the effects of microbial
exposure on these pathways and functions will be critical.

Transcriptional and functional changes to monocytes
(including alterations to phagocytic abilities, ability to produce
ROS, metabolism, and mitochondria) after exposure to microbial
components (for example, B-glucan) are hallmarks of trained
innate immunity along with enhanced myelopoiesis in bone
marrow.®>® While trained innate immunity has been shown in
other systems, it is an understudied aspect of “dirty” mice. Inter-
estingly, our data show enhanced egress of CD115* monocytes
from the CoH bone marrow as well as a skewing toward myeloid
MPPs in CoH femurs, which are consistent with hallmarks of
trained innate immunity.®® Further studies are needed to discern
the relationship between the heightened frequency of classical
monocytes and myeloid MPPs identified in CoH mice in this
study and trained immunity.

¢ CellP’ress

Our data indicate that CD115* monocytes play a critical role in
providing CoH mice protection against E. coli-induced sepsis,
but other cell types likely contribute. Adaptive immunity —specif-
ically B and T cell responses following vaccination or infection—
is altered in mice with a history of microbial exposure.®'*?! The
number of T cells and B cells in the spleens of SPF and CoH mice
did not change following systemic E. coli infection (compared
with uninfected mice), and depletion of either CD4 or CD8
T cells from CoH mice did not alter outcomes. Combined with
the rapid rates at which UPEC-infected mice die after challenge,
whether they are SPF or CoH mice depleted of CD115" cells, it is
unlikely that the primary adaptive immune response meaning-
fully contributes to protection in CoH mice.®*® In the innate
compartment, neutrophil numbers increased significantly in the
spleens of both SPF and CoH mice after infection. Because
neutrophil responses can impact monocyte/M¢ function and
vice versa,®® it is possible that neutrophils may also make impor-
tant contributions to protection of CoH mice. Here, we focused
on the importance of CD115" monocytes during the acute cyto-
kine storm phase of sepsis, but it would also be beneficial for
future studies to determine the contribution of CD115" mono-
cytes to sepsis-induced immunoparalysis, a phase that happens
much later after a septic event.®”

In summary, we have provided further evidence to support the
notion that the cohousing mouse model provides valuable
insight into understanding the beneficial or detrimental role of
the immune system during sepsis. We have added to previous
work with CoH mice to show that in addition to impacts on adap-
tive immunity, cohousing also shapes cells of the innate immune
compartment. This work has important implications for under-
standing how microbial exposure alters immune responses
that impact sepsis outcomes and provides a wealth of informa-
tion on how microbial exposure alters monocyte function that
may be important in other disease models.

Limitations of the study

All experiments were conducted using only female mice, as the co-
housing of male mice with pet store mice is not feasible because of
fighting restrictions. Cohousing laboratory mice with pet store
mice induces a transient systemic inflammation, which peaks
10-14 days after cohousing and then levels out by day 60 of co-
housing (but is still elevated compared with SPF mice).* All our ex-
periments used mice that were CoH at least 60 days. We recognize
the possibility that challenging mice with a systemic bacterial
infection earlier in the cohousing timeline (e.g., within the first
14 days of cohousing) could yield different outcomes. We also
only monitored survival for 7 days after infection. It is possible
that more mortality could have been observed (in the CoH mice)
if we extended the duration of the experiment, but the significance
of the results reported here would be (likely) unchanged. In addi-
tion, we used a virulent L. monocytogenes infection to provide
further validation that CoH mice handle monomicrobial infections
better than SPF. L. monocytogenes is a commonly used Gram-
positive experimental pathogen for testing different aspects of im-
mune cell function.®® Even though Listeria sepsis can occur in
neonatal and adult humans,® it is not a common sepsis-inducing
pathogen in humans. Additional experiments using other Gram-
positive (e.g., Staphylococcus aureus or Streptococcus pyogenes)
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or Gram-negative (e.g., Klebsiella pneumonia) bacteria that are
more frequently associated with sepsis would further strengthen
our claims. Finally, our assessment of pathogen burden in the
blood and organs was limited to quantitating UPEC, as the
UTI89 strain we used is resistant to kanamycin and the agar plates
used to quantify bacterial burden contained kanamycin. Cohous-
ing also induces gut microbiota changes,'®?* so we cannot
exclude the possibility that some other gut-derived bacteria could
be contributing to the phenotype observed in the CoH mice.
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Antibodies

Anti-mouse B220 (RA3-6B2, APC-eF780) Invitrogen Cat# 47-0452-82; RRID:AB_1518810
Anti-mouse CD3 (145-2C11, PerCP-Cy5.5) BioLegend Cat# 100328; RRID:AB_893318
Anti-mouse CD3 (UCHT1, APC-eF780) Invitrogen Cat# 47-0038-42; RRID:AB_1272042
Anti-mouse CD4 (GK1.5, AF700) BioLegend Cat# 100430; RRID:AB_493699
Anti-mouse CD8a (53-6.7, BV605) BioLegend Cat# 100744; RRID:AB_2561352
Anti-mouse CD11a (M17/4, PE-Cy7) BioLegend Cat# 101122; RRID:AB_2562781
Anti-mouse CD11b (M1/70, BV421) BioLegend Cat# 101236; RRID:AB_10897942
Anti-mouse CD11b (M1/70, APC-eF780) eBioscience Cat# 47-0112-82; RRID:AB_1603193
Anti-mouse CD11c (N418, APC-eF780) eBioscience Cat# 47-0114-82; RRID:AB_1548652
Anti-mouse CD16/32 (S17011E, PE-Cy7) BioLegend Cat# 156610; RRID:AB_2800707
Anti-mouse CD16/32 (FC receptor block) eBioscience Cat# 14-0161-85; RRID:AB_467134
Anti-mouse CD19 (6D5, BV711) BioLegend Cat# 115555; RRID:AB_2565970
Anti-mouse CD19 Biotin (1D3) Cytek Cat# 30-0193; RRID:AB_2621641
Anti-mouse CD34 (RAM34, BV711) BD Cat# 751621; RRID:AB_2875614
Anti-mouse CD45.2 (104, BV650) BioLegend Cat# 109835; RRID:AB_2563065
Anti-mouse CD48/Blast (HM48-1, PE) BioLegend Cat# 103405; RRID:AB_313020
Anti-mouse CD49d (R1-2, PE) BioLegend Cat# 103608; RRID:AB_313038
Anti-mouse CD64 (X54-5/7.1, PE-Cy7) BioLegend Cat# 139314; RRID:AB_2563904
Anti-mouse CD115 (AFS98, PE) BioLegend Cat# 135506; RRID:AB_1937253
Anti-mouse CD117/c-kit (ACK2, BV605) BioLegend Cat# 135120; RRID:AB_2650925
Anti-mouse CD150/Slam (TC15-12F12.2, APC) BiolLegend Cat# 115909; RRID:AB_493461
Anti-mouse CCR2 (TG5, APC) BioLegend Cat# 150628; RRID:AB_2810415
Anti-mouse FLT-3/CD135 (A2F10, BV421) BioLegend Cat# 135314; RRID:AB_2562339
Anti-mouse GR1(RB6-8C5, APC-eF780) eBioscience Cat# 47-5931-82; RRID:AB_1518804
Anti-mouse Ly6C (HK1.4, PerCP-Cy5.5) BioLegend Cat# 128012; RRID:AB_1659241
Anti-mouse Ly6G (1A8, FITC) BioLegend Cat# 127606; RRID:AB_1236494
Anti-mouse Ly6G (RB6-8C5, APC-eF780) eBioscience Cat# 47-5931-82; RRID:AB_1518804
Anti-mouse myeloperoxidase (2D4, FITC) Abcam Cat# ab90812; RRID:AB_2050025
Anti-mouse NK1.1 (PK136, APC) Cytek Cat# 20-5941; RRID:AB_2621611
Anti-mouse NK1.1 (SI7016D, PE-Fire 700) BioLegend Cat# 156528; RRID:AB_2910320
Anti-mouse Sca-1/Ly6A (E13-161.7, PE-Dazzle 594) BioLegend Cat# 122528; RRID:AB_2687355
Anti-mouse Ter119 (TER-119, APC-eF780) eBioscience Cat# 47-5921-82; RRID:AB_1548786
Anti-mouse TNFa. (APC, MP6-XT22) BioLegend Cat# 506308; RRID:AB_315429
Anti-rat IgG2a (2A3) BioXCell Cat# BE0089; RRID:AB_1107769
Anti-mouse CD4 (GK1.5) BioXCell Cat# BE0003-1; RRID:AB_1107636
Anti-mouse CD8b (53-5.8) BioXCell Cat# BE0223; RRID:AB_2687706
Anti-mouse CSF1R (CD115, AFS98) BioXCell Cat# BE0213; Cat# BE0213
Anti-mouse 90.2 (53-2.1, BUV395) BD Biosciences Cat# 565257; RRID:AB_2739136
Ghost Dye UV 450 Fixable Viability Dye Cell Signaling Cat# 80862

Ghost Dye V510 Fixable Viability Dye Cell Signaling Cat# 59863

Ex vivo LPS stimulation solution tubes Dr. Mark Hall (Nationwide Children’s N/A

Hospital, Columbus, OH)
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Bacterial and virus strains

RFP+ kanamycin-resistant uropathogenic Strain UT189-kan-RFP N/A

E. coli UPEC

Virulent Listeria monocytogenes Dr. Sarah Hamilton-Hart N/A

(University of Minnesota,
Minneapolis, MN)

Chemicals, peptides, and recombinant proteins

LPS-EB (LPS from E. coli 011:B4) Invivogen Cat# Tlrl-eblps
Brefeldin A BioLegend Cat# 420601
Kanamycin Gold Bio Cat# K-120-5
IGEPAL Sigma Cat# 542334
RPMI-1640 HyClone Cat# SH30027.01
Fetal bovine serum Atlanta Biologicals Cat# S11550
Penicillin 10,000 U/ml — Streptomycin 10,000 pg/mi HyClone Cat# SV30010
Sodium pyruvate 100mM HyClone Cat# SH30239.01
HEPES 1M HyClone Cat# SH30237.01
MEM Non-Essential Amino Acids 100X HyClone Cat# SH30238.01
2-Mercaptoethanol solution 50 mM Gibco 21985-023)
Critical commercial assays

Mouse Custom ProcartaPlex 20-plex Thermo Fisher Scientific PPX-20

(CCL2, CCLS3, CCL4, CCL5, CCL7, CCL11,

CXCL1, CXCL2, CXCL10, GM-CSF, IFNy,

IL-1B, IL-2, IL-4, IL-5, IL-6, IL-12p70,

IL-13, IL-18, TNFo)

ELISA MAX standard set mouse TNFo BioLegend Cat# 430901
Cytofix/cytoperm fixation/permeabilization BD Biosciences Cat# 554714

solution kid
EasySep Mouse 90.2 positive selection kit Il
FITC BrdU flow kit

STEMCELL Technologies
BD Pharmingen

Cat# 18951CA
Cat# 559619

Deposited data

SPF and CoH murine CD115" monocytes
RNA-seq (bulk)

This study

GEO: GSE237883

Experimental models: Organisms/strains

Mouse: C57BL/6Ncr
Mouse: pet store

NCI Charles River

Minneapolis/St. Paul area
Petco stores

N/A
N/A

Software and algorithms

Prism 10

FlowJo

FacsDiva

Bio-plex Manager Software 5.0
bowtie2 version 2.3.4.1

Subread version 1.5.1
edgeR version 3.24.3

Complexheatmap

clusterProfile

GraphPad

BD Biosciences
BD Biosciences
Bio Rad

John Hopkins Univ

R package
R package

R package

R package

https://www.graphpad.com/
scientific-software/prism/

www.flowjo.com
N/A
www.bio-rad.com

https://bowtie-bio.sourceforge.net/
bowtie2/index.shtml
https://subread.sourceforge.net
https://bioconductor.org/packages/
release/bioc/html/edgeR.html
https://bioconductor.org/packages/
release/bioc/html/ComplexHeatmap.
html
https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Thomas
Griffith (tgriffit@umn.edu).

Materials availability
There are no newly generated materials associated with the paper.

Data and code availability
® The bulk RNA-seq data generated have been deposited at the National Center for Biotechnology Information Gene Expression
Omnibus (NCBI GEO) under accession number GSE237883 and are publicly available as of the date of publication. Any addi-
tional details regarding these data will be made available upon request.
® This paper does not report original code.
@ Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Female C57BI/6N (B6) mice were purchased from Charles River (Wilmington, MA) at 8-10 weeks of age. Female pet store mice were
purchased from local pet stores in the Minneapolis-St. Paul metropolitan area. All mice were housed in AALAC-approved animal fa-
cilities at the University of Minnesota (BSL-1/BSL-2 for SPF B6 mice, and BSL-3 for cohoused B6 and pet store mice). SPF B6 and pet
store mice were cohoused at a ratio of 8:1, respectively, in large mouse cages for 60 days to facilitate microbe transfer.'” Cohoused
and age-matched littermate SPF mice were used for experiments after between 60 and 90 days of cohousing. Experimental proced-
ures were approved by the University of Minnesota Animal Care and Use Committee (protocol #2205-39995A) and performed
following the Office of Laboratory Animal Welfare guidelines and PHS policy on Human Cancer and Use of Laboratory Animals.

METHOD DETAILS

Systemic UPEC or virulent L. monocytogenes infection

The RFP*, kanamycin-resistant uropathogenic E. coli UPEC strain UTI89-kan-RFP was used for all infections.”® For bacterial growth prior
toinfection, a single colony of bacteria grown on LB agar plates containing kanamycin (50 ug/mL) was selected and placedin 10 mL of LB
broth containing kanamycin (50 ng/mL) and grown statically overnight at room temperature. The following morning, the optical density
(ODgqp) of the culture was measured and the colony forming units (CFU)/mL were calculated according to the empirically determined
formula ODggp 0.35 = 2x108 CFU/mL. Bacteria were then prepared at 2x108 CFU/mL in PBS, and 200 pL was injected intravenously
(retro-orbital) per mouse for an infectious dose of 4x10” CFU/mouse. Inoculum dosage was confirmed by dilution plating an aliquot of
prepared bacteria on LB agar plates containing kanamycin (50 pg/mL). Frozen 1 mL aliquots of virulent L. monocytogenes were thawed
and added to 5 mL of sterile tryptic soy broth containing streptomycin (50 pg/mL final concentration). Bacteria was incubated in a bac-
terial shaker (37°C at 250 RPM) for 2h to reach an ODggg of ~0.06-0.08. The bacterial concentration was calculated according to the
empirically determined formula ODggg 0.1 = 108 CFU/mL. Bacteria were then prepared at 5x10* CFU/mL in PBS, and 200 L was injected
intravenously (retro-orbital) per mouse for an infectious dose of 10* CFU/mouse. Inoculum dosage was confirmed by dilution plating an
aliquot of prepared bacteria on tryptic soy broth agar plates containing streptomycin (50 pg/mL).

Measurement of bacterial clearance

UPEC-infected SPF and CoH mice were euthanized 24 h after infection. 20 uL of whole blood was collected and placed in 180 pL of
dH.0 containing 0.2% IGEPAL. Spleens, livers, and kidneys were collected and placed in 2 mL of dH,0 containing 0.2% IGEPAL and
disrupted using a gentleMACS dissociator (Miltenyi). Serial dilutions of samples were made in dH,0 containing 0.2% IGEPAL and
plated on LB agar plates containing kanamycin (50 pg/mL). Plates were incubated at room temperature for 24 h, and CFU were
counted.

Measurement of cytokines and chemokines

Blood was collected from SPF and CoH mice prior to and either 3 h or 24 h post UPEC infection, and serum was separated and
collected by centrifugation of samples at 13,000xg for 1 min. Serum cytokines were quantitated by ProcartaPlex immunoassays
(ThermoFisher) using a Luminex 200 with Bio-plex Manager Software 5.0. The amount of TNFa present in culture supernatants
from in vitro/ex vivo assays was quantitated by ELISA (Biolegend ELISA MAX standard set mouse TNFq; cat. No 430901).
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Detection of immune cell subsets using flow cytometry

For detection of peripheral blood leukocytes, blood was collected by retro-orbital puncture and red blood cells were lysed with ACK.
For detection of cells in spleens, tissue was processed into single-cell suspension using a gentleMACS dissociator before ACK lysis.
Neutrophils and monocytes were identified using the following gating scheme: Cells were first gated based on forward scatter-A and
side scatter-A, singlets were gated based on forward scatter-W and side scatter-A, and then neutrophils (Ly6G*CD11b™), non-neu-
trophils (Ly6G ™), and monocytes (CD11b*CD115%) identified. For some samples, cells were also stained with mAb specific for mye-
loperoxidase or CCR2. B cells, NK cells, CD4 T cells, CD8 T cells, and Ag-experienced CD4 and CD8 T cells were identified using the
following gating scheme: Cells were first gated based on forward scatter-A and side scatter-A, singlets were gated based on forward
scatter-W and side scatter-A, and then live cells (ghost dye™) were gated. B cells (CD3~CD19%), NK cells (CD3"NK1.1*) and T cells
(CD3*NK1.1") were identified. Among the gated CD4* and CD8"* T cells, Ag-experienced CD4 T cells (CD11a"CD49d™) and Ag-expe-
rienced CD8 T cells (CD8a'°CD11a™) were determined. All samples were acquired on Fortessa X20 or LSRFortessa H0081 flow cy-
tometers (BD) and analyzed using FlowJo software.

Cell depletions

To deplete specific cell populations from CoH mice, the following mAb were used: control anti-rat IgG2a — 400 ng/mouse i.p. on days
7,5, and 2 prior to infection; anti-mouse CSF1R (CD115; AFS98, BioXCell) — 400 ng/mouse i.p. on days 7, 5, and 2 prior to infection;
anti-mouse CD4 (GK1.5, BioXCell) — 400 pg/mouse i.p. on days 5 and 2 prior to infection; and anti-mouse CD8p (53-5.8, BioXCell) —
400 pg/mouse i.p. on days 5 and 2 prior to infection. Depletion of CD115" cells, CD4 T cells, and CD8 T cells in the circulation was
assessed by flow cytometry one day prior to infection.

Whole blood ex vivo stimulation

LPS-induced TNFa production by whole blood was determined as described.** Briefly, 50 uL of heparinized whole blood from SPF
and CoH mice was added to tubes containing RPMI alone (control) or RPMI and LPS (phenol-extracted from Salmonella abortus equi
(Sigma)). Tubes were incubated at 37°C for 4 h, after which the supernatant was collected and frozen at —80°C until analysis. Tubes
were obtained from Dr. Mark Hall (Nationwide Children’s Hospital, Columbus, OH).

In vitro splenocyte culture for TNFa production

Spleens were isolated from untreated CoH and SPF mice, ACK lysed, counted, and resuspended in a final concentration of 2x108
cells/ml in RPMI complete (RPMI-1640 + 10% FBS, 100U/ml penicillin and streptomycin, 1mM sodium pyruvate, 10mM HEPES,
1x non-essential amino acids (Hyclone SH30238.01), and 50uM 2-mercaptoethanol) (for UPEC cultures cell media did not include
pen/strep) in either polypropylene tubes or 24-well plates with 100 ng/ml LPS EB (Invivogen Lrl-eblps E. coli 0111:B4), 5:1 MOI
UPEC-RFP:splenocytes, or left untreated. Splenocytes were cultured at 37°C for 4 h and then supernatant was collected for
TNFa ELISA quantification. For cellular analysis of TNFo production, 5ug/ml brefeldin A was added at 2 h of the total 4 h of
in vitro culture. Cells were then collected and blocked with FC receptor block and 1:50 normal mouse serum and normal rat serum
for 10 min on ice, 30 min surface stain on ice (Thy1.2, UV blue Live/dead, CD11b, CD45, CD19, Ly6G, Ly6C, CD115, NK1.1, CD64,
TNFa), and intracellular TNFa was determined following the BD cytofix/cytoperm kit standard protocol and anti-TNFa antibody. Cells
were analyzed by flow cytometry for surface markers distinguishing cellular subsets and intracellular TNFa (see Figures S4A and S4B
for gating strategy and representative intracellular TNFo staining).

Cell sorting, RNAseq, and biostatistical analysis

For sorting of CD115" monocytes, SPF and CoH spleens were collected from uninfected mice. Tissue was homogenized into a sin-
gle-cell suspension using a gentleMACS dissociator, red blood cells were lysed with ACK, and cells were re-suspended in 1mL of
FACS buffer. CD3" cells were depleted from samples using an EasySep Mouse T cell Isolation kit. Flow through cells were then
stained with the following mAbs: ghost dye 510 (live/dead), CD3, Ly6G, CD11b, and CD115. Cells were run and collected on a
FACSDiva (BD) (see Figure S5A for sorting gating strategy). The sorted cells were re-suspended in Trizol, RNA was purified, and li-
braries were prepared and sequenced using lllumina NovSeq platforms (Genewiz, Azenta Life Sciences). Raw data was trimmed and
mapped, and differential gene expression was determined (Institute for Health Informatics, University of Minnesota), where additional
biostatistical data analysis was also performed. The sequencing reads were mapped to the mouse genome (GRCm38) using Bowtie
aligner (bowtie2 version 2.3.4.1) with local mode, -L 22 and -N 1 parameters.”' Reads were assigned to Ensembl gene models (Mus_-
musculus.GRCm38.87.gtf) with featureCounts of the Subread software package (version 1.5.1).”% The reads count matrices were
organized corresponding to experimental design and used for subsequent statistical analysis using the bioconductor package
edgeR (version 3.24.3).”>"* The raw reads count table were normalized by using default method in the package prior to generating
statistics. Multidimensional scaling was performed with edgeR using the top 500 differentially expressed genes across samples. The
regression model in the edgeR package was used for statistical analysis to select the corresponding significant genes. Clustering and
gene ontology analysis was performed by using ComplexHeatmap and clusterProfiler (5,6), respectively on genes with an adjusted p
value < 0.01.

18 Cell Reports 42, 113345, November 28, 2023



Cell Reports ¢? CellP’ress

OPEN ACCESS

In vivo BrdU pulse-chase

BrdU (1 mg) was injected into the peritoneal cavity of SPF and CoH mice. Blood was collected 16 h later, and red blood cells were
removed by ACK lysis. Peripheral blood leukocytes were stained and fixed by following the protocol provided by the manufacturer
(FITC-BrdU kit, BD Pharmingen) and detected by flow cytometry.

Bone marrow progenitor cell analysis

Femurs from SPF and CoH mice were removed and placed in RPMI media. One end of the bones was cut off and placed in a 250 uL
Eppendorf tube, with three 25g needle holes poked in the bottom, within a 1.5mL Eppendorf tube. The bones were spun down
momentarily at 6000 RPM, ACK lysed for 3 min on ice, and counted. 3x10° bone marrow cells were stained with FLT-3, c-Kit,
CD34, CD48, Sca-1, CD16, CD150, B220, CD11c, Ly6G, Ter119, and CDS3 to identify bone marrow progenitor populations. See Fig-
ure S6A for gating strategy.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with the GraphPad Prism v10 (GraphPad Software Inc., San Diego, CA) for Mac OS X software
package, where the Log Rank (Mantel-Cox) test was used for survival curves. Statistical comparisons of two groups were done using
the unpaired nonparametric Mann-Whitney test. Statistical comparisons of more than two groups were done using Kruskal-Wallis
tests, where the multiple comparisons were corrected with Dunn’s post hoc test. The calculated p values were corrected for multiple
testing using the false discovery rate (FDR) method to determine the FDR-adjusted p value. Statistical details for each experiment can
be found in the figure legends.
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