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treatments for sepsis and immune dysregulation diseases.

Introduction
Sepsis is now the leading cause of death in US hospitals and is pro-
jected to account for more than 5 million deaths globally each year
(1-3). Currently, no effective treatments for sepsis are available.
With an improved understanding of the overall disease process,
scientists have developed single molecule-targeted therapies that
modulate the activity of a specific pathway of the innate immune
system, such as TLRs and proinflammatory cytokines. Clinical
trials testing these agents have yielded little or no success, most
likely due to the complex, multifaceted, and redundant nature of
the host response to sepsis (4). Recently, this has led to a focus
on cell-based therapies, founded on the notion that cells with
immune-regulatory properties would improve outcomes in sepsis
by influencing many different cells and molecular events (5, 6).
Fibroblastic reticular cells (FRCs), characterized as CD45",
CD31, and podoplanin® (PDPN"), are a unique subpopulation of
stromal cells in lymphoid organs, such as lymph nodes and fat-
associated lymphoid clusters (FALCs) (7, 8). FRCs are essential for
the formation of lymphoid organs, as they fashion the scaffolding
that recruits and supports immune cells (9-16). Besides their struc-
tural functions, FRCs have been recognized as major regulators of
both innate and adaptive immunity in response to microbial patho-
gen invasion through interactions with neighboring immune cells
within lymphoid tissues (9, 10, 14, 17). A single injection of ex vivo-
expanded allogeneic lymph node-derived FRCs reduced mortality
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Fibroblastic reticular cells (FRCs), a subpopulation of stromal cells in lymphoid organs and fat-associated lymphoid clusters
(FALCs) in adipose tissue, play immune-regulatory roles in the host response to infection and may be useful as a form of cell
therapy in sepsis. Here, we found an unexpected major role of TLR9 in controlling peritoneal immune cell recruitment and
FALC formation at baseline and after sepsis induced by cecal ligation and puncture (CLP). TLR9 regulated peritoneal immunity
via suppression of chemokine production by FRCs. Adoptive transfer of TLR9-deficient FRCs more effectively decreased
mortality, bacterial load, and systemic inflammation after CLP than WT FRCs. Importantly, we found that activation of TLR9
signaling suppressed chemokine production by human adipose tissue-derived FRCs. Together, our results indicate that

TLR9 plays critical roles in regulating peritoneal immunity via suppression of chemokine production by FRCs. These data
form a knowledge basis upon which to design new therapeutic strategies to improve the therapeutic efficacy of FRC-based

in cecal ligation and puncture-induced (CLP-induced) sepsis (17).
FRCs are therefore attractive candidates for use as cell-based ther-
apy in sepsis. A greater understanding of the cellular and molecular
mechanisms of the effects of FRC in both health and disease may
lead to more effective therapies employing modified FRCs.

Previous studies have shown that genetically and pharmaco-
logically blocking TLR9 alleviates inflammation, organ damage,
and mortality in mouse polymicrobial sepsis models (18-20).
However, the mechanisms underlying the protective roles of TLR9
inhibition are unclear. A recent study in rodents demonstrated that
FRCs in FALCs drive protective immunity in a myeloid differentia-
tion primary response 88-dependent (MyD88-dependent) manner
(14). TLR2 and TLR4 signaling via MyD88 play roles in the regu-
lation of immunomodulatory functions of FRCs and enable them
to orchestrate peritoneal immunity in mouse Salmonella infection
(14). MyD88 is an important downstream adapter protein for many
TLR- and cytokine-signaling pathways (e.g., TNF and IL-1) (21, 22).
TLR9 is known to signal through MyD88 (21, 22); however, the role
of TLR9 in regulating FRC function remains unknown.

In this study, we show that blocking TLRY signaling increases
peritoneal immune cell recruitment and FALC formation. TLR9
regulation of peritoneal immunity occurs via suppression of
chemokine expression in FRCs. These findings not only address
our knowledge gaps regarding the detrimental roles of TLR9 in
sepsis, but also identify an unsuspected role for TLR9 in baseline
FRC function and in peritoneal responses to bacterial infection.
Modulating TLR9 signaling could improve the therapeutic efficacy
of FRC-based sepsis therapies.

Results
TLR9 controls peritoneal immunity at baseline and during sepsis. We
first confirmed the findings of others that genetically or pharma-
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Figure 1. TLR9 controls peritoneal immunity at baseline and during sepsis. WT and T/r97- mice were subjected to CLP. PLF was collected at 18 hours after
CLP. (A) Percentages of indicated immune cells were measured by flow cytometry. (B) TLR9 expression in indicated peritoneal cells. MFI for TLR9 expres-
sion was measured by flow cytometry. (C-G) Peritoneal cell counts of (C) B cells, (D) macrophages, (E) DCs, (F) neutrophils, and (G) T cells in control and
after CLP. Data are shown as mean + SD from 2 separate experiments. Symbols represent individual mice. *P < 0.05; **P < 0.01; ***P < 0.001, unpaired,

2-tailed Student’s t tests.

cologically blocking TLR9 reduces bacterial load, inflammation,
and mortality in mouse polymicrobial sepsis (Figure 1, A-E; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI127542DS1; refs. 18-20). However, the mecha-
nisms underlying the protection resulting from TLR9 suppression
insepsis are unclear. Recruitment of immune cells toinfectiousfoci
is an essential mechanism for peritoneal immunity and is critical
for early bacterial clearance as well as prevention of an excessive
inflammatory response (23, 24). Previous studies have reported
that blocking TLRO signaling increases immune cell recruitment
into the peritoneal cavity after CLP (20). Here, we observed that
total peritoneal cell counts were significantly higher in Tlr9cr¢/cec!
mutant mice and global Tlr97~ mice compared with WT mice at
baseline and after CLP (Supplemental Figure 1F). These data sug-
gest that TLR9 may regulate host defense via modulation of perito-
neal immunity. To understand the basis of TLR9 in the regulation
of peritoneal immunity, we analyzed the cellular composition and
TLRY expression patterns in cells of the peritoneum. Peritoneal
cell components were heterogenous at baseline and after CLP and
included B cells, T cells, neutrophils, macrophages, and dendritic
cells (DCs) (Figure 1A). At baseline, B cells were the dominant cell
type, while neutrophils were recruited in large numbers after CLP
and became the dominant cell type in the peritoneal cavity (Figure
1A). B cells, DCs, and macrophages expressed TLR9 (Figure 1B).
However, the expression levels of TLR9 in DCs and macrophages
significantly decreased after CLP compared with control levels
(Figure 1B). The expression of TLR9 in T cells and neutrophils was
undetectable by flow cytometry (Supplemental Figure 2). We next
assessed the number of each cell type in peritoneal cavities of WT
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and Tlr97" mice using flow cytometry. Unexpectedly, numbers of
all cell types were significantly higher in T/r97- mice compared
with WT mice before and after CLP (Figure 1, C-G). These data
indicate that TLR9 controls the recruitment of not just one specific
cell type, but all types of immune cells, into the peritoneal cavity at
baseline and during sepsis.

B cells are required for the protective effects of Tlr97~ mice during
sepsis. The above data indicate that B cells are the dominant cell type
in the peritoneal cavity at baseline. Furthermore, peritoneal B cells
highly express TLR9 before and after CLP. B-1 cells, an innate-like
B cell population, predominantly reside in body cavities and sponta-
neously secrete IgM as part of first-line host defenses against invad-
ing microorganisms (25-28). Consistent with the increased peri-
toneal B cell numbers in T/r97" mice, peritoneal B-1 cell numbers
and peritoneal IgM levels were significantly higher in Tlr97- mice
compared with WT mice at baseline and after CLP (Figure 2, A-C).
Upon activation, B-1 cells increase the production of cytokines such
as GM-CSF to modulate macrophage and neutrophil functions (29).
We observed that circulating and peritoneal GM-CSF levels were
not detectable in control mice. However, peritoneal GM-CSF levels
were significantly higher in T/r97" mice compared with WT mice
after CLP (Figure 2D). Circulating IgM and GM-CSF levels did not
significantly differ between WT and T/r97 mice at baseline or after
CLP, suggesting that TLR9 had a local regulatory effect on peri-
toneal B-1 cells (Figure 2, B-D). To determine whether peritoneal
B cells are required for the protective effects of TLR9 inhibition
in sepsis, peritoneal B cells were depleted with CD19-neutralizing
antibodies (Supplemental Figure 3). CD19-neutralizing antibodies
significantly increased mortality and peritoneal bacterial load after
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CLP in TIr97- mice compared with control IgG pretreatment (Fig-
ure 2, E and F). Peritoneal IgM levels were inversely correlated to
bacterial load (Figure 2G). These results indicate that peritoneal
B cells are required for the protective effects resulting from TLR9
deletion in sepsis.

TLRY inhibits peritoneal B cell recruitment via suppressing
CXCL13 production. We next tested whether TLR9 regulates B
cell recruitment into the peritoneal cavity. CXCL13 is a selective
B cell-attracting chemokine (30, 31). Notably, peritoneal CXCL13
levels in TIr97 mice were significantly higher than in WT mice
at baseline and after CLP (Figure 3A), suggesting that TLR9 may
regulate peritoneal B cell recruitment via modulation of CXCL13
production. To determine whether CXCL13 is necessary for the
protective effects of TLR9 in sepsis, WT and TIr97" mice were
treated with CXCL13-neutralizing antibodies and subjected to
CLP. As expected, treatment with CXCL13-neutralizing anti-
bodies significantly decreased peritoneal B-1 cell numbers and
IgM levels in both WT and T/r97- mice (Figure 3, B and C). Con-
sistently, treatment with CXCL13-neutralizing antibodies also
significantly impaired bacterial clearance and increased circulat-

ing IL-6 levels compared with control IgG treatment (Figure 3, D
and E). Notably, treatment with CXCL13-neutralizing antibodies
significantly increased mortality in T/r97~ mice compared with
IgG treatment (Figure 3F). Furthermore, the addition of recombi-
nant CXCL13 significantly increased peritoneal B-1 cell numbers
and IgM levels in WT mice after CLP (Figure 3, G and H). Impor-
tantly, the addition of CXCL13 in WT mice significantly reduced
bacterial load, circulating IL-6 levels, and mortality compared
with PBS control treatment (Figure 3, I-K). These results indicate
that TLRY inhibits peritoneal B cell recruitment via the suppres-
sion of CXCL13 production during sepsis.

TLR9 in B cells does not account for the detrimental effects of TLR9
observed in sepsis. The above results indicate that B cells are required
for the more efficient bacterial clearance observed in TIr97" mice
during sepsis. To determine whether TLR9 expressed by B cells is
required for either B cell recruitment or function, we generated B
cell-specific Tlr97~ (Cd19-Tir97") mice. Deletion of TIr9 in B cells
was confirmed using flow cytometry (Supplemental Figure 4). There
were no significant differences between Cd19-Tlr97 mice and the
control Tlr9#»= (flox) mice in bacterial clearance, peritoneal total
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Figure 3. TLR9 inhibits peritoneal B cell recruitment via suppressing
CXCL13 production. (A) WT and TIr9/~ mice were subjected to CLP. PLF
was collected at 18 hours after CLP. Peritoneal CXCL13 levels were assessed
using ELISA. (B-F) WT and TIr97- mice were treated with CXCL13 neutral-
izing antibodies (10 mg/mouse) or control IgG (10 mg/mouse) immedi-
ately after CLP. PLF and plasma were collected at 18 hours after CLP. (B)
Peritoneal B-1 cell numbers. (C) Peritoneal IgM levels. (D) Bacterial load in
PLF. (E) Plasma IL-6 levels. (F) Seven-day survival. For A-C and E, data are
shown as mean + SD. Symbols represent individual mice. *P < 0.05; **P <
0.01, unpaired, 2-tailed Student’s t tests. For D, symbols represent individ-
ual mice. *P < 0.05, nonparametric Mann-Whitney U test. For F, n = 13-19/
group as indicated. *P < 0.05 versus TIr97- 1gG, log-rank test. (G-K) WT
mice were treated with recombinant CXCL13 (10 mg/mouse) or PBS imme-
diately after CLP. (G) Peritoneal B-1 cell number. (H) Peritoneal IgM levels.
(1) Bacterial load in PLF. (J) Plasma IL-6 levels. (K) Seven-day survival. For G,
H, and ), data are shown as mean + SD. Symbols represent individual mice.
*P < 0.05, unpaired, 2-tailed Student’s t test. For I, symbols represent
individual mice. *P < 0.05, nonparametric Mann-Whitney U test. For K,
n=10/group. *P < 0.05, log-rank test.

cell count, B cell counts, and B-1 cell counts, or systemic and perito-
neal IgM levels following CLP (Supplemental Figure 5, A-F). Impor-
tantly, Tlr9 deletion in B cells did not affect CLP-induced increases
in Cxcl13 production compared with WT mice (Supplemental Fig-
ure 5G). To further test the role of TLR9 in B-1 cell function, perito-
neal B-1 cells were sorted from WT and Tlr97-mice and treated with
or without a TLR9 agonist (ODN1585) and/or the TLR4 agonist LPS
for 18 hours. We did not observe a significant difference in media
IgM levels between WT and Tlr97" B-1 cell cultures (Supplemental
Figure 5H), suggesting that TLR9 did not regulate IgM secretion
from B-1 cells. Together, these data indicate that, while B-1 cells
are required for the improved bacterial clearance observed in Tlr9-
deficient mice, TLR9 in B cells does not contribute the antimicro-
bial functions of B-1 cells during peritoneal sepsis.

TLR9 inhibits CXCLI13 expression in FRCs in mesenteric adipose
tissues. The above results indicate that TLR9 inhibits peritoneal B
cell recruitment via suppression of CXCL13 production; however,
how TLR9Y regulates peritoneal CXCL13 levels is unclear. CXCL13
is expressed in multiple cell types other than B cells (32), including
DCs (33), macrophages (34), and FRCs in FALCs (9) and lymph
nodes (35). We first tested to determine whether TLR9 regulated
CXCL13 production from cells in the peritoneal cavity or cells from
FALCs in mesenteric adipose tissues. Peritoneal cells and mesen-
teric adipose tissues were isolated from WT and T/r97" mice before
and after CLP. CxclI3 expression levels, assessed by PCR, in perito-
neal cells did not significantly differ between WT and TIr9~- mice
before or after CLP (Figure 4A). However, the expression of Cxcl13
in mesenteric adipose tissues was significantly higher in Tlr9~
mice than in WT mice before and after CLP (Figure 4B). These data
suggest that TLR9 may regulate CXCL13 production from FALCs
in mesenteric adipose tissues. To further identify the cell type in
which TLR9 regulated CXCL13 production, mesenteric adipose
tissues from WT and TIr97" mice were isolated and subjected to
immunofluorescence staining for CXCL13 as well as cell-specific
markers (CD45 for hematopoietic cells including macrophages, T
cells, B cells, and DCs; CD11c for DCs). CXCL13 rarely colocalized
with CD45" immune cells or CD11* DCs (Figure 4C), suggesting
that nonimmune cells in FALCs were a major source of CXCL13.
FRCs, a subpopulation of stromal cells in FALCs, have been shown

RESEARCH ARTICLE

to express CXCL13 (9). To determine the role of TLR9 in the regula-
tion of CXCL13 expression in FRCs, WT and Tlr97~ FRCs were iso-
lated from mesenteric adipose tissues and expanded ex vivo (Sup-
plemental Figure 6). We found that FRCs constitutively expressed
TLRY (Supplemental Figure 6). Notably, Cxcll3 expression was
significantly downregulated in FRCs after stimulation with all 3
classes of TLR9 agonists (class A, ODN1585; class B, ODN1826;
class C, ODN2395) compared with control (Figure 4D), while
Cxcl13 expression was not significantly downregulated after LPS (a
TLR4 ligand) or Poly L:C (PIC) (a TLR3 ligand) stimulation (Figure
4D). Deletion of Tir9 in FRCs abrogated the suppressive effects of
CpG1585in Cxcl13 expression (Figure 4E). These data reveal an unrec-
ognized role of TLR9 in the regulation of FRC chemokine production.

TLR9 regulates peritoneal immunity via modulation of chemo-
kine expression in FRCs. We next tested whether TLR9 also regu-
lated chemokine expression in FRCs for the recruitment of other
cell types in the peritoneal cavity. Cultured WT FRCs were stimu-
lated with ODN1585, LPS, PIC, and ODN1585+LPS for 18 hours.
The expression of chemokines in FRCs was assessed using quan-
titative PCR. Notably, activation of TLR9 signaling in FRCs with
ODN1585 significantly reduced the expression of chemokines
known to attract neutrophils (Cxcl2 and Cxcl5), monocytes (Cxcl3
and Ccl2), DCs (Ccl19 and Ccl2), and lymphocytes (Cxcl13, Ccl19,
and Ccl21) (Figure 5A). The expression of Cxcl13, Cxcl3, and Ccl19
decreased dramatically after the addition of TLR9 agonists (Fig-
ure 5A). In contrast, stimulation with LPS increased the expres-
sion of Cxcl13, Cxcl5, Cxcl2, Cxcl3, Ccl19, and Ccl2 in FRCs (Fig-
ure 5A), while stimulation with PIC increased the expression of
Cxcl2, Cxcl3, Ccl19, Ccl21 and Ccl2 in FRCs (Figure 5A). These
data suggest that individual TLRs play unique roles in regulating
FRC responses to immune stimulators. Surprisingly, addition of
ODN1585 suppressed LPS-induced Cxcl5 expression in FRCs in
a dose-dependent manner (Figure 5B). Furthermore, addition of
ODN1585 suppressed the LPS-induced upregulation of Cxcl13,
Cxcl5, Cxcl2, Cxcl3, and Ccl2 expression in FRCs (Figure 5C).
These data suggest a dominant role for TLR9 in FRCs that reside
within the FALCs in the peritoneal cavity.

As FRCs have been shown to play essential roles in the for-
mation of FALCs during the activation of host defenses, we next
tested to determine whether TLR9 regulated FALC formation.
Interestingly, the formation of FALCs as well as FALC total cell
count in mesenteric adipose tissue was significantly higher in
Tir97- mice compared with WT mice at baseline and after CLP
(Figure 5, D and E). It is known that B-1 cells migrate to FALC via
CXCL13 during inflammation and thus are retained in the perito-
neal cavity (9). Consistently, B-1 cell numbers in FALC increased
significantly in both mouse strains after CLP compared with con-
trol (Figure 5F). Furthermore, B-1 cell numbers in FALC were sig-
nificantly higher in Tlr97- mice compared with WT mice at base-
line and after CLP (Figure 5F). These findings indicate that TLR9
plays critical roles in controlling peritoneal immunity and that the
mechanisms are mediated via suppression of chemokine expres-
sion in FRCs for immune cell recruitment and FALC formation.

Blocking TLR9 signaling in FRCs increases the efficiency of
FRC-based therapy for sepsis. A recent study showed that a single
adoptive transfer of FRCs (10°/mouse) improved survival after
CLP (17). Our data indicate that TLR9 negatively regulates the
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A . B . . . Figure 4. TLR9 inhibits CXCL13 expression
4- Peritoneal cells Mesenteric adipose tissue in FRCs in mesenteric adipose tissues.
s s 301 (A-C) WT and T/r97/- mice were subjected
@ 3 | 2 . to CLP. PLF and mesenteric adipose tissue
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% % 204 B) Cxcl13 expression in peritoneal cells (A)
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Control CLP Control CLP tissue. Scale bar: 5 um. (D and E) Cxcl13
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expression in mouse FRCs. WT and

TIr9”/- FRCs were isolated from mesenteric
adipose tissues and expanded ex vivo.
FRCs were stimulated with indicated TLR
ligands (ODN1585, 5 uM; ODN1826, 5 pM;
ODN2395, 5 uM, LPS, 1 ug/mL; PIC, 20 ug/
mL) for 18 hours. Cxcl13 expression was
assessed using quantitative PCR. Data are
shown as mean + SD from 1 representative
experiment. Experiments were performed
3 times. *P < 0.05; **P < 0.01; ***P <
0.001, 1-way ANOVA with Bonferroni’s post
hoc analysis.

TIr97-CLP

6 Mouse FRCs 3 - Mouse FRCs
owT  OTI9”
c Fal c
k] o
2 2
L =1 g
S 41 * | S
3 | H ®
‘(2 *% - ‘(:)
:% 2 | *kk :%
2?1 £
ks kS
= o7\
0 L
\al

establishment of peritoneal immunity via suppressing chemokine
production in FRCs. Therefore, we hypothesized that blocking
TLR9Y signaling in FRCs may increase the efficiency of FRC-based
therapy for sepsis. To test our hypothesis, WT mice were injected
i.p. with WT or Tlr97- FRCs (2 x 105/ mouse) at an early time
point (1 hour) or a late time point (12 hours) after CLP (Figure
6A). Adoptive transfer of this low number of WT FRCs at 1 hour
after CLP only slightly reduced peritoneal bacterial load and IL-6
levels compared with PBS control (Figure 6, B and C). Further-
more, there was no significant difference in mortality between
mice receiving adoptive transfer of WT FRCs and mice injected

jei.org  Volume129 Number9  September 2019

®

with PBS (Figure 6, D and E). Surprisingly, adoptive transfer
of the same low number of Tlr97~ FRCs at 1 hour after CLP sig-
nificantly reduced peritoneal bacterial load and circulating IL-6
levels compared with PBS control (Figure 6, B and C). Notably,
both early (1 hour after CLP) and late (12 hours after CLP) treat-
ment with Tlr97~ FRCs significantly reduced mortality compared
with PBS control (Figure 6, D and E). These results support the
idea that blocking TLR9 signaling in FRCs improves the efficiency
of FRC-based therapy for sepsis.

TLRO signaling suppresses chemokine production in human adi-
pose tissue-derived FRCs. The above results indicate that TLR9 sig-
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Figure 5. TLR9 regulates peritoneal immunity via modulation of chemokine expression in FRCs. (A-C) Chemokine expression in mouse FRCs. WT FRCs
were isolated from mesenteric adipose tissues and expanded ex vivo. FRCs were stimulated with indicated TLR ligands (ODN: ODN1585, 5 uM; LPS, 1 ug/
mL; PIC, 20 pg/mL; ODN+LPS: ODN1585, 5 uM +LPS, 1 ug/mL) for 18 hours. Indicated chemokine expression was assessed using quantitative PCR. Data
are shown as mean * SD from 1 representative experiment. Experiments were performed 3 times. *P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA with
Bonferroni’s post hoc analysis. #, not detectable. (D) FALCs in mesenteric adipose tissue were stained with 0.05% Toluidine Blue. Arrows indicate repre-
sentative FALCs. Scale bar: 1 mm. (E) Total cell counts in mesenteric FALCs were measured using Cellometer. Data are shown as mean + SD from 2 separate
experiments. Symbols represent individual mice. *P < 0.05 vs. WT, 2-tailed Student’s t test. (F) B-1cell counts in mesenteric FALCs were measured using
flow cytometry. Data are shown as mean + SD from 2 separate experiments. Symbols represent individual mice. *P < 0.05, 1-way ANOVA with Bonferroni’s
post hoc analysis.
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naling regulates peritoneal immunity via suppression of chemo-
kine production in FRCs in a mouse model. To determine whether
TLR9 signaling also regulates human FRC functions, we first tested
whether FRCs are present in human adipose tissue. We success-
fully isolated FRCs from lipoaspirates human adipose tissue
and expanded these ex vivo (Figure 7A). Human adipose tissue-
derived FRCs also expressed TLR9 (Figure 7A). Importantly, we
found that chemokine expression in human FRCs was significantly
downregulated after class A TLR9 agonist (ODN2216) stimula-
tion (Figure 7B). Therefore, our findings may provide a knowledge
foundation for the FRC-based treatment of human sepsis.

Discussion
In studies aimed at understanding the detrimental roles of TLR9
in the host response to i.p. sepsis, we uncovered the finding that
Volume 129  Number 9

jci.org September 2019

TLRY plays critical roles in regulating peritoneal immunity via
suppression of chemokine production in FRCs at baseline and
during polymicrobial sepsis (Figure 8). Specifically, we discov-
ered that FRCs constitutively express TLR9 and that activation of
TLR9 signaling in FRCs suppresses the expression of chemokines,
such as Cxcl13, Ccl19, Ccl21, Cxcl2, Cxcl5, Cxcl3, and Ccl2, which
are essential for recruiting B cells, T cells, monocytes, and neutro-
phils into the peritoneal cavity as well as driving the formation of
FALCs (Figure 8). The important regulatory role of TLR9 in FRCs
was confirmed in FRCs derived from human adipose tissue. Fur-
thermore, our data indicate that adoptive transfer of low numbers
of Tlr97/- FRCs protects mice from sepsis lethality. These findings
unravel the mechanisms of protection against sepsis lethality pre-
viously observed with TLR9 inhibition and strongly suggest that
DNA sensing through TLR9 by FRCs is an important regulatory
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Figure 7. TLR9 signaling suppresses chemokine production
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step in controlling FALC formation and the trafficking of cells into
the peritoneal cavity.

While it has been suspected that one possible mechanism
underlying the detrimental roles of TLR9 in sepsis is impaired
leukocyte recruitment into the peritoneal cavity (19, 20), we show
here that deficiency of TLR9 generally increases the numbers of
all peritoneal cell types, including B cells, T cells, neutrophils,
macrophages, and DCs, as well as the formation of FALCs before
and after CLP. Neutrophils are responsible for early bacterial
clearance and, not surprisingly, have been shown to be necessary
for the protective effects of TLR9 inhibition in CLP-induced sep-
sis (20). We show that peritoneal neutrophils express very low lev-
els of TLR9 before and after CLP, which excludes the possibility
that TLR9 in neutrophils directly regulates neutrophil function
or recruitment. While B cells express abundant TLR9, deletion of
Tlr9 specifically in B cells did not mimic the effects of global Tlr9
deletion at baseline or after CLP. DCs have been shown to produce
chemokines that regulate neutrophil influx into tissues, including
the peritoneum, and are known to express TLR9 (36). A previous
study showed that deletion of TLRY results in a higher number
of peritoneal DCs after CLP (20). However, we found no role for
TLR9 in the regulation of chemokine production by immune cells
inside the peritoneal cavity and showed that DCs were not a major

source of CXCL13 in FALC. In the setting of massive infections,
as seen during the tissue necrosis and fecal contamination that
occurs in the CLP model (as would be seen in gastrointestinal per-
forations in humans), it is likely that many pathogen-associated
molecular patterns (PAMPs) are released, and these should acti-
vate other pattern recognition receptors that can drive immune
responses in the peritoneum. For example, we have shown that
TLR4 activation on DCs induces a robust IL-10 response (37). Our
findings point to a dominant role for TLR9 in FRCs that reside
with the FALCs in the peritoneal cavity. While TLR9 stimulation
suppresses chemokine production by FRC, agonists that activate
TLR3 or -4 enhanced chemokine production in these same cells.
Notably, activation of the TLRY signaling pathway markedly sup-
pressed LPS-induced chemokine production by FRCs. Why TLR9
responses take priority within the FRC TLR signaling hierarchy at
baseline and during CLP is not clear.

Peritoneal B cells, including B-1 cells, express abundant TLR9
and were the dominant cell type in the peritoneal cavity at baseline.
B-1 cells are an innate-like B cell population predominantly residing
in body cavities. These cells spontaneously produce most of the nat-
ural IgM antibodies required for pathogen opsonization and clear-
ance (25-28). Our data indicate that peritoneal B cell and B-1 cell
numbers, as well as associated peritoneal IgM levels, were markedly
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Figure 8. Schematic representation of TLR9 regulates peritoneal immunity via suppression of chemokine production by FRCs during polymicrobial
sepsis. Activation of TLR9 signaling in FRCs suppresses the production of chemokines, which are essential for recruiting B cells, T cells, macrophages, and

neutrophils into the peritoneal cavity as well as driving the formation of FALCs.

higher in TIr97- mice compared with WT mice, and deletion of B
cells reversed the protective effects of TLR9 deletion in CLP sepsis.
The impact of TLR9 on B cell trafficking and B-1 cell function was
not due to the activation of TLR9 in B cells, but instead mediated
through the negative regulation of the critical B cell chemokine
CXCL13 in FRCs. This was surprising considering the known roles
of TLRY in the regulation of B cell responses in other disease states,
such as autoimmunity (38, 39), but here again, the CLP model
results in the massive and acute release of many immune activa-
tors locally and systemically that may directly or indirectly regulate
B cell responses. Although the numbers of peritoneal B-1 cells in
Tlr97~ mice decreased after CLP, peritoneal IgM levels markedly
increased in Tlr97" mice after CLP compared with in controls. The
decrease of B-1 cell numbers in the peritoneal cavity may be the
result of B-1 cell migration to FALCs. B-1 cells are known to migrate
to FALCs through CXCL13 and therefore are retained in the perito-
neal cavity during inflammation (9). Consistent with this possibility,
our data indicate CXCL13 expression in T/r97~ mesenteric adipose
tissue was markedly higher compared with that in adipose tissue
from WT mice after CLP. This was associated with enhanced FALC
formation as well as markedly higher total cell numbers and B-1 cell
numbers in FALC. The higher B-1 cell numbers in Tlr97- FALCs cor-
relate with the higher levels of IgM in peritoneal cavities in Tlr97
mice compared with WT mice after CLP. The highly selective and
major role for TLR9 on the FRCs in regulating the trafficking of
peritoneal cells including B cells is surprising.

FRCs are a unique subpopulation of stromal cells that build the
scaffolding for lymphoid organs, including lymph nodes and FALCs
(7, 8, 13). Recently, FRCs have been recognized as major regula-
tors of both innate and adaptive immunity in response to microbial
pathogen invasion through interactions with neighboring immune
cells within lymphoid tissues (9, 10, 14) as well as through the pro-
duction of high levels of inflammatory cytokines and chemokines
(7, 8). Mesenteric adipose tissue-derived FRCs have been shown to
regulate inflammatory monocyte recruitment as well as the number
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of antibody-secreting B cells in the peritoneal cavity in a MyD88-
dependent manner (14). TLR4 and TLR2 have been implicated
in the regulation of immunomodulating functions of FRCs (14).
However, the roles of individual TLR signaling in regulating FRC
functions are unclear, and differential TLR/MyD88 signaling may
have varying and even antagonistic effects (38-41). We observed
marked increases in chemokine expression in FRCs after treatment
with a TLR4 agonist, which can signal through MyD88 and Trif.
Furthermore, we also found that stimulation with a TLR3 agonist
(PIC), which signals through Trif| could increase chemokine expres-
sion in FRCs. However, activation of TLR9/MyD88 signaling with
ODN1585 markedly suppressed chemokine expression in FRCs.
The divergence of chemokine expression in response to TLR4 and
TLR9 may be due to different signaling pathways downstream of
MyD88. Furthermore, our data suggest that TLR9 signaling inter-
acts with TLR4 signaling to control the chemokine production by
FRCs. However, details on the TLR4 and TLR9 signaling pathways
in FRCs require further study. The benefits to the host for TLR9
signaling to impair chemokine production through endosomal
DNA sensing is unclear. However, the strong evidence that this
inhibition takes place at baseline and in the absence of infections
suggests that the role of TLR9 may be more important to suppress-
ing chemokine production at baseline to prevent an overproduction
of chemokines by the stroma in the resting state. The source of the
DNA that drives this signaling is not revealed by our work, but could
include dying cells or microbes.

Stromal cell-based therapy has been shown to have beneficial
effects on various immune dysregulation diseases experimentally
and clinically (6). However, the quantity of stromal cells required
for therapeutic efficacy ranges from 2.5 x 10° cells/mouse to 40 x
10¢ cells/mouse in mouse sepsis models (6). The large numbers
of stromal cells required for achieving therapeutic efficacy are not
always available clinically. Therefore, new strategies are needed
to improve the efficacy of stromal cell-based therapy. Lymph
node-derived FRC transplant (1 x 10¢/mouse) reduced circulating
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bacterial load and mortality in murine sepsis, which promises a
possible FRC-based therapy for sepsis (17). However, the source
of lymph node-derived FRCs is limited. Here we have shown that
survival and bacterial clearance are improved in mice receiving
adoptive transfer of relatively low numbers of Tlr97-FRCs (2 x 10°
cells/mouse). Importantly, we identified FRCs in human adipose
tissue from lipoaspirates. TLR9 also negatively regulates chemo-
kine expression in human adipose tissue-derived FRCs. Large
numbers of adipose FRCs can be easily obtained from lipoaspi-
rates or during abdominal operations on healthy donors and rap-
idly expanded in vitro to generate a clinically effective number of
FRCs. Therefore, adipose-derived FRCs are a potential source of
cells for cell-based treatments.

In conclusion, we have provided compelling evidence showing
that TLRO plays critical roles in the regulation of peritoneal immu-
nity for host defense. The mechanism underlying the regulation
of TLRY in peritoneal immunity occurs via suppression of chemo-
kine expression in FRCs. These data address knowledge gaps on
the mechanisms of TLR9 regulation of FRC pathobiology for host
defense during sepsis. Finally, identification of human adipose
tissue-derived FRCs and recognition of TLRY in the regulation of
chemokine expression in human FRCs provides a knowledge foun-
dation for translating our findings into therapies for human sepsis.

Methods

Reagents. LPS-EK (LPS from E. coli K12), PIC low molecular weight
(LMW), Mouse TLR9 Agonist Kit, and Human TLR9 Agonist Kit were
purchased from InvivoGen. Mouse CXCL13/BLC/BCA-1 antibody,
recombinant mouse CXCL13/BLC/BCA-1 protein, and normal goat
IgG control were from R&D Systems. Anti-mouse CD19 neutralizing
antibody (clone 1D3) and rat IgG2a isotype control (clone 2A3) were
obtained from Bio X Cell.

Mice. WT C57BL/6 mice and Cd19"%"] mice were purchased
from the Jackson Laboratory. Tlr97" mice and Tlr9™»/* (Flox) mice (42)
on a C57BL/6 background were a gift from Mark J. Shlomchik (Depart-
ment of Immunology, University of Pittsburgh). Tlr9c/c¢! mutant
mice (43) on a C57BL/6 background were a gift from Bruce Beutler
(Center for the Genetics of Host Defense, UT Southwestern Medical
Center, Dallas, Texas, USA). Tlr97~ mice, Tlr9"/ mice, and Tlr9c/crc!
mutant mice were bred in our animal facility. TIr9*" mice were inter-
bred with heterozygous stud males to generate B cell-specific TLR9-
deficient mice (Tlr9»/cdo-ae C419-Tlr97"). Transgenic mice used for
experiments were confirmed to be the desired genotype via standard
genotyping techniques. These animals were bred in our facility.

CLP procedure. Sepsis was induced by CLP. Both male and female
mice that were 25 to 30 g in weight were used. The skin was disinfected
with a 2% iodine tincture. Laparotomy was performed under 2% isoflu-
rane (Piramal Critical Care) with oxygen. For the sublethal model, 50%
of the cecum was ligated and punctured twice with a 22-gauge needle.
Saline (1 mL) was given subcutaneously for resuscitation immediately
after operation. Mice were sacrificed at 18 hours after CLP. For the
lethal model, 75% of the cecum was ligated and punctured twice with
an 18-gauge needle. Mice were monitored twice daily by personnel
experienced in recognizing signs of a moribund state. Mice were euth-
anized with CO, when they became moribund or at observation end
point (7 days). We used moribundity as the end point for our survival
study following the Animal Research Advisory Committee Guidelines
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from NIH. Isolation and ex vivo expansion of mouse FRCs. Mesenteric
adipose tissue was carefully excised from the small intestine, large
intestine, and cecum using scissors without rupture of intestines and
lymph nodes. Lymph nodes were removed. Adipose tissue was minced
in digestion media (low glucose DMEM [Corning, Cellgro], 50 mM
HEPES [Corning, Cellgro], 1% fatty acid free BSA [MilliporeSigmal],
Liberase TL [0.2 mg/mL, MilliporeSigma], DNase I [0.25 mg/mL,
MilliporeSigma]) and agitated for 30 minutes at 37°C using magnetic
stir bars and a multistirrer platform. Adipose tissue lysate was filtered
through a 70 pM filter and spun down at 400 g. The pellet was resus-
pended in 100 pL of MACS buffer (Miltenyi Biotec). CD45* immune
cells were depleted using mouse CD45 MicroBeads (Miltenyi Bio-
tec) according to the manufacturer’s instructions. The negatively
isolated cells were centrifuged at 400 g for 5 minutes. The pellet was
resuspended in MesenCult Expansion full media (STEMCELL Tech-
nology) and cultured at 37°C with 5% CO, for 7 days. The purity of
FRCs (CD45 CD31 PDPN") was assessed using flow cytometry.

Culture of human FRCs. Human adipose tissue-derived stromal
cells were obtained from the adipose stem cell center in the Depart-
ment of Plastic Surgery at the University of Pittsburgh. Human adi-
pose tissue-derived stromal cells were cultured and expanded in
MesenCult Expansion full media (STEMCELL Technology) at 37°C
with 5% CO, for 7 days. The purity of FRCs (CD45CD31 PDPN") was
assessed using flow cytometry.

Adoptive transfer of FRCs. Mesenteric adipose tissue-derived FRCs
from WT or Tlr97- mice were generated in vitro as described above,
and 2 x 10° FRCs were resuspended in PBS and injected i.p. into WT
mice at 1 hour or 12 hours after CLP.

Bacterial culture. Peritoneal lavage fluid (PLF) and blood for bac-
terial culture were collected as mice were euthanized at 18 hours after
CLP. PLF and blood were subjected to serial 10-fold dilutions and cul-
tured at 37°C overnight in 5% sheep blood agar (Teknova). CFUs were
quantified by manual counting.

Assessment of cytokine levels. Plasma and PLF samples were ana-
lyzed using IL-6, IL-1B, and CXCL13 ELISA kits from R&D Systems as
well as an IgM ELISA kit from Invitrogen.

Immunofluorescence microscopy. For immunofluorescence stain-
ing of mesenteric adipose tissue, the whole animal was perfused with
PBS and fixed in 2% paraformaldehyde. Tissue was then placed in 2%
paraformaldehyde for 2 hours and then switched to 30% sucrose in
distilled water solution for 12 hours. Whole-mount mesenteric adi-
pose tissue was incubated with 2% BSA in PBS for 1 hour, followed
by 5 washes with PBS containing 0.5% BSA (PBB). The samples were
then incubated overnight with primary antibodies (rat anti-CD45
antibody, catalog 553076, BD Pharmingen; goat anti-CXCL13, cata-
log AF470, R&D Systems; hamster anti-CD11c, catalog MA11C5, BD
Pharmingen). Samples were washed with PBS prior to incubation with
secondary antibodies. Imaging conditions were maintained at identi-
cal settings within each antibody-labeling experiment, with original
gating performed using the primary depletion control. Imaging was
performed using a Nikon A1l confocal microscope. Quantification was
performed using NIS Elements Software (Nikon).

Toluidine blue staining. Mesenteric adipose tissue was placed in
2% paraformaldehyde for 2 hours and then switched to 30% sucrose
in distilled water solution for 12 hours. Whole-mount mesenteric adi-
pose tissue was incubated with 0.1% Toluidine Blue (MilliporeSigma)
in 1% sodium chloride (MilliporeSigma, pH 2.3) for 5 minutes, fol-
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lowed by 10 washes with PBS. Mesenteric adipose tissue was imaged
using an Olympus MVX10 Macroscope stand equipped with a Hama-
matsu camera and an Olympus MV PLAPO 2XC objective. Data were
acquired with NIS Elements (Nikon)

Flow cytometry. Cells were blocked for Fc receptors with anti-
mouse CD16/32 (BD Bioscience) for 5 minutes and then were stained
with fluorochrome-conjugated antibody (Supplemental Table 1) for 30
minutes, at 4°C in darkness. Data were acquired with a BD FACS LSR
Fortessa Flow cytometer (BD Bioscience) and analyzed with Flow]Jo
analytical software (TreeStar). Each experiment was repeated 3 times.

Comparative PCR analysis. Total RNA was extracted with the
RNeasy Mini Extraction Kit (QIAGEN) according to the manufac-
turer’s instructions. Two-step, real-time reverse transcription PCR
(RT-PCR) was performed as previously described (44) with forward
and reverse primer pairs prevalidated and specific for indicated target
genes (Supplemental Table 2). All samples were assayed in duplicate
and normalized to actin mRNA abundance.

Statistics. All data were analyzed using GraphPad Prism software
(version 8.11). Unpaired, 2-tailed Student’s ¢ tests were used for com-
parisons between 2 groups. For multiple comparisons, 1-way ANOVA
with Bonferroni’s post hoc test was applied. For measurements of
bacterial CFU, groups were compared using nonparametric Mann-
Whitney U test. Survival data were analyzed using the log-rank test. A
Pvalue of less than 0.05 was considered statistically significant for all
experiments. All values are presented as mean * SD.
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