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Introduction

Sepsis is defined as life-threatening organ dysfunction resulting
from a dysregulated host response to infection. It is a major cause
of death in the United States, accounting for billions of dollars in
hospital costs (1, 2). Despite advancements in critical care med-
icine, most sepsis-surviving patients die within 5 years of their
septic episode because of persistent immune suppression (3-6).
Sepsis-induced immune alterations affect both innate and adap-
tive immune responses (7).

Natural infection and vaccinations elicit antibody (Ab) pro-
duction by B cells, providing a critical line of defense against
invading microbes (8). Ab responses can be categorized as T cell-
dependent (TD) or T cell-independent (TI) based on the need for
CD4 T cell help (9). B cells in TD responses can adopt one of two
fates: (a) extrafollicular B cell activation generating short-lived
plasma cells (PCs) or (b) a germinal center (GC) response gener-
ating B cell memory and long-lived PCs (LLPCs; refs. 10, 11). In
the classical GC reaction, antigen-activated (Ag-activated) B cells
in the dark zone undergo rapid rounds of proliferation and somat-
ic hypermutation (SHM) of their Ig-variable region genes and
migrate to the light zone, where selection for B cells with increased
affinity for Ag occurs (12-14). Follicular dendritic cells (FDCs) are
radioresistant nonhematopoietic stromal cells that form the nidus
for the GC response (15). The selection process in the light zone
involves competition among GC B cells for capture of native Ag in
the form of immune complexes (ICs) displayed on FDCs (12, 13,

Conflict of interest: The authors have declared that no conflict of interest exists.
Copyright: © 2021, American Society for Clinical Investigation.

Submitted: December 9, 2020; Accepted: April 29, 2021; Published: June 15, 2021.
Reference information: J Clin Invest. 2021;131(12):e146776.
https://doi.org/10.1172/)C1146776.

Sepsis survivors exhibit impaired responsiveness to antigen (Ag) challenge associated with increased mortality from infection.
The contribution of follicular dendritic cells (FDCs) in the impaired humoral response in sepsis-surviving mice is investigated in
this study. We demonstrated that mice subjected to sepsis from cecal ligation and puncture (CLP mice) have reduced NP-specific
high-affinity class-switched Ig antibodies (Abs) compared with sham-operated control mice following immunization with the

T cell-dependent Ag, NP-CGG. NP-specific germinal center (GC) B cells in CLP mice exhibited reduced TNF-o. and AID mRNA
expression compared with sham-operated mice. CLP mice showed a reduction in FDC clusters, a reduced binding of immune
complexes on FDCs, and reduced mRNA expression of CR2, ICAM-1, VCAM-1, FcyRIIB, TNFR1, IKK2, and LTPR compared with
sham-operated mice. Adoptive transfer studies showed that there was no B cell-intrinsic defect. In summary, our data suggest
that the reduced Ag-specific Ab response in CLP mice is secondary to a disruption in FDC and GC B cell function.

16). FDCs express complement receptors (CRs) and Fc receptors,
which allow them to trap and retain ICs (17, 18). High-affinity B
cells receive survival and proliferation signals from FDCs, where-
as low-affinity B cells fail to receive these signals and undergo
apoptosis (19). High-affinity GC B cells internalize Ag and process
and display antigenic peptides to T follicular helper (Tfh) cells
in peptide-MHCII complexes, thereby receiving additional Tth-
derived survival signals (15).

It is well-documented that sepsis leads to impaired adap-
tive immune responses, including reduced Ag-specific humoral
responses (20-22). B and T cell defects have been demonstrated
in sepsis mice (21-23), but there are some less well-examined cell
types, including FDCs, the dysfunction of which may also con-
tribute to the overall defect. Some reports show that FDCs under-
go apoptosis at the onset of sepsis through a caspase-3-mediated
mechanism (24, 25). However, the contribution of FDC dysfunction
to the long-term impairment in Ab responses has not been explored.

The current study focused on the role of FDCs in mediating
impaired Ag-specific humoral responses in mice surviving sepsis
induced by cecal ligation and puncture (CLP mice). We demon-
strate that in the CLP model of polymicrobial sepsis of gastroin-
testinal origin, Ag-specific GC responses are impaired. CLP mice
showed compromised generation of NP-specific high-affinity
class-switched Abs, due to defective B cell differentiation, and
reduced PC and memory B cell formation. Adoptive transfer stud-
ies showed that these impairments were not B cell intrinsic.

CLP mice exhibited a reduced number of FDCs clusters,
reduced retention of ICs on the FDCs, and altered FDC gene
expression, suggesting that FDCs may be functionally compro-
mised in CLP mice. Our results suggest that FDC dysfunction may
be an appropriate therapeutic target to restore humoral immune
responses in sepsis survivors.

1


https://www.jci.org
https://doi.org/10.1172/JCI146776

:

RESEARCH ARTICLE

Results

TD Ab responses are impaired in CLP survivors. Polymicrobial sep-
sis was induced by using a CLP model. The perforation of cecum
releases fecal matter into the peritoneal cavity to generate polymi-
crobial infection. Approximately 30% of clinical sepsis is of gastro-
intestinal origin (26). Sepsis-surviving mice showed a progressive
clearance of bacteremia, such that 21 days after CLP no bacteria
were detectable in blood in all mice examined (n = 7). Bacteria
were still detected in the peritoneal cavity at day 22, but by day
28 after CLP when immunizations were performed, no bacteria
were detectable in 3 of 4 CLP mice examined. To confirm previ-
ous studies (20, 21) demonstrating a blunted Ag-specific humoral
response in sepsis-surviving mice, we immunized sham-operated
(sham) and CLP mice with the TD Ag, (4-hydroxy-3-nitrophenyl)
acetyl (NP) chicken y-globulin (CGG) (NP-CGG), in alum 4 weeks
after surgery. The experimental approach is shown in Figure 1A.
CLP mice exhibited minimal induction of both low-affinity (NP,;
Figure 1, B-D) and high-affinity (NP ; Figure 1, E-G) anti-NP-IgG,
-IgG1, and -IgG2c Abs compared with sham mice at day 7 after pri-
mary immunization (Figure 1, A-G). This was not merely a delayed
response, as titers failed to rise on days 14, 21, and 28. Our results
suggest that B cells in CLP mice fail to mount a GC response.

We also tested the TIresponse to NP by immunizing mice with
NP-ficoll. NP-ficoll-immunized CLP mice produced enhanced
serum anti-NP-IgM and -IgG Abs in response to TI immuniza-
tion, compared with sham mice (Figure 1, H and I), demonstrat-
ing that the defect in humoral responses in CLP mice is limited
to the response to TD. Of note, CLP mice exhibited an increase in
total serum IgG compared with sham mice (Supplemental Figure
1; supplemental material available online with this article; https://
doi.org/10.1172/JCI146776DS1), suggesting that the Ag-specific
response is impaired after sepsis.

Defective Ag-specific GC B cell differentiation and memory B cell
and PC formation in CLP survivors. The impaired production of
class-switched and high-affinity Ag-specific Abs seen in response to
a TD immunization in CLP mice, despite the intact response to a TI
Ag, prompted us to assess the GC response after NP-CGG immuni-
zation. GCs are critical sites for SHM, where high-affinity B cells are
selected and further differentiated into memory B cells and LLPCs.
After immunization with NP-CGG, mice produce predominately
NP-specific Abs of the IgG1 isotype (27). We therefore enumerated
GC and memory B IgG1 cells. The flow cytometry gating strategy
used to identify NP-specific GC and memory B cells is depicted
in Supplemental Figure 2. Flow cytometry revealed that the per-
centage of NP*IgG1* GC B cells was significantly reduced in CLP
mice compared with that in sham mice after immunization with
NP-CGG (Figure 2A). To confirm an impaired GC B cell response
in CLP mice, we performed sham or CLP surgery in SIpr2-ERT2cre-
tdTomato (tdTomato*) reporter mice to irreversibly mark GC B
cells with Tomato red (28) following treatment with tamoxifen.
The flow cytometry gating strategy for td Tomato* NP-specific [gG1*
GC B cells and the quantification are shown in Supplemental Fig-
ure 3, A and B. The percentage of tdTomato*NP*IgG1* GC B cells
was reduced in CLP mice compared with that in sham mice on day
14 after immunization (Supplemental Figure 3B), confirming a GC
defect. We also analyzed NP*IgG1* memory (non-GC) B cells. The
percentage of these cells was significantly reduced in CLP mice
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(Figure 2B) compared with that in sham mice. We next analyzed
PCs. The gating scheme for NP-specific PCs is shown in Supple-
mental Figure 4. The percentage of NP*IgG1*CD138* PCs was strik-
ingly diminished (Figure 2C) in immunized CLP mice compared
with that in immunized sham mice after immunization.

The number of NP-specific IgG-secreting PCs is lower in immunized
CLP mice. Having observed an impairment in NP-specific B cell
differentiation into memory B cells and PCs in CLP mice by flow
cytometry, we enumerated NP-specific Ab-secreting cells (ASCs)
by ELISpot assay. As expected, and consistent with low serum anti-
NP-IgG titers, there were fewer NP-specific IgG ASCs, both low-
affinity (NP,,) and high-affinity (NP,), in the spleens of CLP mice
compared with sham mice at day 14 after immunization (Figure 3, A
and B). We also examined LLPCs in the BM at day 56 after primary
immunization. Both low- and high-affinity NP-specific IgG ASCs
were almost absent in CLP mice and significantly less frequent than
in sham mice (Figure 3, C and D).

Activation-induced cytidine deaminase and TNF-a mRNA expres-
sion in NP-specific GC B cells is reduced in CLP mice. Activation-
induced cytidine deaminase (AID) enzyme activity is required for
both class-switch recombination and SHM of Ig genes and gener-
ation of high-affinity B cell clones (29). We therefore measured
the expression of AID in NP-specific GC B cells. We have shown
that CLP mice exhibit reduced serum TNF-o compared with sham
mice when challenged with LPS (30). Previous studies suggest
that AID expression is inducible and can be regulated by TNF-o
in an NF-kB-dependent manner (31). Therefore, we measured
TNF-0 mRNA expression in NP-specific GC B cells isolated from
sham and CLP mice. NP-specific GC B cells from CLP mice exhib-
ited a significant reduction in both AID (Figure 4A) and TNF-a
(Figure 4B) transcripts compared with sham mice (Figure 4, A and
B). Reduced AID expression in Ag-activated B cells in immunized
CLP mice may be due to reduced TNF-a expression.

In addition to TNF-o expression in splenic B cells, mRNA
expression for lymphotoxin a (LTa) and LT, which are required
for FDC development, was also analyzed. CLP mice and sham
mice had equivalent levels of LTa and LT in NP-specific GC B
cells (Figure 4, C and D).

Clusters of FDCs are differentially organized in CLP mice compared
with sham mice. FDC clusters are the nidus for the GC response (32).
Mature FDCs are key players in events such as class-switch recom-
bination, SHM, and affinity maturation, processes that are required
for efficient generation and selection of high-affinity Abs through
direct interaction with GC B cells (32, 33). LTa and LT are critical
to the generation of FDCs and TNF-a to the clustering of FDCs
(34-37). Moreover, it has been shown that FDCs can induce AID
expression in Ag-activated B cells (38). As NP-specific GC B cells
exhibit reduced AID and TNF-o expression, we assessed the num-
ber of FDC clusters in the spleens of sham and CLP mice. Immu-
nofluorescence staining with CD35, an FDC marker, revealed that
the number of FDC clusters was reduced in CLP mice compared
with that in sham mice (Figure 5, A and B). The gating strategy for
FDC is shown in Supplemental Figure 5A. Flow cytometry showed
no decrease in the percentage of FDCs (CD45TER119-CD31'B220"
ICAM-1*CD21/CD35") in the stromal cell population in CLP mice
compared with that in sham mice (Supplemental Figure 5B), sug-
gesting a dispersion of FDCs out of clusters.
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Figure 1. CLP survivors exhibit low levels of NP-specific TD IgG Ab after NP-CGG immunization and an intact response to Tl Ag, NP-ficoll. Sham and CLP
mice were immunized with NP-CGG in alum or NP-ficoll in PBS (single i.p. injection 4 weeks after surgery). Serum was analyzed for both low-affinity (NP,,)
and high-affinity (NP,) anti-NP Abs by NP,.- and NP,-BSA ELISAs, respectively. (A) Experimental approach. Time-dependent response of (B) low-affinity anti-
NP-IgG, (C) -1gG1, and (D) -1gG2c and (E) high-affinity anti-NP-IgG, (F) -1gG1, and (G) -IgG2c levels after NP-CGG immunization (n = 4-5, Sham+NP-CGG; n =5,
CLP+NP-CGG). (H) Low-affinity anti-NP, -IgM and (I) -1G response after NP-ficoll immunization (n = 9, Sham+NP-ficoll; n = 10, CLP+NP-ficoll). Data represent
mean + SEM from 1 or 2 independent experiments. Sham+NP-CGG vs. CLP+NP-CGG, *P < 0.05, **P < 0.01, and ****P < 0.0001 or Sham+NP-ficoll vs. CLP+NP-
ficoll, **P < 0.01 and ****P < 0.0001 (mixed-effects model restricted maximum likelihood).
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The binding of ICs on FDCs is reduced in CLP mice. Since the
clustering of FDCs was impaired in CLP mice, we next examined
whether their function was also impaired. One function of FDCs
is to present native Ag in the form of ICs to high-affinity GC B
cells for selection (15). To take advantage of intense phycoeryth-
rin (PE) immunofluorescence, polyclonal anti-PE IgG was pas-
sively administered to mice, followed 1 day later by injection of
PE to allow for the in vivo formation of ICs (Figure 5C). Immuno-
fluorescence staining in spleen sections 24 hours after PE injec-
tion showed that less PE localized to FDCs (CD35%) in CLP mice
compared with sham mice, as assessed by colocalization of CD35
and PE (Figure 5, D and E), suggesting that FDCs may have lower
expression of the CRs in CLP mice.

Altered gene expression in FDCs in CLP mice. To determine if
the poor trapping of ICs on FDCs of CLP mice reflected reduced
expression of CR2, we analyzed mRNA expression of CR2 in isolat-
ed FDCs. CR2 transcripts were significantly decreased in FDCs of

FDC function in CLP mice.
TNF-a neutrvalization results in impaired Ab response to
TD Ag. To ask whether reduced TNF-a might be a major
contributor to the impaired generation of a GC response
in CLP mice, we treated WT mice with anti-TNF-o. Ab
and immunized them with NP-CGG. We observed almost
no FDC clusters in anti-TNF-o-treated mice compared with iso-
type control-treated (Ctrl-treated) mice (Supplemental Figure 6A).
NP-specific anti-NP-IgG (low- and high-affinity) levels were also
significantly reduced in anti-TNF-o-treated mice compared with
isotype Ctrl-treated mice (Supplemental Figure 6, B and C).

B cells from CLP mice are competent to respond to Ag. To ask
whether sepsis-induced changes in B cells rendered them less
capable of interacting with FDCs, we adoptively transferred B
cells from sham or CLP mice to Ragl-KO mice along with CD4*
T cells from WT C57BL/6] (Ctrl) mice. Twenty-one days after B
and T cell transfer, we immunized Ragl-KO mice with NP-CGG.
RagI-KO mice given B cells from either sham or CLP mice exhib-
ited an equivalent anti-NP-IgG response (Figure 7, A and B). Thus,
B cells from CLP mice were not impaired in their ability to make
anti-NP-IgG Ab (both low- and high affinity) compared with B
cells from sham mice (Figure 7, A and B). In addition, RagI-KO
mice reconstituted with B cells from CLP mice showed restoration
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of FDC clusters similar to RagI-KO mice reconstituted with B cells
from sham mice (Figure 7, C and D). This result suggests that CLP
mice have defective FDC function that fails to support the normal
differentiation of B cells in a GC response.

Discussion

We have provided evidence in this study for the contribution of
FDCs to the impaired Ag-specific GC B cell humoral responses in
sepsis-surviving mice. We demonstrated that CLP mice are severely
impaired in their ability to mount an Ab response on primary immu-
nization with the TD Ag, NP-CGG, limiting their ability to produce
high-affinity class-switched NP-specific Abs or to generate LLPCs
and memory B cells. FDCs of CLP mice showed reduced retention
of ICs. Of note, the transfer of B cells from CLP mice together with
T cells from an unmanipulated mouse into RagI-KO mice led to
reconstitution of FDC clusters and an anti-NP-IgG response sim-
ilar to that observed in sham mice following immunization. Thus,
our data demonstrate that the impairment in TD humoral respons-
es in CLP mice was not due to primarily intrinsic defects in the B
cell compartment, but rather to FDC dysfunction. While a minority
of CLP mice display persistent bacteria in the peritoneal cavity at
the time of immunization, this cannot account for the impaired Ab
response that was observed in all CLP mice.

Sepsis-associated mortality continues after the acute episode
and hospital discharge (41). Adult sepsis-surviving patients have
humoral immune impairments, as manifested by increased sus-
ceptibility to infections and a poor response to vaccinations for
influenza or pneumococcus (42-45). Our data, therefore, may
help explain the clinical scenario. CLP mice have a compromised
humoral immunity when challenged with live influenza A virus
(21). Therefore, reduced Ab response following Ag challenge in
CLP mice is consistent with previously reported data (20, 21). We
expanded on this observation showing that CLP mice can produce
an enhanced response to TI immunization with NP-ficoll, corrobo-
rating that the defect is specific to a TD response.

J Clin Invest. 2021;131(12):e146776 https://doi.org/10.1172/)CI146776

High affinity
NP, IgG splenocytes

NP, IgG bone marrow

* % °

RESEARCH ARTICLE

Figure 3. Numbers of NP-specific IgG-
secreting PCs are reduced in CLP mice.
Sham and CLP mice 4 weeks after surgery
were immunized with NP-CGG in alum
(single i.p. injection) and cells were collect-
ed on days 14 (for splenocyte analysis) and
56 (for BM analysis) after primary immu-
nization. ELISpot assays of anti-NP-IgG
ASCs in the spleen and BM of immunized
sham and CLP mice using NP, - and NP -
BSA as coating Ags. (A) Low-affinity
NP,,-1gG* spots and (B) high-affinity NP,-
IgG* spots in splenocytes at day 14
(n =10, Sham+NP-CGG; n = 8, CLP+NP-
CGG). (€) Low-affinity NP,,-1gG* spots and
Sham+NP-CGG (D) high-affinity NP,-IgG+ spots in BM cells
° at day 56 after primary immunization (n =
¢ CLP+NP-CGG 13 Sham+NP-CGG; n =T, CLP+NP-CGG).
Data are shown as mean + SEM from 2
independent experiments. Sham+NP-CGG
vs. CLP+NP-CGG, *P < 0.05 and **P < 0.01
(Mann-Whitney U test).

e Sham+NP-CGG
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Our results show that CLP mice have reduced GC response and
Ig heavy chain class switching after TD immunization, resulting
in minimal high-affinity IgG Ab production. Memory B cells and
LLPCs persist for long periods of time in the BM generating life-long
protective humoral immunity following infection and TD immune
responses (13, 46). Our data show that NP-specific memory and PCs
fail to increase in sepsis-surviving mice. A previous study (21) report-
ed that reduced Ab production in CLP mice challenged with Ag is
due, in part, to insufficient help from Tth cells, leading to scarce B
cell differentiation and class switching. It has now become apparent
that presentation of membrane-bound Ag by FDCs plays a crucial
role in B cell activation, particularly during B cell affinity maturation
(8). The data we present here importantly extend our understanding
of why there is an impaired response to TD immunization.

Our previous study (30) demonstrated that CLP mice exhibit-
ed reduced serum TNF-a following LPS challenge. B cells are the
source of TNF-a that triggers FDC clustering and maturation (34).
Our observation that TNF-a expression is reduced in CLP mice led
us to investigate whether FDC clustering is impaired in CLP mice.
Interestingly, we observed reduced numbers of FDC clusters in
CLP mice compared with sham mice. In the GC, FDCs internalize
Aginto anondegradative cycling endosomal compartment where it
is retained for extensive periods (47). as one of the important func-
tions of FDCs is to present unprocessed Ag to B cells for selection,
we tested the ability of FDCs to trap ICs in sham and CLP mice and
found that FDCs were less effective at retaining ICs in CLP mice
compared with sham mice. Our results indicate that the expression
of CR2 and FcyRIIB, both of which are responsible for trapping
ICs, is lower in FDCs of CLP mice than sham mice, suggesting one
possible reason why FDCs in CLP mice exhibit reduced trapping of
ICs. However, the possibility cannot be omitted that FDCs in CLP
mice may be preoccupied with microbial Ags, and increased com-
petition among ICs may reduce presentation of a particular Ag.

TNFRI is required for formation of the FDC network (39) and
LTBR for maintenance of mature FDCs (34, 48). It has been proposed
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that signaling through TNE/TNFR1/TLR4 activates the classical
or canonical NF-kB pathway involving the IKK2/NEMO complex,
leading to nuclear translocation of p50:RelA heterodimers, while
LTBR/B cell activating factor-R/CD40 signals through both classical
and alternative or noncanonical IKK1/p100/NF-kB pathways (49).
FDCs lacking IKK2 activated downstream of TNFR1 fail to upregu-
late adhesion molecules, such as ICAM-1 and VCAM-1, impairing GC
function (39). Our present findings suggest that reduced TNE/TNFR1
signalingleads to disrupted clusters of FDCs in CLP mice. We propose
that the reduced expression of ICAM-1 and VCAM-1 that we observe
on FDCs in CLP mice may be due to reduced expression of IKK2.
ICAM-1and VCAM-1on FDCs are crucial for the physical association
between FDCs and GC B cells (50), which enables FDCs to deliver
survival signals to GC B cells (51). There is a possibility that reduced
expression of these molecules in CLP mice may result in decreased
survival of GC B cells. Previous studies have also shown that FDCs
affect class switching and affinity maturation by promoting AID
expression in GC B cells (38), and its expression is strongly reduced
in FDCs lacking IKK2 (39). Of note, we showed that expression of
AIDis also reduced in GC B cells of CLP mice. As LTa signals through
TNFR1, LTo-mediated TNFR1 signaling may also be compromised
in sepsis-surviving mice and may cooperate in mediating poor FDC
clustering (52). While, we have not observed a change in LTa expres-
sion between sham and CLP mice, we suggest that TNFR1 reduction
in FDCsis critical for impaired development of FDC networks in CLP
mice. Buttressing this argument, we have further shown that Ab neu-
tralization of TNF-a in normal mice results in loss of FDC clusters
and thus impairs Ag-specific IgG responses comparable to what we
observe in CLP mice. After the initial generation of FDCs, sustained
signaling from LTBR is required to maintain them in a fully differenti-
ated and functional state (48). As we observed reduced expression of
LTBR in CLP mice, there is a possibility that CLP mice might not have
FDCs with a fully matured phenotype.

It has been shown that FDCs fail to develop in Ragl-KO mice,
where B and T cells are absent; however, the FDC network does
develop following reconstitution of the mice with B and T cells (36,
53). To determine whether B cells are responsible for the reduced
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Figure 4. AID and TNF-o expression in NP-specific
GC B cells is reduced while there is no change in
LTa and LTP expression in immunized CLP mice.
(A) AID (n = 8, Sham+NP-CGG; n =10, CLP+NP-CGG),
(B) TNF-a, (C) LTa, and (D) LTP mRNA expression
was assessed by gqRT-PCR in flow-sorted NP* GC B
cells of sham and CLP mice at day 14 after immuni-
zation with NP-CGG (n = 9, Sham+NP-CGG; n =10,
CLP+NP-CGG). Data represent mean + SEM from

3 independent experiments. Sham+NP-CGG vs.
CLP+NP-CGG, *P < 0.05 (Mann-Whitney U test).

Sham+NP-CGG
CLP+NP-CGG

Sham+NP-CGG

CLP+NP-CGG induction of Abs in CLP mice, we transferred

B cells from CLP mice into RagI-KO mice.
Transfer of B cells from CLP mice led to a
restoration of FDC networks and an intact pri-
mary B cell response following immunization.
Since transfer of B cells from CLP miceled toa
restoration of FDC networks and an intact pri-
mary B cell response following immunization,
the effect of sepsis on the subsequent Ag-specific Ab responses is
likely secondary to alterations in the microenvironment. Previously,
we have shown that constitutive activation of vagus nerve signaling
leads to reduced serum TNF-a responses following LPS challenge
in CLP mice (30). This reflects a decrease in macrophage-derived
TNF-a. We speculate that sustained vagus nerve activation in CLP
mice might be responsible for the low B cell TNF-a and impaired
FDC function, leading to suppressed Ag-specific Ab responses.
In conclusion, we have shown here that FDC dysfunction leads
to an immunosuppressed phenotype in sepsis-surviving mice.

Methods

Mice and immunization. C57BL/6] and Ragl-KO (B6.129S7-Ragl <
tm1Mom>/]) male mice (6-8 weeks old) were purchased from The
Jackson Laboratory. SIpr2-ERT2cre (28) mice were provided by Tomo-
hiro Kurosaki (Osaka University, Osaka, Japan) and bred with Rosa26""
tdtomato mice (The Jackson Laboratory) at the Feinstein Institutes for
Medical Research for generation of “SIpr2-ERT2cre-td Tomato mice.”
All mice were housed under specific pathogen-free conditions at room
temperature (22°C) and a 12-hour-light/dark cycle with access to chow
diet and water. For immunizations, mice were immunized with 100 pg
NP, -CGG or CGG (Biosearch Technologies) precipitated in 100 pL
Imject alum (Thermo Scientific) or 50 pg NP_-ficoll (Biosearch Tech-
nologies) in 100 pL PBS (Corning) by i.p. injection. Mice were sacri-
ficed at the time points indicated in Results, and serum and cells were
obtained. Serum was obtained by submandibular bleeding.

CLP procedure. Mice were subjected to CLP as described previous-
ly (30), with 30%-50% mortality. CLP was performed under isoflu-
rane anesthesia, and the local anesthetic bupivacaine 0.25% (1-2 mg/
kg) was administered by s.c. injection. A single dose of buprenorphine
(0.05 mg/kg s.c.) was administered to mice before midline incision.
The cecum was isolated and ligated with 4-0 silk sutures below the ile-
ocecal valve and then punctured once with a 22-gauge needle. Approx-
imately 1 mm of feces was extruded, the cecum was placed back to the
abdominal cavity, and then the abdominal muscle layer was closed with
6-0 PDS II sutures followed by skin layer closure with medical-surgical
clips. In sham mice, the cecum was exposed but no ligation or puncture
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Figure 5. CLP mice have disrupted FDC clusters and reduced retention of ICs on FDCs. (A) Representative whole spleen sections from sham and CLP mice stained
for CD3, B220, and CD35 6 weeks after surgery. Whole spleen images acquired by stitching tiled images. Original magnification, x20; scale bar: 500 um. (B) Quan-
tification of FDC clusters from sham and CLP mice (n = 6, Sham; n = 9, CLP). (C) Experimental approach. (D) Representative spleen sections showing localization
of PE-IC (red) on FDC (green) after 24 hours of immunization. Original magnification, x20; scale bar: 200 pum. (E) Quantification of colocalization signal (yellow) in
sham and CLP mice (n =7, Sham; n =7, CLP). Data represent mean + SEM from 2 independent experiments. *P < 0.05; ***P < 0.001 (Mann-Whitney U test).

was performed. Both sham and CLP mice received 1 dose of antibiotics
(imipenem/cilastatin; 0.5 mg/kg s.c.) and a single dose of sterile saline
(0.5 mL/mouse s.c.) after surgery. The use of analgesics, antibiotics,
and fluid resuscitation adhered to the MQTiPSS guidelines. Mice were
monitored daily for survival and evaluated using the mouse grimace
scale twice per day for the first 3 days followed by once per day for up
to 7 days after surgery. At various time intervals, bacterial counts from
blood (10-fold dilution in saline) and peritoneal lavage fluid (2 mL of
PBS) were determined by culturing 100 pL aliquots of serial dilutions
on agar plates containing 3.7% w/v brain-heart infusion broth (BD) and
1.5% w/v agar (BD). Plates were incubated at 37°C for 24 hours. Colo-
nies were counted and are expressed as colony-forming units per mL
blood or peritoneal lavage fluid (54).

ELISA and ELISpot assay. Serum levels of NP-specific or total Abs
were measured by ELISA. Briefly, half-area 96-well flat-bottom plates
(Corning) were coated with 10 ug/mL NP,- or NP,-BSA (Biosearch
Technologies) or 5 ug/mL of goat anti-mouse IgG (Southern Biotech)
in PBS overnight at 4°C. Plates were then washed with 0.05% Tween
20 (Fisher Scientific) in PBS and blocked with 1% BSA (Roche) in PBS
for 1-2 hours at room temperature. Sera were diluted in 0.2% BSA in
PBS (1:1500 for anti-NP-IgG, -IgG1, or -IgM; 1:100 for anti-NP-IgG2c;

J Clin Invest. 2021;131(12):e146776 https://doi.org/10.1172/JC1146776

1:20,000 for total IgG) and incubated for 2 hours at room tempera-
ture. After washing, the plates were incubated with alkaline phospha-
tase-labeled (AP-labeled) goat anti-mouse IgG, IgG1, IgG2c, or IgM
(1:1000; Southern Biotech) for 1 hour at room temperature, followed
by detection using 1 mg/mL phosphatase substrate (MilliporeSigma)
in substrate buffer (50 mM NaHCO,, Fisher Scientific; 1 mM MgCL,,
MilliporeSigma). The plates were read at 405 nm on a 1430 Multilabel
Counter Spectrometer (PerkinElmer).

For ELISpot assays, 96-well Immulon 4HBX plates (Thermo Sci-
entific) were coated with 10 pg/mL NP- or NP,.-BSA in PBS overnight
at 4°C. Plates were then washed and blocked with culture medium for
1 hour at 37°C. Cells were added to wells as serial 1:2 dilutions in fresh
culture medium consisting of RPMI (Gibco) with 10% FBS, 100 U/
mL penicillin (Pen) and 100 pg/mL streptomycin (Strep) (both from
HyClone), 10 mM HEPES, and 55 uM B-mercaptoethanol (both from
Gibco). Plates were briefly spun to settle cells to the bottom and incu-
bated at 37°C in 5% CO, incubator overnight. After washing, plates
were incubated biotinylated goat anti-mouse IgG (1:600; Southern
Biotech) for 2 hours at 37°C, followed by streptavidin-conjugated
AP (1:1000; Southern Biotech) for 1 hour at 37°C. For detection, 1
mg/mL substrate (5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine
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Figure 6. FDC gene expression is altered in CLP mice. (A) CR2 (n =13, Sham; n =14, CLP), (B) ICAM-1 (n = 14, Sham; n = 14, CLP), (C) VCAM-1 (n = 14, Sham;

n =15, CLP), (D) FcyRIIB (n =14, Sham; n =15, CLP), (E) TNFR1 (n =14, Sham; n =15, CLP), (F) IKK2 (n = 14, Sham; n =15, CLP), and (G) LTBR (n =13, Sham; n =
15, CLP) mRNA expression was assessed by gRT-PCR in flow-sorted FDCs of sham and CLP mice at 4 weeks after surgery. Data represent mean + SEM from
3 independent experiments. Sham vs. CLP, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Mann-Whitney U test).

salt, MilliporeSigma) in substrate buffer (0.75 mM MgCl,; 0.01% Tri-
ton X-100, MilliporeSigma; 9.58% 2-amino-methyl-1 propanol, Milli-
poreSigma) was used. After development of spots at room temperature,
plates were rinsed with distilled H,O and air dried. Spots were counted
manually under a light microscope (Olympus CK40-F100) (55).

Cell isolation. Single-cell suspensions were obtained from spleens
as described previously (30) by standard procedures and red blood
cells (RBC) were lysed using RBC lysis buffer (BioLegend). For FDC
isolation, spleens were harvested from sham and CLP mice at 4 weeks
after surgery, minced, and transferred to 6-well plates containing 2 mL
of digestion medium (DMEM-high glucose [MilliporeSigma] + 2% FBS
+ HEPES + Pen/Strep + Sodium pyruvate [Gibco] and 1 mg/mL Col-
lagenase D [MilliporeSigmal), 100 pg/mL DNase I (MilliporeSigma),
and 0.6 U Dispase II (MilliporeSigma) and incubated for 15 minutes at
37°C in a humidified CO, incubator. Tissue was pipetted up and down
10 times and incubated another 15 minutes with 2 mL of fresh digestion
medium. Cell suspensions were passed through a 100 pm nylon cell
strainer (Fisher) and resuspended in complete DMEM containing 10%
FBS and 5 mM ethylene-diaminetetraacetic acid (EDTA; Invitrogen).
Cells were spun down and resuspended to 1 x 107 cells/mL in magnet-
ic activated cell sorting (MACS) buffer with 7 puL anti-CD45 MACS
microbeads (Miltenyi) and incubated for 15 minutes at 4°C. Cells were
washed with MACS buffer and resuspended again in MACS buffer and
loaded onto a LS column (Miltenyi) to deplete CD45* cells. After deple-
tion of CD45" cells, stromal cells were stained with Abs for phenotyp-
ing and sorting for further isolation of FDCs (56, 57).

BM cells were isolated as described previously (58) from both
tibias and femurs of sham and CLP mice. Briefly, after removal of
the condyles using a scissor to expose the metaphysis, the tibias and
femurs were placed into 0.5 mL microcentrifuge tubes punched with
18-gauge needle at the bottom, and the tubes were nested in an intact
1.5 mL centrifuge tube, followed by centrifugation at 10,000g for 15
seconds. The collected BM cells were used for ELISpot assay.

Flow cytometry and sorting. For GC or memory B cell and PC
staining, splenocytes were first blocked with Fc block (rat anti-mouse
CD16/CD32; clone 24. G2; BD Biosciences) for 5 minutes at room
temperature. Cells were then incubated with anti-mouse Abs: BV421-
CD95 (clone Jo2;1:100), FITC-GL7 (clone GL7;1:100), PE-IgD (clone
11-26¢.2a; 1:500), and PE-CD138 (clone 281-2; 1:500) (all from BD
Biosciences); PE/Cy7-1gG1 (clone RMG1-1; 1:200; BioLegend); Per-
CP-Cy5.5-B220 (clone RA3-6B2; 1:300), PE-eFluor 610-IgM (clone
11/41; 1:250), and Fixable Viability Dye-eFluor 506 (FVD-eFluor 506)
(all from Thermo Fisher Scientific) in flow cytometry staining buffer
(FACS) (HBSS containing 2% FBS and 1 mM EDTA) for 30 minutes
on ice. Cells were washed twice with FACS buffer. FVD-eFluor 506
was added during staining with cell surface Abs. For intracellular
staining, cells were fixed and permeabilized with the Transcription
Factor Staining Buffer Set (eBioscience) according to the manufac-
turer’s instructions. After permeabilization, cells were stained with
anti-Ig Abs or NP -BSA-biotin (Biosearch Technologies) dissolved in
permeabilization buffer and incubated for 30 minutes on ice. Cells
were washed and fixed in 1% paraformaldehyde (MilliporeSigma).
Flow cytometric acquisition was performed on a BD Fortessa (BD Bio-
sciences). Analysis was performed using FACS Diva (BD Biosciences)
and Flow]Jo software v10.6.1 (Tree Star).

Staining of NP-specific B cells from immunized mice was per-
formed as previously described (59). Briefly, NP -BSA-biotin was pre-
incubated with streptavidin-APC (Thermo Fisher Scientific) on ice for
30 minutes, after which cells were incubated with NP -BSA-biotin +
streptavidin-APC on ice for 30 minutes.

For sorting of FDCs for mRNA expression studies, CD45 stromal
cells were stained as described above with anti-mouse Abs: PerCP-CD45
(clone 30-F11;1:100) and PE-Cy7-CD21/CD35 (clone 7E9; 1:200) (both
from BioLegend); BV510-B220 (clone RA3-6B2;1:100) and FITC-CD31
(clone MEC 13.3;1:200) (both from BD Biosciences); and PE-eFluor 610-
TER-119 (clone TER-119; 1:200), PE-ICAM-1 (clone YN1/1.7.4; 1:200),
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Figure 7. B cell transfer from either sham or CLP mice into Rag7-KO mice leads to normal anti-NP Ab response and restoration of FDC clusters. B cells
isolated from sham or CLP mice at 4 weeks after surgery together with CD4* T cells from WT mice were transferred into Rag7-KO mice. After 21 days of recon-
stitution, mice were immunized with NP-CGG in alum and serially bled up to day 21 of immunization. Time-dependent (A) low-affinity anti-NP,, IgG and (B)
high-affinity anti-NP, IgG response in Rag7-KO mice (n =10, Sham+NP-CGG; n = 10, CLP+NP-CGG). Data represent mean + SEM from 2 independent experi-
ments. Sham+NP-CGG vs. CLP+NP-CGG (2-way repeated-measures ANOVA). Spleens were harvested at day 21 following immunization, and frozen sections
were stained for CD3, B220, and CD35. (€) Representative whole spleen sections from Rag7-KO mice receiving B cells from sham or CLP mice. Whole spleen
images acquired by stitching tiled images. Original magnification, x20; scale bar: 500 um. (B) Quantification of FDC clusters in Rag7-KO mice (n = 6, Sham+NP-
CGG; n =5, CLP+NP-CGG). Data represent mean + SEM from 1 of 2 independent experiments. Sham+NP-CGG vs. CLP+NP-CGG (Mann-Whitney U test).

and FVD-eFluor 780 (all from Thermo Fisher Scientific). FDCs were
sorted with a 100 uM nozzle into buffer containing HBSS with 20% FBS.

For sorting of NP-specific GC B cells for mRNA expression, total
splenocytes were stained with Abs as described above. NP* GC B cells
were isolated after sorting.

Cell sorting was performed on a FACS Aria (BD Biosciences).
Freshly sorted NP-specific GC B cells or FDCs were pelleted and stored
in TRIzol reagent (Life Technologies) at —~80°C until RNA isolation. The
gating strategy for all panels and catalogs of Abs are provided in Supple-
mental Figures 2-5 and Supplemental Table 1.

Immunofluorescence. Spleens were fresh-frozen with dry ice, embed-
ded in O.C.T. compound (Tissue-Tek; Fisher), and kept at —-80°C until
processing. Cryosections were prepared at 10 um thickness using a Lei-
ca 3050s cryostat (Leica Biosystems Inc.) and air dried on glass slides.
Slides were fixed inice-cold acetone (Fisher) for 10 minutes and air-dried
for 5 minutes. All incubations were performed in a humidified chamber.
Slides were washed 3 times in PBS and blocked with 8% normal goat
serum (Abcam) for 30 minutes. Biotin-conjugated rat anti-mouse CD35
(clone 8C12; 1:100; BD Biosciences), APC-conjugated hamster anti-
mouse CD3e (clone 145-2C11; 1:100; BD Biosciences), and eFluor 450-
conjugated rat anti-mouse B220 (clone RA3-6B2;1:200; Thermo Fisher
Scientific) were diluted in PBS containing 0.1% Tween 20 and incubated

J Clin Invest. 2021;131(12):e146776 https://doi.org/10.1172/)CI146776

overnight at 4°C. The next day, slides were washed 3 times in PBS and
incubated with streptavidin-conjugated Alexa Fluor 568 (strep-AF 568)
(1:500; Thermo Fisher Scientific) for 45 minutes at room temperature.
Slides were washed 3 times in PBS, dried, and mounted in Vectashield
Antifade Mounting Medium (Vector Laboratories). Slides were visual-
ized through a Zeiss LSM880 Confocal microscope. Images were ana-
lyzed and quantified by using the Zen Blue software (Zeiss).

In vivo generation of PE-ICs. Mice were passively immunized with
100 pg rabbit anti-PE IgG (Rockland Immunochemicals) by retro-orbital
L.v. injection. Twenty-four hours later, mice received 10 pg B-PE (Invit-
rogen) 1.p., and at 48 hours later (24 hours after injection of B-PE), mice
were sacrificed, spleens were frozen and cut, and sections were stained
as described above, with the exception that strep-AF 488 (1:500) was
used instead of strep-AF 568 (60).

Treatments. tdTomato expression in SIpr2-ERT2cre-td Tomato mice
was induced by i.p. administration of 2 mg tamoxifen (MilliporeSigma)
in 100 puL of corn oil (MilliporeSigma) once per day for 3 consecutive
days starting at day 11 after NP-CGG immunization (days 11-13). Mice
were sacrificed at day 14 of immunization (28).

For in vivo neutralization of TNF-o, LEAF-purified anti-mouse
TNF-o (clone MP6-XT22) or rat IgGl, « isotype Ctrl (clone RTK2071)
(BioLegend) (250 pg per mouse in 250 pL PBS i.p.) was administered

:


https://www.jci.org
https://doi.org/10.1172/JCI146776
https://www.jci.org/articles/view/146776#sd
https://www.jci.org/articles/view/146776#sd
https://www.jci.org/articles/view/146776#sd

RESEARCH ARTICLE

to WT C57BL/6] mice; 48 hours later, mice were immunized with
NP-CGG (100 pg) in alum (100 pL), in a single i.p. dose. Mice received
anti-mouse TNF-o or isotype Ctrl (250 pg /250 pL PBS, i.p.) 48 hour
before and beginning on the day of immunization and on every third
day until they were sacrificed at day 14 after immunization.

Adoptive transfer of B and CD4* T cells. The purification of B and
CD4" T cells for reconstitution experiments was performed using
Easysep mouse Pan-B cell isolation kit and EasySep mouse CD4* T
cell isolation kit, respectively (Stem Cell Technologies), according to
the manufacturer’s instructions. Purified B cells (10 x 10°) from sham
or CLP mice and CD4* T cells (2.5 x 10¢) from WT C57BL/6] mice
were transferred by retro-orbital i.v. injection into unirradiated Ragl-
KO mice. After 21 days of reconstitution, mice were immunized with
NP-CGG precipitated in alum. Mice were serially bled after immuniza-
tion to quantify anti-NP IgG response. Mice were sacrificed at day 21 of
immunization, spleens were frozen and cut, and sections were stained
as described above (36).

RNA isolation and cDNA synthesis. RNA isolation was performed
using the Direct-zol RNA Microprep kit (Zymo Research) according
to the manufacturer’s instructions. Freshly isolated RNA was reverse
transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad)
according to the manufacturer’s instructions.

Quantitative real-time PCR. All TagMan assays were purchased
from Thermo Fisher Scientific. TagMan assays used were as fol-
lows: TNF-0. (MmO00443258 m1), AID (MmO01184115 ml), LTa
(MmO00440228 gH), LTp (MmO00434774 gl), CR2 (MmO00801681_
m1), FcyRIIB (MmO00438875 m1), LTBR (Mm00440235 m1), TNFR1
(MmO00441883_gl), IKK2 (MmO01222247 m1), VCAM-1(Mm01320970_
ml), and ICAM-1 (MmO00516023 m1). cDNA was first subjected to pre-
amplification for HPRT and respective genes using the TagMan PreAmp
Master Mix Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Real-Time PCR reactions were performed on a
LightCycler 480 II (Roche) using master mix consisting of LightCycler
480 Probes Master (Roche), TagMan assay, and cDNA PreAmp sam-
ples. Reactions were performed in duplicate. In all experiments, mRNA
levels were normalized to the levels of the endogenous Ctrl HPRT
(Mm03024075_m1), and relative expression was calculated by 27,
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Statistics. For comparisons of 2 groups, we used the Mann-Whitney
U test. For more than 2 groups, we used 1-way ANOVA with Tukey’s post
hoc test. For time course experiments (with multiple measurements for
each mouse) without missing data, 2-way repeated-measures ANOVA
was used. In cases where some data was missing, a mixed-effects model
restricted maximum likelihood was performed. Pvalues of less than 0.05
were considered significant. Results are presented as the mean + SEM.
Statistical analysis was performed with GraphPad Prism 8.

Study approval. All procedures were carried out in strict accordance
with recommendations in the Guide for the Care and Use of Laboratory Ani-
mals (National Academies Press, 2011). The protocols were approved by
the Institutional Animal Care and Use Committee of the Feinstein Insti-
tutes for Medical Research.
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