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SUMMARY

Germinal centers (GC) are crucial for the formation of long-lived humoral immunity. Many 

pathogens suppress GC, including Salmonella enterica serovar Typhimurium (STm), but the 

mechanisms driving suppression remain unknown. We report that neither plasmablasts nor STm-

specific B cells are required for GC suppression in mice. Rather, we identify that interleukin-12 

(IL-12), but not interferon-γ (IFN-γ), directly suppresses T follicular helper (Tfh) cell 

differentiation of T cells intrinsically. Administering recombinant IL-12 during nitrophenyl-

Chicken Gamma Globulin (NP-CGG) immunization also suppresses Tfh cell differentiation and 

GC B cells, indicating that IL-12 is sufficient to suppress Tfh cell differentiation independent of 

STm infection. Recombinant IL-12 induces high levels of T-bet, and T-bet is necessary for Tfh cell 

suppression. Therefore, IL-12 induced during STm infection in mice contributes to GC 

suppression via suppression of Tfh cell differentiation. More broadly, these data suggest that IL-12 

can tailor the proportions of humoral (Tfh cell) and cellular (T helper type 1 [Th1] cell) immunity 

to the infection, with implications for IL-12 targeting therapies in autoimmunity and vaccination.

In Brief

Salmonella infection inhibits germinal centers. Elsner et al. show that infection-driven IL-12 

induced high T-bet expression in T cells, thereby suppressing Tfh cell differentiation. 

Administering recombinant IL-12 in the absence of infection recapitulated these effects. IL-12 

thus regulates Tfh cell versus Th1 cell balance, contributing to germinal center suppression during 

Salmonella infection.
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INTRODUCTION

Germinal centers (GC) are tightly regulated niches that support affinity maturation of 

antibodies and the generation of memory B cells and long-lived plasma cells, hallmarks of 

humoral immunity. Multiple pathogens of diverse classes induce poor or delayed GC 

responses, which could represent either a pathogen-evasion or host-adaptation strategy 

(Nothelfer et al., 2015). In either case, the consequences are significant with respect to the 

establishment of long-lived memory B cell and plasma cell compartments, both of which are 

thought to derive chiefly from the GC (Weisel and Shlomchik, 2017). In mouse models of 

Salmonella enterica serovar Typhimurium (STm) infection, the B cell response is composed 

of unusually low-affinity short-lived plasmablasts (PBs) (Di Niro et al., 2015), and GC 

formation is delayed until host immunity controls the infection (Cunningham et al., 2007; 

Nanton et al., 2015), typically many weeks. For this and some other infection models, if an 

unrelated immunization is given during infection, the GC response induced by immunization 

is also reduced, thus demonstrating that GC are dominantly suppressed during these 

infections (Elsner et al., 2015; Fallet et al., 2016; Nanton et al., 2015; Nothelfer et al., 2015; 

Racine et al., 2010; Ryg-Cornejo et al., 2016; Sammicheli et al., 2016).

The mechanisms by which STm suppresses GC responses have not been elucidated, yet they 

have high relevance to public health and vaccine design. Non-typhoidal and typhoid STm 

globally account for over 100 million cases of disease and nearly 1 million deaths annually 

(Crump et al., 2004; Keestra-Gounder et al., 2015; Majowicz et al., 2010). Molecular typing 
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of bacterial isolates provided evidence of reinfection and implies poor development of 

immune memory in these cases (Okoro et al., 2012).

There are multiple ways by which GC responses could be suppressed in the context of STm 

infection. STm has been shown to infect B cells in a B cell receptor (BCR)-specific manner 

(Rosales-Reyes et al., 2005; Souwer et al., 2012), and STm encodes multiple secretion 

systems that inject bacterial effector proteins to modulate host cell functions (Galán et al., 

2014; LaRock et al., 2015); hence, it could directly reprogram responsive B cells. 

Alternatively, the large number of PBs induced by the infection could secrete suppressive 

antibodies or cytokines (Hess et al., 2013) or simply reflect the differentiation of all STm-

specific B cells to PBs at the expense of GCs. Potentially consistent with this hypothesis, 

mouse infection with lymphocytic choriomeningitis virus (LCMV) clone 13 inhibits early B 

cell responses through type I interferon (IFN)-mediated deletion of activated B cells and 

possibly through terminal differentiation into short-lived PBs (Fallet et al., 2016; Moseman 

et al., 2016; Sammicheli et al., 2016). GCs could also be suppressed indirectly, since GC 

formation relies on many migration molecules and cell-cell contacts. Lymph node 

architecture is disrupted after injection of STm (St John and Abraham, 2009), but this does 

not explain GC suppression, because disruption requires STm lipopolysaccharide (LPS) and 

host TLR4 expression, but knocking out TLR4 or MyD88 does not restore GCs (Di Niro et 

al., 2015).

Another target for GC disruption by STm could be T follicular helper (Tfh) cells (Butler and 

Kulu, 2015; Vinuesa et al., 2016). STm is known to target T cell function via several 

pathways (Kullas et al., 2012; Ertelt et al., 2011; Srinivasan et al., 2009). During STm 

infection, high-affinity T cells responding to even a bystander antigen (Ag) contract at a 

much faster rate and magnitude in infected mice, an effect termed “T cell culling” (Ertelt et 

al., 2011; Srinivasan et al., 2009). Other groups have reported that conventional CXCR5+ 

PD-1hi CD4+ Tfh cells are not observed during STm infection (Lee et al., 2011; Trüb et al., 

2017). PD-1low CXCR5low T cells isolated from STm infection express transcripts 

associated with T helper type 1 (Th1) cell more than Tfh cell differentiation (Trüb et al., 

2017). Th1 and Tfh cells appear to bifurcate from common precursors, and Tfh cell 

differentiation can be repressed by multiple Th1 cell signals (Lönnberg et al., 2017; 

Nakayamada et al., 2011; Shaw et al., 2016; Weinmann, 2014). Hence, skewing toward a 

Th1 cell response by as-yet-undefined mechanisms could be another way by which STm 

suppresses the overall GC response.

Given these multiple potential and nonexclusive pathways by which STm could suppress the 

GC response, we undertook a systematic and comprehensive study to address these via a 

combination of cell transfer, genetic, chimera, and in vivo infusion studies. We found that 

STm elicits a host response environment that is required for GC suppression and that this 

acts on Tfh cell differentiation by a previously unreported mechanism. We report here that in 

a strongly Th1-cell-dominant immune response, interleukin-12 (IL-12) suppresses Tfh cell 

differentiation in a T-cell-intrinsic manner. Recombinant IL-12 treatment of NP-CGG-

immunized mice was sufficient to suppress Tfh cell and GC development in the absence of 

STm infection. IL-12 drove high T-bet expression in T cells, and T-bet was also necessary 

for Tfh cell suppression during STm infection. However, blocking IL-12 signaling did not 
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restore the GC. Therefore, IL-12 contributes to GC suppression during STm infection, but 

additional mechanisms remain to be discovered. Our findings provide basic insights into the 

control of Tfh cell differentiation and have implications for understanding STm pathogenesis 

and for vaccine design.

RESULTS

STm Suppresses GCs but Enhances PBs Induced by an Unrelated Antigen

STm that expresses ovalbumin (OVA) can suppress the GC response to a concurrently 

administered OVA immunization, yet whether STm must express the antigen itself is not 

known (Nanton et al., 2015). To determine if GC suppression is extrinsic to the responding 

B cells and rule out the possibility that infected mice lack precursor B cells of sufficient 

affinity to produce GCs, we investigated the response to NP-CGG immunization 

administered during STm infection. Both the frequency (Figures 1A, S1A, and S1B) and 

number (Figure 1B) of nitrophenyl (NP)-specific GC B cells (CD95+ CD38lo) were strongly 

reduced in the STm + NP group compared to NP-only controls, despite the total number of 

NP-specific B cells being equal or greater in the STm + NP group (Figure S1C). Similar 

results were obtained using B18+/− C57BL/6 mice, which express a recombined heavy chain 

(B18i) that, when paired with the lambda-1 light chain, confers specificity to NP, thereby 

raising the precursor frequency of NP-specific B cells (Figures 1C and S1D–S1F).

To determine whether B cell suppression is specific to GCs or broadly applies to all aspects 

of the B cell response, we quantified the early antibody-forming cell (AFC) responses to the 

T-dependent antigen NP-CGG and the T-independent antigen NP-Ficoll during STm 

infection by ELISPOT. For this and subsequent experiments, control mice were given heat-

killed STm immunization, which does not suppress GCs (Nanton et al., 2015), to more 

closely replicate the antigen environment of infection. For simplicity these will be referred 

to as “control” in both text and figures. STm-infected NP-Ficoll-immunized groups had 

higher numbers of both immunoglobulin M (IgM) and IgG NP-specific AFCs per spleen 

than controls (Figure 1D). Similar results were obtained with NP-CGG immunization; in 

contrast to the GC response, STm infection induced more IgM AFCs and equivalent 

numbers of IgG, NP-specific AFCs per spleen (Figure 1E) compared to controls. Thus, STm 

infection specifically inhibits GC responses while promoting the immediate effector arm of 

humoral immunity.

Plasma Cells Are Not Required for GC Suppression

We next wondered if the massive PB response observed during STm infection might produce 

GC-suppressive signals by stimulating inhibitory cytokine secretion or inhibitory FcgR2 

(Fillatreau, 2016; Neves et al., 2010; Rosser and Mauri, 2015; Shen et al., 2014; Tiller et al., 

2010). To test this, we infected CD19-Cre BLIMP-1 flox/flox (B BLIMP knockout [KO]) 

mice, which are not able to make plasma cells (Corcoran and Tarlinton, 2016), followed with 

NP-CGG immunization, as in Figure 1 (Figure S2A). There was a trend toward more 

strongly suppressed GC among NP-specific B cells and higher bacterial burdens in infected 

B cell BLIMP KO mice compared to WT controls (Figures S2B and S2C), but this did not 

reach statistical significance. We next examined STm-induced GC, which normally begin to 
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accumulate by day 28 of infection (Cunningham et al., 2007; Di Niro et al., 2015), 

hypothesizing that if PBs suppress GCs, there would be faster GC induction in BLIMP-1 KO 

mice (Figure S2D) (Di Niro et al., 2015). Again, no significant increase in GCs was found in 

B cell BLIMP-1 KO mice compared to either control group (Figure S2E) despite the strong 

reduction in the number of IgM and IgG AFCs per spleen in the experimental group (Figure 

S2F). B cell BLIMP-1 KO mice had a slightly but significantly higher bacterial burden 

(Figure S2G), which correlated with higher spleen weights (Figure S2H), both as expected 

based on previous reports (Nanton et al., 2012). Thus, blocking PB differentiation did not 

restore GCs during STm infection.

STm-Specific B Cells Are Not Required for GC Suppression

To determine whether activated STm-specific B cells could suppress GC, we used two 

different BCR-restricted BALB/c strains (B18 Vk8R BCR KI and AM14 BCR KI), which 

express heavy- and light-chain site-directed transgenes in every B cell. These mice mount 

markedly reduced B cell responses to STm and hence have few if any STm-specific B cells 

(Di Niro et al., 2015). We transferred NP-specific B cells and OVA-specific DO11.10 T cells 

to these BCR-restricted recipients prior to STm infection and NP-OVA immunization and 

examined GC and Tfh cell differentiation among them (Figure 2A). At day 4, NP-specific B 

cells had expanded equally in both BCR-restricted and control wild-type (WT) hosts (Figure 

2B), and equal frequencies of early-GC phenotype B cells were observed (Figure S3A). On 

day 13, NP-specific GC B cells were suppressed in the BCR-restricted and WT hosts in 

number (Figure 2C, right) and among BCR-restricted hosts also in frequency (Figures 2D 

and S3B), with infected BCR-restricted recipients showing even more, not less, suppression 

of GC formation. The frequency of GCs in WT hosts was not reduced in this experiment, 

likely because NP-OVA was administered the same day as STm infection rather than 3 days 

afterward as in previous experiments. In BCR-restricted recipients, there was also a slight 

but significant decrease in the total number of NP-specific B cells at day 13 (Figure 2C, 

left), possibly related to the strongly reduced number of GC B cells. Equal numbers of 

DO11+ T cells were present at both day 4 and day 13 for all BCR-restricted recipients 

(Figures S3C and S3D). There were slightly reduced numbers of DO11+ T cells in the 

spleens of infected WT recipients (Figures S3D and S3E), the mechanism of which will be 

addressed below. No differences were observed between recipient groups in bacterial burden 

or spleen size at day 13 (Figures S3F–S3H, black and gray bars). Collectively, these data 

show that GC suppression is independent of the presence of STm-specific B cells.

STm-Specific B Cells Are Required for T Cell Culling, but Culling Is Not Required for GC 
Suppression

T cell culling is a phenomenon associated with STm infection in which T cells responding 

with high affinity to any antigen are rapidly lost compared to controls (Ertelt et al., 2011; 

Srinivasan et al., 2009). Since there was a modest but significant loss of T cells observed in 

BALB/c hosts comparing control and infected groups, whereas no loss was observed in the 

BCR-restricted hosts (Figure S3E), we considered whether T cell culling, which in turn 

would curtail the GC, requires STm-specific B cells. To test this, we modified our system to 

resemble published studies (Srinivasan et al., 2009) using OTII T cells (Figure 3A). At day 

4, OTII cells had expanded equally in both BCR-restricted and WT hosts (Figure 3B, left). 
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At day 17, there were significantly fewer OTII T cells remaining in the infected group 

compared to controls in C57BL/6 recipients (Figure 3B, right). However, infection did not 

affect the number of OTII T cells in BCR-restricted recipients (Figures 3B and 3C). To 

control for the slight differences in expansion of the OTII T cells at day 4 among the groups 

and the normal contraction of T cells, we compared the numbers of OTII cells remaining at 

day 17 relative to day 4. The infected WT recipients lost OTII T cells to a much greater 

extent than the BCR-restricted recipients, with a 10-fold loss in WT compared to a 1.4-fold 

loss in BCR restricted mice between days 4 and 17, respectively. Thus, STm-specific B cells 

are required for culling of OTII T cells during STm infection. Nonetheless, despite the equal 

numbers of OTII cells remaining at day 17 in the control and infected BCR-restricted 

recipients (Figure 3B, right) and the equal expansion of NP-specific B cells at day 4 in all 

groups (Figure 3D, left), GC suppression was still observed in the BCR-restricted animals 

(Figure 3D, right, and Figure 3E). Thus, STm-specific B cells are required for T cell culling, 

but T cell culling does not account for GC suppression.

Early STm Infection Induces GC-Phenotype B Cells but Few Tfh Cells

Equal numbers of NP-specific B cells were observed at day 4 post-immunization, regardless 

of infection status (Figures 2B and 3D), suggesting that during STm infection, GC either 

never develop, or are not maintained over time. To address this, we analyzed GC formation 

at additional times after infection/immunization using the same system as Figure 2A, which 

eliminates T cell culling as a confounding factor. Equal numbers of GC-phenotype NP-

binding B cells formed up to day 10 in spleens of both control and infected mice (Figures 

4A and S4A), yet by day 13, GCs were significantly decreased in infected mice. Analysis of 

other phenotypic characteristics of the putative GC B cells at day 7 revealed that Bcl-6 

protein and peanut agglutinin (PNA) staining were reduced in cells from infected mice 

(Figure S4A), commensurate with the reported lack of histologic GCs at this time 

(Cunningham et al., 2007). This suggests that during STm infection, B cells may initiate a 

GC program, but not achieve complete differentiation and not form histologic GCs. GC 

failure has been observed when there is insufficient T cell help for the GC (de Vinuesa et al., 

2000). We examined Tfh cell differentiation among OVA-specific DO11.10 T cells (Figure 

S4B) and found there were drastically (8- to 10-fold) fewer DO11+ Tfh cells (CXCR5high 

PD-1high) in infected spleens compared to controls (Figures 4B and 4C), despite finding only 

slightly reduced total numbers of DO11+ T cells (Figures S4C–S4E). This suggests that 

during STm infection, B cells may be intrinsically capable of forming GCs, but that they 

lack sufficient Tfh cell help to be maintained long-term.

Antigen-specific T cells have been observed within the B cell follicle of STm-infected mice 

(Trüb et al., 2017); therefore, to explain the failure of Tfh cell differentiation, we 

hypothesized that the quality of T cell–B cell (T–B) contacts may not be sufficient for Tfh 

cell differentiation. To test our hypothesis, we provided an antigen boost as described by 

Deenick et al. (2010), who showed that the role of B cells in Tfh cell development can be 

bypassed by injection of additional soluble antigen, which promotes persistent T cell–

dendritic cell (T–DC) interactions. In noninfected controls, boosting compared to normal 

immunization did not significantly affect frequencies of Tfh cells among DO11+ cells 

(Figure 4D). However, boosting strongly increased numbers of DO11+ Tfh cells (Figure 4F) 
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due to an increase in total DO11+ T cells (Figure 4E). In contrast, during STm infection, 

boosted mice had yet a lower frequency of Tfh cell (Figure 4E) and no net increase of Tfh 

cells (Figure 4F), even though they had an increase in total DO11+ T cells (Figure 4G) and 

equal bacterial burdens (Figure S4F). These observations suggest that during infection, Tfh 

cell differentiation, not the T cell response in general, is specifically suppressed.

GC and Tfh Cells Primed during STm Infection Can Be Rescued by Transfer to Uninfected 
Hosts

We next investigated whether early GCB cells and/or Tfh cells from STm-infected mice 

were irreversibly committed to a non-GC fate or rather could be rescued if transferred into 

an uninfected host. B cells were primed in control or STm-infected primary recipients and 

then transferred into control secondary recipients containing immunization-timing-matched 

DO11+ T cells (Figure 5A). Demonstrating that there was not irreversible commitment, the 

frequency of GCs among NP-specific cells was the same for both groups (Figures 5B, S5A, 

and S5B). Indeed, the number of GC B cells in secondary recipients was greater when they 

received B cells from infected donors compared to control donors (Figure 5B).

We next modified the transfer system to test whether DO11 T cells primed in infected mice 

could differentiate into Tfh cells and support GCs after transfer into control mice (Figure 

5C). Regardless of whether they originated in infected or control mice, DO11+ T cells 

produced equal numbers of Tfh cells and supported equal numbers of NP-specific GC B 

cells after transfer to control hosts (Figure 5D). Thus, both B and T cells primed during STm 

infection can support GCs when transferred into control hosts. Therefore, initial activation 

and differentiation in the presence of STm is not sufficient to imprint an irreversible “non-

GC” fate to either GC B cell or Tfh cell precursors. We conclude that the STm-infection-

derived signals must be present persistently in order to suppress GC development.

To further investigate this, we tested the hypothesis that GC suppression is a product of the 

STm infection environment. Because the TS1+ Rag2KO hosts used above would succumb to 

STm infection, we instead used T-cell-intact BCR-restricted mice as both primary and 

secondary hosts, tracking GC development among CD45.2 donor B cells (Figures 5E and 

S5C). Even though all secondary recipients received the same transferred cells, there were 

significantly fewer NP-specific GC B cells and strongly reduced frequencies of GCs among 

donor B cells in the spleens of infected recipients (Figures 5F and S5C). Therefore, GC 

suppression is a product of the infected spleen microenvironment that can be imposed on B 

cells even if they are primed in the absence of infection.

IL-12, but Not IFN-γ, Induced during STm Infection Represses Tfh Cell Differentiation

The dominant effect of the infected environment led us to hypothesize that cytokines elicited 

by STm may be necessary and sufficient for suppression. Given that STm elicits a Th1 

response, we tested whether IFN-γ or IL-12, key drivers of Th1 differentiation, are capable 

of suppressing Tfh cell differentiation during STm infection (Dougan et al., 2011; McSorley, 

2014; Weinmann, 2014). We used 50–50 mixed bone marrow chimeras to assess Tfh cell 

differentiation of cells lacking IFNgR1 or IL-12Rb2 compared to WT cells within the same 

host. This approach was necessary because the Th1 response is critical for control of the 
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infection, and this protection is afforded by the WT component of the bone marrow (BM) 

(Hess et al., 1996). We again immunized with NP-CGG to examine endogenous GC 

development.

The frequency of Tfh cells between WT and IFNgR1 KO cells was equal in both control and 

STm-infected hosts (Figures 6A and S6A). Hence, IFN-γ was not responsible for 

suppressing Tfh cell differentiation during STm infection. In contrast, the frequency of Tfh 

cells was greatly increased (over 10-fold) among IL12Rb2 KO cells compared to WT cells 

in STm-infected hosts, though still somewhat lower than KO cells in control hosts (Figure 

6B). No effect of IL12Rb2 expression was seen on Tfh cell differentiation in control hosts 

(Figure 6B), likely due to lower levels of IL-12 production in the absence of infection. To 

control for the extent of engraftment of each bone marrow type, we used the ratio of WT/KO 

cells among CD44low naive CD4 T cells to normalize the ratio of WT/KO cells among Tfh 

cell cells on a per-mouse basis to quantitatively assess the competitive advantage of 

IL12Rb2 KO T cells to differentiate into Tfh cells (Figures S6B and S6C). Values above 1 

indicate an advantage for WT cells. By this analysis, there was a competitive advantage of 

IL12Rb2 KO cells among CXCR5+ PD-1high Tfh cell in infected hosts only (Figure 6C). 

While still statistically and biologically significant, this effect was not as strong as that seen 

in the fraction of WT versus IL12Rb2 KO-derived T cells that differentiated to Tfh cells 

(Figure 6B). This was accounted for by the fact that expansion of the total IL12Rb2 KO 

CD44hi CD4 population was markedly less than that seen for WT cells in infected hosts 

(Figure 6D). This reduction in total cell expansion of KO T cells approximately 

compensated for the strong tendency of KO cells versus WT cells to differentiate into Tfh 

cells, resulting in no net difference in the total number of Tfh cells of either WT or KO cells 

in infected mice (Figure 6E), even though the fractional differentiation into Tfh cell was 

very different. Although approximately half of the T cells lacked IL12Rb2, we did not 

observe an increase in GC frequency in 50–50 chimeras compared to mice that received 

100% CD45.1 WT bone marrow (Figure 6F), possibly reflecting the lack of net increase in 

Tfh cell numbers or a dominant effect of Th1 differentiation stemming from the WT BM. To 

examine the possibility that increased T follicular regulatory (Tfr) cells account for lack of 

GC restoration, we determined the frequency of FoxP3-expressing cells and found no 

difference between IL12R2b WT and KO cells in infected mice (Figure 6G). There were 

actually reduced Tfr cells in infected mice compared to controls, making this an unlikely 

explanation for GC suppression.

To determine whether IL-12 is sufficient to suppress Tfh cell differentiation, we 

administered recombinant murine IL-12 (rIL-12) during an NP-CGG immune response. Two 

doses of rIL-12 (200 or 400 ng per injection) were evaluated. Both doses suppressed the 

frequency of Tfh cells among ICOS+ CD4 T cells (Figures 6H and S6D), though the total 

number of Tfh cells was only suppressed at the 200 ng dose (Figure S6E), which was due to 

the net increase of lymphocytes when 400 ng was administered (Figure S6F). Both the 

frequency and number of NP-specific GC B cells was reduced by both treatment doses 

(Figures 6H and S6G). As expected based on the known role of IL-12 in promoting Th1 

differentiation, the frequency of T-bet+ cells among ICOS+ T cells was greatly increased by 

both treatment doses. The number of T-bet+ cells increased in a dose-dependent manner, 

with the 400-ng group having T-bet+ T cell numbers comparable to those observed in STm-
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infected mice (Figures 6H and S6H). Treatment with 400 ng rIL-12 was also sufficient to 

induce the very high T-bet expression level observed in STm-infected mice (Figure S6I). 

Thus, IL-12 is sufficient to suppress the Tfh cell and GC response to an immunization even 

in the absence of STm infection.

T-bet Suppresses Tfh Cell Differentiation but Promotes CD4 T Cell Expansion during STm 
Infection

We next investigated how IL-12 suppresses Tfh cell differentiation. As IL-12 induces T-bet, 

a transcription factor associated with Th1 differentiation (Kallies and Good-Jacobson, 2017), 

we tested its role using mixed BM chimeras as in Figure 6, with 50–50 WT and CD4-Cre × 

T-betfl/fl bone marrow. Indeed, T-bet-deficient T cells also showed significantly increased 

frequencies of Tfh cells in infected mice (Figures 7A–7D and S7A); hence, a major 

mechanism by which IL-12 regulates Tfh cell differentiation is via T-bet induction. Tfh cells 

that did form during infection expressed lower levels of Bcl-6 compared to controls, but T-

bet deficiency restored Bcl-6 expression (Figures 7A and S7B). CXCR5 expression was 

unchanged by STm infection, while PD-1 was suppressed by infection and partially restored 

among T-bet-deficient Tfh cells (Figures S7C and S7D). T-bet expression was significantly 

increased in WT Tfh cells from infected mice compared to controls but was markedly lower 

than that in CD44high non-Tfh cells (Figure S7E). STm induced high amounts of T-bet 

compared to controls, but only in WT- and not KO-derived T cells (Figures 7E and 7F). T-

bet was required for the massive expansion of CD44high cells observed only in infected mice 

(Figures 7G, S7F, and S7G) and as expected was required for IFN-γ production (Figures 

S7H and S7I). Thus, during STm infection, IL-12 drives T-bet expression, which suppresses 

Tfh cell differentiation to redirect T cells toward Th1 immunity.

DISCUSSION

In this work we sought to understand the mechanisms that suppress the GC response during 

STm infection. GC suppression is an important issue, as multiple pathogens display the 

ability to inhibit the GC response. The GC response in turn is responsible for generation of 

memory and long-lived antibody that would prevent reinfection and is required for effective 

vaccination. From a mechanistic standpoint, understanding how GC suppression occurs can 

reveal insights into how GC and extrafollicular responses are negatively regulated in a 

fundamental way.

Here, we have excluded several possibilities and positively identified and then further 

elucidated one important mechanism of GC suppression that operates by negatively 

regulating Tfh cell development. Our key insight is that IL-12, either elicited by STm or 

provided experimentally in a noninfectious setting, suppressed Tfh cell differentiation 

through upregulation of T-bet. This in turn blocked GC formation. Hence, our studies reveal 

that IL-12 is a pivotal cytokine in regulating the yin/yang between inflammatory Th1 

responses and those directed at generating GC via Tfh cell differentiation. These results 

shape thinking about how Tfh cell generation is regulated, have implications for 

understanding the mechanisms of T-B interaction in autoimmune disease, and suggest 

strategies to optimize vaccination, as we will discuss.
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Our initial observation of dominant suppression of NP-specific GC responses indicated that 

infection of STm-specific B cells was not a mechanism of GC suppression. Importantly, 

suppression was limited to the GC response, because neither T-dependent nor T-independent 

AFCs were suppressed. This system also indicated that the T cell “culling” effect (Nanton et 

al., 2012) was not responsible. That culling does not occur in a BCR-restricted host is an 

incidental but interesting finding from these studies. We found that the environment was 

important for GC suppression but did not irreversibly imprint either B or T cells. A caveat is 

that lack of imprinting could only be inferred up to the time point of secondary transfer of 

the cells in question away from (or into) the infected environment. Technical limitations 

constrained this to ~3 days; however, this time frame was considered relevant, since, in work 

of others, early Th1 and Tfh cell cells were fate committed by day 3 (Choi et al., 2013). 

Most notably, T cells transferred out of the STm-infected environment could resume Tfh cell 

differentiation. Similarly, B cells primed in infected hosts were also competent to enter GC 

if removed from the infection environment, whereas such differentiation was suppressed if B 

cells were transferred into a STm-infected environment. Though our results show lack of 

fate commitment up to day 3, it is possible or even likely that eventually cells would lose 

plasticity and not be able to be rescued from a more committed fate.

The observation that the environment plays a decisive role in mediating GC suppression 

suggested that a soluble factor (most likely a cytokine) might be critical. A pivotal and 

unexpected finding was that lack of the IFNgR1 had no effect on Tfh cell differentiation, 

given that IFN-γ is highly expressed during STm infection and that IFN-γ is a major driver 

of Th1 differentiation. IFN-γ derived from B cells was previously implicated in Th1 

development during STm infection (Barr et al., 2010). Rather, we found that IL-12 was 

limiting Tfh cell development, as lack of IL-12Rb2 on T cells led to a higher frequency of 

Tfh cells. Simultaneously, lack of IL-12Rb2 on T cells greatly reduced the numbers of 

responding T cells. In a critical additional experiment that isolated IL-12 as a factor apart 

from the STm infection environment, we found that adding IL-12 systemically in vivo 
during an anti-hapten T-dependent response suppressed both Tfh cell and GC responses. 

This also revealed that IL-12 was sufficient to drive very high levels of T-bet expression, 

suggesting a potential mechanism of Tfh cell suppression. However, despite similarities in 

the IL-12rb2 and T-bet KO T cells, the lack of these molecules did not have identical effects. 

T cells lacking IL-12rb2 had a competitive advantage in producing Tfh cells, while T-bet-

deficient cells did not. Therefore, further T-bet independent but IL-12-dependent regulatory 

mechanisms in Tfh cell suppression remain to be explored.

That IL-12 suppressed Tfh cell and downstream GC responses was unexpected, because it 

has been suggested that IL-12 promotes the differentiation of human Tfh cells and has little 

effect on mouse Tfh cell differentiation. However, in our analysis of the primary data from 

multiple relevant reports, we reach a different conclusion that the effects of IL-12 on human 

and mouse T cells are largely the same. Furthermore, from these studies, it is clear that a 

suppressive role for IL-12 in Tfh cell differentiation had not been thoroughly addressed in 

either organism. In prior studies, production of IL-21 was taken as a primary indicator of Tfh 

cell differentiation, and both human and mouse T cells generate IL-21-producing T cells 

after in vitro activation in the presence of IL-12 (Eto et al., 2011; Ma et al., 2009; 

Nakayamada et al., 2011; Schmitt et al., 2009). However, IL-21 production is not unique to 
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Tfh cells nor does it define Tfh cells (Tian and Zajac, 2016). In a particularly relevant 

example of this, IL-21-producing T cells are generated during STm infection, despite the 

lack of Tfh cells (Trüb et al., 2017). In fact, four populations of cells are induced in vitro by 

IL-12, based on IL-21 and IFN-γ expression, with IL-21+ IFN-γ+ co-producing cells being 

by far the dominant population (Eto et al., 2011; Ma et al., 2009; Nakayamada et al., 2011; 

Schmitt et al., 2009). Such double producers are unlikely to represent authentic Tfh cells as 

they accounted for over 25% of the cells in the culture whereas less than 10% were CXCR5+ 

PD-1high, a phenotype more correlated with Tfh cell identity. Indeed, human tonsil CXCR5hi 

Tfh cells (Ma et al., 2009; Schmitt et al., 2009) contain only a small population of cells 

producing both IL-21 and IFN-γ (less than 2%). Furthermore, mouse Bcl-6 KO T cells 

lacked Tfh cells yet maintained an IL-21 and IFN-γ co-producing population in response to 

Plasmodium chabaudi infection (Carpio et al., 2015). The products of such cultures, which 

contained at least four types of responding T cells, did promote B cell antibody production 

in vitro (Schmitt et al., 2009), but whether the dominant IL-21 IFN-γ co-producing 

population, or one of the other populations, particularly the CXCR5+ PD-1+ cells, 

specifically had Tfh-cell-like function was not determined.

The in vivo role of IL-12 in Tfh cell development in humans is understandably more difficult 

to assess and has thus far relied on studies of human subjects with IL12Rb1 loss-of-function 

mutations. These studies are further limited by the examination of peripheral blood for so-

called circulating Tfh-cell-like (cTfh) cells, which may well not mirror authentic GC-

localized follicular T cells. Nonetheless, the frequency of cTfh cell was not different in 

IL12Rb1-deficient adults (Ma et al., 2012, 2016; Schmitt et al., 2013) and reduced cTfh cells 

have only been reported in children under the age of 10 years (Schmitt et al., 2013). It is 

important to note that the IL12Rb1 subunit is part of both the IL-12 and IL-23 receptors. 

IL-23 signals through STAT3, and STAT3-deficient patients did have reduced cTfh cell 

frequencies, thus complicating the interpretation of IL12Rb1 deficiency. One study 

examined cTfh cells in IL12Rb2- and IL23R-deficient (not shared by IL-12R) patients and 

found only a trend toward lower cTfh cells in IL23R deficiency compared to controls 

(Martínez-Barricarte et al., 2018). However, only two patients were examined, limiting the 

generality of the conclusions. Furthermore, IL12Rb1-deficient subjects had equal or higher 

antibody titers specific to multiple vaccination antigens (Schmitt et al., 2013), not lower 

titers, as would be predicted if IL-12 signals were necessary for human Tfh cell 

differentiation to support GC, and thereby long-lived antibody responses. Similar to our 

finding that IL12Rb2 and T-bet did not suppress Tfh cells in control mice, the general lack 

of striking effects on vaccine antibody titers (both up and down) may be because they do not 

induce strong enough Th1 immunity to suppress Tfh cells. In summary, we would argue that 

in vivo effects are not yet fully defined and that mouse and human T cells respond to IL-12 

similarly during in vitro culture.

IL-12 directly promotes T-bet expression, and mechanistically, we found a role for T-bet not 

only in Tfh cell suppression but also in promoting T cell expansion. The role of T-bet in 

regulating Tfh cells is complex and variable between infection systems. T-bet can suppress 

development of Tfh-cell-like cells in vitro in mouse and human T cells (Nakayamada et al., 

2011; Schmitt et al., 2016). In mouse models of infection with the parasites Toxoplasma 
gondii immunization and Plasmodium berghei ANKA, T-bet-deficient polyclonal T cells 
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produce more Tfh cells (Nakayamada et al., 2011; Ryg-Cornejo et al., 2016). Seemingly in 

contrast, following LCMV Armstrong viral infection, heterozygous or homozygous T-bet 

loss in TCR transgenic T cells reduces Tfh cell frequencies (Weinstein et al., 2018). A recent 

report shows that T-bet also represses Tfh cells during murine influenza virus infection 

(Sheikh et al., 2019). The role of T-bet thus appears to be dependent on the host cytokine 

milieu specific to each infection. Given this, it is tempting to speculate that some IL-12 and 

T-bet expression is necessary for optimal Tfh cell expansion, but higher amounts of IL-12 

and T-bet suppress Tfh cell differentiation. Our data implicate IL-12 as an important 

component of the STm infection environment, a strongly Th1-dominant bacterial infection.

The role of IL-12 in suppressing Tfh cells and GC in vivo, as we have shown here, was 

likely not previously recognized because IL-12 effects are facultative; that is, its effects are 

not apparent unless (at the least) the biological setting generates sufficient IL-12. Such 

contexts are prevalent in nature and would include certain infections, immunization with 

strong adjuvants, or autoimmune diseases. However, typical experimental models used to 

study murine GC responses (such as hapten-carrier immunization in alum) likely generate 

little if any IL-12. This is likely also the case for human vaccinations in alum. The 

facultative role of IL-12 is illustrated by the fact that we saw no role for IL-12R in NP-CGG 

responses in the absence of infection and that recombinant IL-12 induced higher Th1 cell 

numbers and T-bet mean fluorescent intensity (MFI) in a dose-dependent manner. Given that 

many infections do elicit substantial IL-12 (Tait Wojno et al., 2019), it is possible that the 

mechanism of IL-12 effect on Tfh cell development does explain GC inhibition observed in 

other infectious models, though it also possible that other mechanisms are at play, depending 

on the infection. Indeed, as we did not see restored GC during STm infection, we 

hypothesize that there are further suppressive mechanisms that remain to be discovered in 

this system.

One situation in which IL-12 suppression of GC (and reciprocal promotion of Th1 and 

extrafollicular PB responses) may be operating is in lupus-like autoimmunity. Some strains 

of autoimmuneprone mice have a prominent extrafollicular PB response, with few or no GCs 

(Jacobson et al., 1995; Jenks et al., 2019; William et al., 2002). A similar phenotype has 

recently been recognized in major subsets of SLE patients (Jenks et al., 2019; Tipton et al., 

2015). It is interesting to speculate that in these instances, excessive IL-12 is driving the 

immune responses, explaining the paucity of GC and large extrafollicular response.

If this is the case, then it may explain why the drug ustekinumab, which blocks both IL-12 

and IL-23, appears effective in preliminary studies of systemic lupus erythematosus (SLE) 

patients (van Vollenhoven et al., 2018). To which cytokine (or both) this effect is attributable 

is not currently known, but we would propose that IL-12 blocking is important and that such 

therapy would be more effective in patients that display either a high PB phenotype or 

elevated “ABC-type” B cells (Jenks et al., 2019). It is thus intriguing that there are IL-12R 

polymorphisms associated with SLE (Bentham et al., 2015). Further, Th1 skewing and high 

IL-12 and IFN-γ serum levels are found in SLE, associated with more severe nephritis 

(Calvani et al., 2003; Koenig et al., 2012; Postal et al., 2013; Schwarting et al., 1999; Tucci 

et al., 2008).
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The findings from this STm infection model suggest a general principle that IL-12 functions 

as a pivotal cytokine in determining alternative directions of the immune response in vivo 
during infections and autoimmune conditions that elicit IL-12. When present, IL-12 appears 

to dominantly inhibit Tfh cell differentiation via a direct effect on the responding T cells. It 

is notable that this IL-12 effect is distinct from the effects of IFN-γ, which alone has no T 

cell-intrinsic effect on Tfh cell differentiation. This IL-12-directed response could be more 

appropriate for providing protection during acute infection, in contrast to a GC-dominated 

response that spawns memory rather than immediate effector function. The manipulation of 

this cytokine axis thus would have therapeutic and mechanistic implications for pathogen 

protection, vaccination, and adjuvant choice, as well as autoimmune states in which IL-12 

plays a key role.

STAR★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Mark J. Shlomchik (mshlomch@pitt.edu). This study did not 

generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—C57BL/6J, CD45.1 C57BL/6J, IFN-gamma receptor 1 knock out mice (stock 

#003288; B6.129S7-Ifngr1tm1Agt/J), and T-bet-floxed mice (Jax #022741 B6.129-

Tbx21tm2Srnr/J) were purchased from Jackson Laboratories. B1–8+/− BALB/cJ, B1–8+/− Jk
−/− BALB/cJ, B1–8+/− C57BL/6J (each containing transgenic NP-specific B cells), B1–8+/− 

Vk8R+/− CD45.1/2 C57BL/6J, B1–8+/+ Vk8R+/− CD45.1/2 BALB/cJ (each containing low 

frequencies of NP-specific B cells and little to no STm specific B cells), AM14 heavy+light 

chain knock-in (rheumatoid factor specific transgenic B cell knock-in), were previously 

described (Prak and Weigert, 1995; Shlomchik et al., 1993; Sonoda et al., 1997). DO11.10 

mice (BALB/c MHCII restricted OVA-specific TCR knock-in) were previously described 

(Sweet et al., 2011). TS1+ Rag2KO BALB/c (BALB/c MHCII restricted influenza 

hemagglutinin-specific TCR knock-in) were previously described (Juchem et al., 2011). 

CD19-Cre (Jax #006785 B6.129P2(C)-Cd19tm1(cre)Cgn/J) and IL12Rb2 KO (Jax #003248 

B6.129S1-Il12rb2tm1Jm/J) mice were a gift of Dr. Dario Vignali, CD4-Cre (Jax #017336 

STOCK Tg(Cd4-cre)1Cwi/FfluJ) were a gift of Dr. Amanda Poholek, BLIMP-1-flox mice 

were a gift of Dr. David Rothstein (Jax #008100 B6.129-Prdm1tm1Clme/J), OTII+ Rag1KO 

CD45.2 C57BL/6 (Taconic) mice were a gift of Dr. Geetha Chalasani. All mice were bred 

and housed in specific pathogen free conditions and all experiments were conducted under 

protocols approved by the University of Pittsburgh Institutional Animal Care and Use 

Committee (IACUC). All mice were between the age of 8–16 weeks at the start of the 

experiment, except bone marrow donors which were between 5–10 weeks. Ages were mixed 

between groups to minimize any differences. For adoptive cell transfers and bone marrow 

chimera experiments, donor cells were always from female mice to prevent rejection due to 

Y chromosome genes. Recipient mice were a mixture of males and females and no 

differences were observed between them. For CD19-Cre BLIMP-1-flox experiments, Cre-
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negative littermate controls were co-housed with Cre+ experimental mice of the same sex 

prior to and throughout the experiment.

Bacterial strains—Salmonella enterica serovar Typhimurium aroA attenuated strain 

SL3261 was previously described (Hoiseth and Stocker, 1981) and was provided by Roy 

Curtiss III, Arizona State University. Bacteria were grown overnight in Luria broth, then 

mixed 1:1 with sterile 50% glycerol, and stored as glycerol stocks at −80°C prior to use for 

infection.

METHOD DETAILS

Cell transfers—B cells were isolated from B1–8+/− Jk−/− BALB/c or B1–8+/− C57BL/6 

mice as described (Weisel et al., 2016). Specifically, spleens were made into single cell 

suspension by crushing with frosted glass slides in sterile stem cell buffer (PBS containing 

2% fetal bovine serum (Gemini Bio-Products) and 2 mM EDTA). Red blood cells were 

lysed by resuspending in ACK lysis buffer (GIBCO or Lonza) for 60 seconds. Cells were 

washed and labeled with biotinylated antibodies to CD4, CD8, CD49b, and F4/80, washed 

and then labeled with Streptavidin Particles Plus – DM (BD Biosciences), the tube placed in 

an EasySep Magnet (STEMCELL Technologies) and the unlabeled fraction poured off and 

collected for further wash steps. DO11 CD4 T cells were isolated as described for B cells 

above, except by staining unwanted cells with biotinylated antibodies specific to CD8, 

CD45R, CD19, CD11c, CD11b, and CD49b followed with Streptavidin Particles Plus - DM 

(BD Biosciences). OTII+ Rag1KO cells were isolated by creating a single cell suspension 

and lysing red blood cells for 60 seconds in ACK lysis buffer (GIBCO or Lonza), and 

washing with stem cell buffer. The frequency of NIP-binding B cells or DO11.10 TCR+ T 

cells was quantified by staining with antibodies to CD19 (clone 1D3), CD4 (clone GK1.5), 

DO11.10 TCR (clone KJ1–26), NIP-PE, and 7-AAD (2 ng/mL) or propidium iodide (1.5 

ng/mL) and analyzing by flow cytometry. Five million NP-binding B cells and 2.5 million 

DO11.10+ CD4+ T cells or OTII+ CD4+ T cells were washed 3 times in PBS, resuspended 

in 200 μL PBS and injected by tail vein injection into recipients.

Immunization and Infection—Mice were immunized with 50 μg NP-CGG or 50 or 100 

μg NP-OVA precipitated in alum at a range of ratios of NP to CGG or OVA of 31–33 and 8–

10 respectively. NP-Ficoll (Biosearch Technologies) was diluted in PBS and 250 μg was 

injected i.p. One day prior to infection, frozen Salmonella glycerol stock was inoculated into 

Luria broth containing 100 μg/mL streptomycin and grown at 37C overnight with shaking. 

Heat killed bacteria were prepared by washing bacteria twice in PBS, resuspending in PBS, 

and incubating at 56C for 1 hour. For infectious inoculum, bacterial cultures were split 1:25 

into fresh media and grown for an additional 2 hours at 37C to allow bacteria to reach mid-

log phase, then washed 3 times in room temperature sterile PBS. Bacterial concentration was 

estimated by absorbance at OD600, and 1–5×105 colony forming units were injected i.p. 

Colony forming units were confirmed by overnight growth at 37C of serial dilutions of 

inoculum on Luria broth agar plates with streptomycin.

Bacterial burden—Whole spleens were weighed and a central portion weighing between 

10 – 100 mg was sonicated in PBS to lyse splenic cells. Serial dilutions were grown on Luria 
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broth agar plates with streptomycin overnight at 37C to quantify the concentration of colony 

forming units, which was used to calculate the total number of bacteria per mg of splenic 

tissue and of the whole spleen.

Flow cytometry—Remaining spleen pieces were weighed and made into single cell 

suspensions by mechanical disruption in STm media (PBS + 5% bovine serum + 2 mM 

EDTA). RBC were lysed with ACK lysis buffer, and live cells enumerated with trypan blue 

and a hemacytometer. Five million cells per sample were stained at 100 million cells/mL 

with the dead cell discriminator ghost 510 (per manufacturers protocol) in PBS, and washed 

with staining media (PBS with 3% bovine serum, 1 mM EDTA, and 0.02% sodium azide). 

To evaluate B cells, suspensions were stained with fluorochrome-conjugated surface 

antibodies CD19 (clone 1D3), CD38 (clone 90), CD44 (clone IM7), CD45.1 (clone A20, 

CD45.2 (clone 104), CD95 (clone Jo2), CD138 (clone 281–2), and TCRbeta (clone H57–

597). T cells were evaluated with antibodies to CD4 (clone GK1.5), CD45R (clone RA3–

6B2), CD44 (clone IM7), CD45.1 (clone A20), CD45.2 (clone 104), DO11 TCR (clone 

KJ1–26), ICOS (clone C398.4A), and PD-1 (clone G4) for 20 min on ice (excluding 

CXCR5-PE). Cells were washed twice with staining media, and B cell stains were fixed with 

1% PFA in PBS for 20 min on ice, while T cell stains were fixed/permeabilized with FoxP3 

Transcription Factor staining Kit for 30 min on ice. B cell stains were washed and 

resuspended in staining media; T cell stains were washed twice with Kit permeabilization 

buffer, blocked again with 25 uL staining media containing 10% mouse and 10% rat serum, 

and 25 uL staining media containing 2× intracellular stain antibodies (CXCR5 clone 2G8, T-

bet clone 4B10, Bcl-6 clone K112–91), added directly to stain and incubated overnight at 

4C. Cells were washed twice with Kit permeabilization buffer, resuspended in staining 

media, and data collected using either a BD Biosciences LSRII or Fortessa.

ELISPOTs—ACK-lysed single cell suspensions were resuspended in B cell media (RPMI 

with 10% fetal plex serum (Gemini), penicillin/streptomycin (GIBCO), 25 ug/mL 

gentamycin (Thermo Fisher), and L-glutamate (Corning)). ELISPOTs were performed as 

described using anti-kappa to coat plates (Di Niro et al., 2015).

Secondary cell transfers—At day 3 post immunization, B and CD4 T cells were 

isolated from 1st recipients by magnetic depletion as above using biotinylated antibodies 

against (CD4, CD8, CD11b, CD11c, CD49b) for B cells, and (CD45R, CD19, CD11c, 

CD11b, F4/80) for T cells, and washed 3 times in PBS before intravenous injection. For 

cells coming from primary control or STm-infected recipients, the total number of NP-

binding B cells or DO11.10 target cells per sample was determined by FACS (described 

above) and adjusted such that the same number of target cells was transferred into all 

secondary recipients per experiment. A total of 0.5 – 1.5×106 NP-binding B or 2.5 – 5×104 

DO11+ T cells was transferred to secondary recipients. For Figures 6A–6D, cell suspensions 

also contained 0.5 units penicillin and 0.5 μg streptomycin to prevent transfer of infection. 

For transfer into heat-killed STm-immunized 2nd recipients, TS1+ RAG2KO mice were used 

as recipients BCR-restricted hosts (B18+/+ Vk8R+/− CD45.1/2 BALB/c) served as infected 

2nd recipients for B cell transfers.
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Mixed bone marrow chimeras—BCR-restricted B18+/− VK8R+/− CD45.1/2 C57BL/6 

mice were exposed to 900 rads of irradiation and rested 3–8 hours prior to bone marrow cell 

transfer. Irradiated mice were reconstituted with a mixture of 50% CD45.1 cells and either 

50% CD45.2 IFNgR KO or 50% IL12Rb2 KO bone marrow. For cell transfer, bone marrow 

was isolated from donor mice by flushing femurs and tibias with sterile stem cell buffer 

(PBS with 2.5% fetal plex and 1 mM EDTA), and made into single cell suspension by 

vigorous pipetting and straining through a 100 μm mesh filter. RBC were lysed for 60 

seconds with ACK buffer, washed with stem cell buffer, then washed three times with sterile 

PBS and live cells enumerated by trypan blue count. For 50% WT / 50% receptor KO 

chimeras, each cell type was resuspended to 15–25 million cells/mL, mixed one-to-one, and 

200 μL injected into irradiated hosts by tail vein injection for a total of 3–5 million bone 

marrow cells per mouse in PBS. Mice were fed TMS food for up to 4 weeks, then regular 

chow for an additional 4 weeks. Mice were then infected and immunized as described in 

Figure 7.

Recombinant IL-12 treatment—B1–8 ± BALB/c mice were immunized and/or infected 

as described in Figure 7. Recombinant murine IL-12 p70 (PeproTech) was resuspended in 

PBS to 1 or 2 μg/mL for 200 and 400 ng doses respectively, and stored at −20C. IL-12 or 

PBS vehicle was administered i.p. as indicated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was quantified with GraphPad Prism software by two-tailed Student’s 

t test or one-way ANOVA as indicated in each figure. A p value ≤ 0.05 was considered 

significant, with the following symbols used to denote p value ranges: p < = 0.05(*), p < 

0.01 (**), p < 0.001 (***), p < 0.0001 (****). For mixed bone marrow chimera “fold-

advantage” calculations, the sample group was compared to the hypothetical mean of no 

advantage equaling using a one-sample t test. A p value p ≤ 0.0332 was considered 

significant, with the following symbols used to denote p value ranges: p < 0.0332(*), p < 

0.0021 (**), p < 0.0002 (***), p < 0.0001 (****). Cell number was calculated per spleen 

using a combination of FACS analysis and trypan blue live cell counts as follows: the 

percent of cell of interest among live cells was determined by FACS, then the ratio of spleen 

processed for FACS analysis by weight as a portion of the total weight was used to calculate 

the total number of cells of interest per spleen.

DATA AND CODE AVAILABILITY

This study did not generate or analyze previously reported datasets or codes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Germinal centers, but not plasma cells, are suppressed by Salmonella 

infection

• Germinal center suppression is preceded by Tfh cell suppression

• IL-12R signaling and T-bet are required in T cells for Tfh cell suppression

• IL-12 directs Th1 immunity at the expense of Tfh cell differentiation
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Figure 1. STm Infection Suppresses the GC Response to an Unrelated Exogenous Antigen 
without Affecting T-Dependent or T-Independent Plasma Cell Responses
(A–C) C57BL/6 or B18+/− C57BL/6 mice were infected with STm on day −3 and 

immunized with NP-CGG on day 0, and spleens were examined 16 days after immunization. 

Controls received either NP-CGG or STm only.

(A) Representative flow cytometry dot plots of NIP-binding B cells pre-gated on live singlet 

4-hydroxy-3-iodo-5-nitrophenylitic acid (NIP)-binding B cells. Gates indicate GC B cells 

from C57BL/6 mice.

(B and C) Number of NIP-binding GC B cells quantified per spleen from C57BL/6 (B) or 

B1–8 Igh knockin [KI] C57BL/6 (C). One representative experiment of two is shown from 

C57BL/6 mice and one experiment in B1–8+/−C57BL/6 mice.

(D and E) C57BL/6 mice were given heat-killed STm control (Ctl) or STm infection (Inf) on 

day −3 and then on day 0 immunized with either NP-Ficoll (D) or NP-CGG in alum (E), and 

splenic ELISPOTs were quantified on day 4. For each condition, data were pooled from two 

independent experiments.

For all panels, data points indicate individual mice (n = 3–6 per group) and bars the mean ± 

SD. In (B)–(E), statistical significance was calculated by one-tailed Student’s t test (NS, not 

significant; *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 2. STm-Specific B Cells Are Not Required for NP-Specific GC Suppression
(A) Experimental outline; BALB/c, BCR-restricted AM14 BCR knockin (AM14 KI) 

BALB/c, or B18+/+ heavy VK8R+/− light-chain knockin (B18 Vk8R KI) mice received 

purified NP-specific B and OVA-specific DO11.10+ CD4+ T cells on day −1, Ctl or STm 

infection (Inf) on day 0, and NP-OVA in alum 3 h later. Splenic NP-specific B cells and 

DO11+ T cells were analyzed by flow cytometry on days 4 and 13 post-immunization.

(B and C) NP-specific B cells at day 4 (B) and NP-specific B cells and GC B cells per 

spleen at 13 days post-NP-OVA (C).

(D) Representative flow cytometry plots, 5% contour with outliers, of live, singlet, NP-

specific B cells with gate drawn around GC B cells on day 13 post-NP-OVA. Numbers 

indicate frequencies of cells in the gate.

In (B) and (C), data points indicate individual mice (n = 3–7 per group) and bars the mean ± 

SD of three experiments pooled. Statistical significance was calculated by one-tailed 

Student’s t test (NS, not significant; *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3. STm-Specific B Cells Are Required for T Cell Culling, but Culling Is Not Required for 
GC Suppression
(A) Experimental outline. CD45.1 C57BL/6 controls or B18+/− Vk8R+/− CD45.1/2 mice, 

which contain few STm-specific B cells (“Irrelevant BCR KI”) but do have some 

endogenous NP-specific B cells, received CD45.2 NP-specific B cells and CD45.2 OTII 

OVA-specific T cells on day −1, control (Ctl) or STm infection (Inf) on day 0, and NP-OVA 

immunization 3 h later. Splenic T and B cells were analyzed on days 4 and 17.

(B) Numbers of CD45.2 OTII CD4+ T cells were quantified on days 4 (left) and 17 (right).

(C) Example FACS plots delineating the percent CD45.2+ CD45.1− OTII cells among live, 

singlet, CD4+ cells at day 17.

(D) The number of NP-specific B cells at day 4 (left) and NP-specific GC B cells at day 17 

(right) per spleen.

(E) Example flow cytometry plots delineating the percentage of GCs among either total NP-

specific B cells or CD45.2+ donor-derived NP-specific B cells at day 17; all were pre-gated 

on live, singlet, NIP+ CD19+ cells.

In (B) and (D), data were pooled from two individual experiments, each with n = 4–8 mice 

per group. Data points indicate individual mice and bars the mean ± SD. Statistical 

significance was calculated by two-tailed Student’s t test, except day 17 GC B cell number, 

which was calculated by Mann-Whitney test (for all, NS, not significant, *p < 0.05, **p < 

0.01, ***p < 0.001).
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Figure 4. Tfh Cell Differentiation Appears to Be Suppressed by STm Infection prior to GC 
Suppression
(A–C) BALB/c B18 Vk8R KI host mice were treated as described in Figure 3A, and NP-

specific GC B cells (A) and DO11+ Tfh cells (B and C) were quantified at the time points 

indicated. Data are pooled from three independent experiments with three to five mice per 

group per time point. Data points indicate the mean and error bars ± SD. Statistical 

significance was calculated by two-way ANOVA. (C) Representative FACS plots of Tfh cell 

on day 7 post-infection/immunization pre-gated on live, singlet, DO11+ CD4+ cells.

(D–G) BALB/c B18 Vk8R KI host mice were treated as in Figure 3A, except they received 

100 μg NP-OVA at immunization and additional injections of either PBS control or 200 μg 

soluble NP-OVA in PBS boost at day 3 post-immunization.

(D) Representative flow cytometry plots of DO11+ CD4+ T cells from each group at day 7 

post-initial immunization.

(E–G) Percentage of Tfh cells among DO11+ T cells (E), numbers of DO11+ Tfh cells (F), 

and total DO11+ CD4+ T cells (G) quantified at day 7 post-initial immunization.

Data are pooled from two individual experiments, with n = 5 mice per group for each 

experiment. Data points indicate individual mice, bars indicate the mean, and error bars 

indicate ± SD. Statistical significance was calculated by two-tailed Student’s t test (NS, not 

significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 5. T and B Cells from STm-Infected Mice Can Differentiate to Tfh Cells and GCs When 
Transferred to Control Hosts
(A) Experimental design for (B). NP-specific CD45.2 B cells were transferred into BCR-

restricted B18 Vk8R KI 1st recipients, and OVA-specific DO11+ T cells were transferred 

into TS1+ Rag2 KO 2nd recipients. The next day, all mice were given either control (Ctl) or 

STm infection (Inf) and NP-OVA. 3 days after infection/immunization, all 1st recipient 

spleens were pooled into either control or infected groups, the frequency of NIP+ B cells 

was determined by FACS, and equal numbers of NIP+ B cells were transferred into 

individual 2nd recipients with a single injection of penicillin and streptomycin (Pen/Strep) to 

prevent transfer of infection. GC formation in 2nd recipients was assessed 7 days later.

(B) Number of NP-specific GC B cells per spleen (left) or percentage of GCs among NP-

specific B cells (right) of 2nd recipient’s spleens.

(C) Experimental design for (D). Similar design as (A), except that BCR-restricted mice 

received DO11 T cells, TS1 mice received NP-specific B cells, and at day 3 the T cells were 

transferred from the 1st to 2nd recipients.

(D) Shown are the number of DO11+ PD1-high cells (left) and NP-specific GC (right) in 2nd 

recipient spleens.
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(E) Experimental design for (F). Similar to (A), except that a common pool of B cells from 

control 1st recipients was transferred into either control or infected 2nd recipients without 

Pen/Strep treatment.

(F) Primary donor B cells were tracked as CD45.2/2 in CD45.1/2 recipients, and shown are 

the number of NP-specific donor (CD45.2/2) GC B cells per spleen (left),and the %GC 

among donor NP-specific B cells (right) of 2nd recipients. “X” indicates animals in which no 

donor cells could be detected.

For each set of experiments, data were pooled from two independent experiments and 

symbols indicate individual mice (n = 3–6 per experimental group and n = 1 for negative 

controls lacking either T or B cells per each replicate experiment) and bars the mean ± SD. 

Statistical significance was calculated by two-tailed Mann-Whitney test (NS, not significant; 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 6. IL-12 Induced by STm Infection Suppresses Tfh Cell Differentiation
(A) C57BL/6 BCR-restricted CD45.1/2 mice were irradiated and reconstituted with a 

mixture of 50% CD45.1 and 50% CD45.2 IFNgR1 KO bone marrow. Mice were rested for 

at least 8 weeks and then given either control (Ctl) or STm infection (Inf) followed by NP-

CGG immunization 2 days later. Spleens were analyzed 12 days after NP-CGG 

immunization. Shown are example flow cytometry plots gated on live singlet CD4+ CD45R− 

CD44high cells and either CD45.1 WT cells or CD45.2 IFNgR1KO cells with gates and 

numbers indicating the percentage of Tfh cell among either cell type. Chart depicts data 

pooled from two individual experiments.

(B–G) Same as (A), except that mice were reconstituted with 50% CD45.1 and 50% CD45.2 

IL-12Rb2 KO bone marrow. (B) Representative flow cytometry plots gated on live singlet 

CD4+ CD45R− CD44high cells and either CD45.1 WT cells or CD45.2 IL12Rb2 KO cells. 

Gates delineate Tfh and numbers are the percentages of Tfh among cells from the indicated 

parental gate. Chart depicts data pooled from two individual experiments.

(C) The competitive advantage of WT or IL-12Rb2 KO in Ctl or Inf hosts; values greater 

than 1 indicate WT advantage and below 1 indicate KO advantage.

(D and E) Number of CD44high CD4+ T cells of (D) and CD44high CXCR5+ PD1high Tfh 

cells (E) per spleen.

(F) Percentage of GC B cells among only CD45.1 WT NP-specific B cells per spleen.
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(G) Percentage of Tfh cells that express FoxP3 (Tfr cells) among WT or IL12Rb2 KO Tfh 

cells.

(H) B18+/− BALB/c mice immunized with NP-CGG were given injections of recombinant 

murine IL-12p70 or PBS at days 2, 4, 6, and 8 after immunization, and splenic T and B cells 

were analyzed at day 9. One group was infected with STm 3 days prior to NP-CGG 

immunization as an additional comparison. Data were pooled from two individual 

experiments, where each experiment contained all groups except that the IL-12 group 

received 200 ng doses in one experiment and 400 ng doses in the other. Symbols represent 

individual mice (n = 3–7 per group) and bars the mean ± SD. Statistical significance was 

calculated by two-tailed Student’s t test (NS, not significant; *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001). Additionally, for (C) each group was compared to the hypothetical 

mean of no competitive advantage, 1, by one-sample t test, shown above each individual bar 

(NS, not significant; **p < 0.0021).

Elsner and Shlomchik Page 30

Cell Rep. Author manuscript; available in PMC 2019 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. T-bet Is Necessary for Both Expansion of Activated T Cells and Suppression of Tfh Cell 
Differentiation
Irradiated recipients were reconstituted with 50% CD45.1 and 50% CD45.2 CD4-Cre+ T-
betfl/fl bone marrow, rested, and infected/immunized as in Figure 6A. As an additional 

control, a 3rd group was reconstituted with a mixture of 50% CD45.1 and 50% CD45.2 T-
betfl/fl (CD4-Cre-negative) bone marrow, referred to as “Cre−”.

(A) Example flow cytometry plots of CD44high CD4 T cells showing either CXCR5+ 

PD-1high Tfh cell (left), or T-bet versus Bcl-6 (right).

(B–D) Percentage (B) and number (C) of Tfh cell among each cell type and the fold 

advantage of WT or KO cells to produce Tfh cell (D), where values greater than 1 indicate 

WT advantage and below 1 indicate KO advantage.

(E and F) Percentage (E) and number (F) of T-bet+ CD44high T cells of each cell type.

(G) Fold advantage of T-bet WT cells to produce CD44high CD4 T cells.

All symbols represent individual mice (n = 3–5 per group) and bars the mean ± SD. 

Statistical significance was calculated by two-tailed Student’s t test (NS, not significant; *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). For (D) and (G), each group was 

compared to the hypothetical mean of no competitive advantage, 1, by one-sample t test, 

shown above each individual bar (*p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 

0.0001).

Elsner and Shlomchik Page 31

Cell Rep. Author manuscript; available in PMC 2019 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Elsner and Shlomchik Page 32

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse Bcl-6, clone K112–91, Alexa647 BD Biosciences Cat# 561525; RRID: AB_10898007

Anti-mouse CD4, clone GK1.5, Pacific Blue Produced in house N/A

Anti-mouse CD4, clone GK1.5, Biotin Produced in house N/A

Anti-mouse CD8a, clone TIB 105 Biotin Produced in house N/A

Anti-mouse CD11b, clone M1/70 Biotin Produced in house N/A

Anti-mouse CD11c, clone N418, Biotin Produced in house N/A

Anti-mouse CD19, clone 1D3, BUV395 BD Biosciences Cat# 563557; RRID: AB_2722495

Anti-mouse CD19, clone 1D3.2, Biotin Produced in house N/A

Anti-mouse CD38, clone 90, Alexa 488 Produced in house N/A

Anti-mouse CD38, clone 90, Pacific Blue Produced in house N/A

Anti-mouse CD44, clone IM7, BV605 BD Biosciences Cat# 563058; RRID: AB_2737979

Anti-mouse CD44, clone IM7, APC-Cy7 Biolegend Cat# 103028; RRID: AB_830785

Anti-mouse CD45.1, clone A20, APC-efluor780 eBioscience/Thermo Fisher Cat# 47–0453–82

Anti-mouse CD45.2, clone 104, FITC BD Biosciences Cat# 553772; RRID: AB_395041

Anti-mouse CD45R, clone RA3–6B2, Biotin Produced in house N/A

Anti-mouse CD45R, clone RA3–6B2, BUV395 BD Biosciences Cat# 563793; RRID: AB_2738427

Anti-mouse CD45R, clone RA3–6B2, PerCP-Cy5.5 Biolegend Cat# 103236; RRID: AB_893354

Anti-mouse CD49b, clone DX5, Biotin BD Biosciences Cat# 553856; RRID: AB_395092

Anti-mouse CD95, clone Jo2, PE-Cy7 BD Biosciences Cat# 557653; RRID: AB_396768

Anti-mouse CD138, clone 281–2, PE Biolegend Cat# 142504; RRID: AB_10916119

Anti-mouse CXCR5, clone 2G8, PE BD Biosciences Cat# 561988; RRID: AB_10893355

Anti-DO11.10 TCR, clone KJ1–26, FITC Biolegend Cat# 118506; RRID: AB_1134180

Anti-mouse F4/80, clone F4/80, Biotin Produced in house N/A

Anti-mouse ICOS, clone C398.4A, FITC Biolegend Cat# 313506; RRID: AB_416330

Anti-mouse ICOS, clone C398.4A, Alexa 647 Biolegend Cat# 313516; RRID: AB_2122582

Anti-mouse PD-1, clone G4, Biotin Produced in house N/A

Anti-mouse PD-1, clone RMPI-30, PECy7 Biolegend Cat# 109110; RRID: AB_572017

Anti-human/mouse T-bet, clone 4B10, PECy7 Biolegend Cat# 644824; RRID: AB_2561761

Anti-mouse TCRbeta, clone H57–597, PerCP-Cy5.5 Biolegend Cat# 109228; RRID: AB_1575173

Goat-anti-mouse IgM, polyclonal, alkaline phosphatase Southern Biotech Cat# 1020–04

Goat-anti-mouse IgG1, polyclonal, alkaline phosphatase Southern Biotech Cat# 1070–04

Goat-anti-mouse IgG2b, polyclonal, alkaline phosphatase Southern Biotech Cat# 1090–04

Goat-anti-mouse IgG2c, polyclonal, alkaline phosphatase Southern Biotech Cat# 1078–04

Goat-anti-mouse IgG3, polyclonal, alkaline phosphatase Southern Biotech Cat# 1100–04

Goat-anti-mouse kappa, polyclonal, (unlabeled) Southern Biotech Cat# 1050–01; RRID: AB_2737431

Bacterial and Virus Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

aroA attenuated Salmonella Typhimurium strain SL3261 From Dr. Roy Curtiss III, 
contact lead investigator

No RRID

Biological Samples

BenchMark Fetal Bovine Serum Gemini Bio-Products Cat# 100–106

Chemicals, Peptides, and Recombinant Proteins

Ghost Dye Violet 510 Tonbo biosciences Cat# 13–0870-T500

Recombinant murine IL-12 p70 Peprotech Cat# 210–12

NIP-PE conjugated in house from NIP-OSu LGC Biosearch Technologies Cat# N-1080

NIP-APC conjugated in house from NIP-Osu LGC Biosearch Technologies Cat# N-1080

NP-CGG conjugated in house from NP-Osu LGC Biosearch Technologies Cat# 1010

NP-OVA conjugated in house from NP-Osu LGC Biosearch Technologies Cat# 1010

NP(50)-Ficoll LGC Biosearch Technologies Cat# 1420

TMS (Trimethroprim sulfadiazine) mouse chow Envigo Cat# TD.06596

7-AAD Tonbo biosciences Cat# 13–6993-T500

Propidium iodide Invitrogen/Thermo Fisher Cat# P1304MP

Streptavidin BUV395 BD Biosciences Cat# 564176

Streptavidin Particles Plus – DM Imag BD Biosciences Cat# 557812

ACK lysis buffer GIBCO/Thermo Fisher Cat# A1049201

ACK lysis buffer Lonza Cat# 10–548E

Critical Commercial Assays

FoxP3 Transcription factor staining kit eBioscience/Thermo Fisher Cat# 00–5523–00

“The Big Easy” EasySep Magnet StemCell Technologies Cat# 18001

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Laboratory Cat# 000664; RRID: IMSR_JAX:000664

Mouse: CD45.1 C57BL/6J Jackson Laboratory Cat# 002014; RRID: IMSR_JAX:002014

Mouse: Interferon gamma receptor 1 knock out Jackson Laboratory Cat# 003288; RRID: IMSR_JAX:003288

Mouse: B1–8+/− BALB/c Contact lead investigator N/A

Mouse: B1–8 ± Jk−/− BALB/c Contact lead investigator N/A

Mouse: B1–8+/− C57BL/6J Contact lead investigator N/A

Mouse: B1–8 ± Vk8R+/− CD45.1/2 C57BL/6J Contact lead investigator N/A

Mouse: B1–8+/+ Vk8R+/− CD45.1/2 BALB/c Contact lead investigator N/A

Mouse: AM14 ± Vk8R+/− BALB/c Contact lead investigator N/A

Mouse: DO11.10 BALB/c Contact lead investigator N/A

Mouse: TS1+ Rag2 KO Contact lead investigator N/A

Mouse: CD19-Cre C57BL/6 Jackson Laboratory RRID: IMSR_JAX:006785

Mouse: BLIMP-1-flox C57BL/6 Jackson Laboratory RRID: IMSR_JAX:008100

Mouse: IL12Rb2 KO Jackson Laboratory RRID: IMSR_JAX:003248

Mouse: OTII Rag1 KO C57BL/6 Taconic No longer sold by Taconic, contact lead 
investigator

Mouse: CD4-Cre C57BL/6 Jackson Laboratory RRID: IMSR_JAX:017336
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: T-bet-flox Jackson Laboratory RRID: IMSR_JAX:022741

Software and Algorithms

GraphPad Prism 7 GraphPad RRID: SCR_002798 https://
www.graphpad.com/scientific-software/prism/

FlowJo 9.7 Tree Star RRID: SCR_008520 https://www.flowjo.com/
solutions/flowjo/downloads

Conceptdraw Pro 11.2 Concept Draw No RRID https://www.conceptdraw.com/
products/office

Other
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