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Abstract

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mth), is a global cause of death.
Granuloma associated lymphoid tissue (GrALT) correlate with protection during TB, but the
mechanisms of protection are not understood. During TB, the transcription factor IRF4 in T-
but not B cells is required for the generation of Thl, Th17 and Tfh-like cellular responses. A

population of IRF4* T cells co-express the transcription factor BCL6 during Mt infection, and

deletion of Bc/6 (Bcl6VM) in CD4™ T cells (CD4C™®) resulted in reduction of Tfh-like cells,
impaired localization within GrALT, and increased Mtb burden. In contrast, the absence of

germinal center (GC) B cells, MHC Class Il expression on B cells, antibody-producing plasma
cells, or IL-10-expressing B cells, did not increase Mtb susceptibility. Indeed, antigen-specific B
cells enhance cytokine production and strategically localize Tfh-like cells within GrALT via PD-1
and PD-L1 interactions, and mediate Mtb control in both mice and macaques.

Introduction

Tuberculosis (TB) is caused by Mycobacterium tuberculosis (Mtb) results in 1.5 million
deaths annuallyl. TB exists as a spectrum of disease, with variable clinical outcomes
potentially linked to the granuloma, a hallmark of TB. Myeloid and neutrophilic granulomas
are associated with progression to active pulmonary TB (ATB)2, whilst more organized
granulomas associated with lymphoid follicles (GrALT) within tertiary lymphoid organs
(TLO) are associated with Mzt control® 4 and TB latency (LTBI). Here, GrALT is used

to describe the lymphoid follicles localized near or within TB granulomas, which are less
organized in mouse models3 but highly organized in the diversity outbred mouse model of
TB5 and macaques with LTBI* . GrALT facilitates Mtb control by orchestrating optimal
interactions between lymphocytes (T- and B cells), and myeloid cells (macrophages and
dendritic cells)? 34, and is poorly organized within human TB granulomas3. Recent studies
showed that antibodies from individuals that control Mtb infection display unique profiles,
are functionally distinct from those of individuals with ATBS, and can discriminate between
individuals with LTBI and ATB’. B cell deficient mice are more susceptible to infection
with clinical Mb strains®, yet the specific functions of B cells involved in Mtb control
remains unclear. By contrast, the impact of T cell-mediated immunity, particularly CD4*

T helper cells, on Mtb control is more established®. The co-localization and interaction

of antigen-specific B cells and CXCR5-expressing CD4* T cells within GrALT is critical

in mediating protection, but the molecular interactions that generate efficient pulmonary
immunity during TB is unknown3: 10, Therefore, the current study was designed to delineate
the specific T- and B cell protective functions within the GrALT that mediate Mtb control.
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High-throughput transcriptomic analysis across multiple species®, highlighted IRF4 as a
potential key regulator of Mitb control. Here we show that IRF4, a critical transcription factor
for B- and T cell differentiation, which is also expressed by DCs, is downregulated during
progression to ATB in humans and animal models that express a spectrum of TB disease.
Irf4 expression in T cells is essential to support lung Thl, Th17 and Tfh-like cell responses,
GrALT formation and Mtb control. Importantly, IRF4* T cells co-express BCL6 during

Mitb infection and Bc/6 deficiency in T- and B cells (lacking Tth-like cells or germinal
center [GC] B cells) are required for GrALT formation and Mtb control. In addition, while
Mitb-specific B cells are needed for Mib control and GrALT formation, important B cell
effector mechanisms such as MHC-I1 presentation, antibody production, or IL-10 production
by B cells is not required for either control of Mtbor GrALT formation. Upon Mtb infection,
B cells upregulated PD-L1 expression and interactions with PD-1-expressing lung Tfh-like
cells was required to enhance the differentiation from pre-Tfh to mature Tfh-like cells

and localization within GrALT to mediate Mtb control. Thus, our results reveal a critical
protective function for Tfh-like cells localized within GrALT, and support the contribution
of B cells in the strategic localization of Tfh-like cytokine producing cells within the GrALT
for Mtb control.

IRF4 expression is regulated in CD4* T cells during ATB

Naive T cells express low levels of the transcription factor IRF4, which is upregulated
upon TCR stimulation for differentiation into T helper subsets!!. To measure /RF4
mMRNA levels during TB disease in humans, 10 human whole blood transcriptome datasets
(Supplementary Table 1) from asymptomatic individuals with or without Mt6 infection,

or with microbiologically-confirmed ATB disease were identified!2. Meta-analysis showed
down-regulation of /RF4 mRNA expression in ATB, compared to healthy individuals

or those who controlled Mrb infection (Fig 1a; Supplementary Table 1). Ex-vivo
stimulated PBMCs from Mtb-infected humans, who either remained asymptomatic (LTBI)
or progressed to ATB, with Mtb antigen ESAT6/CFP10 peptide pool, showed higher
IRF4levels in individuals with LTBI compared with ATB (Fig 1b). Importantly, only a
small proportion of total CD3*CD4* T cells expressed IRF4 within lung granulomas in
human ATB patients (Fig 1c). Also, /RF4 (MUMI) mRNA expression was significantly
downregulated in the lungs of Mtb-infected NHP with ATB, when compared with NHP with
LTBI (Mtb-infected NHPs with asymptomatic TB) (Fig 1d), and correlated with increased
Mtbburden in ATB (Fig 1€). Lung CD4" T cells isolated from Mb-infected C57BL/6
mice also showed increased expression of /rf4 after in vitro ESAT-6 stimulation, compared
to unstimulated cells (Fig 1f). Single cell RNA sequencing (SCRNA-seq) of lung cells
from uninfected and Mtb-infected C57BL/6 mice at 50 and 100 days post infection (dpi)!3
revealed activated T- and B cell populations!3 as cell types that expressed /rf4 (Fig 1g).
Thus, /RF4 expression is induced in T- and B cells cells upon antigen/ Mtb exposure, but is
downregulated in ATB disease in humans and macaques.
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Irf4 in T cells is indispensable for Mtb control

We crossed the /r4Vfl micel4 with CD4°™ mice or CD19°" mice to generate CDA4C' /A1
(/rf4 deletion in T cells) and CD19%"e /r£4£VT (/rf4 deletion in B cells) mice (Fig 2a)

and aerosol infected with Mtb HN878. Mice lacking /rf4in T cells showed significantly
elevated Mtb CFU in the lungs at 25 gp/with further increase at 50 gjpi. In contrast,

Irf#VT and CD19¢r /r4/Tl mice controlled Mt burden at both dpi (Fig 2b). The increased
lung bacterial burden coincided with exacerbated lung inflammation in CD4%" /r££V/fl mice,
while CD19°" /r#£Vfl mice had significantly lower inflammation than /r#Vf mice (Fig

2c). CD4%"e /r4Tl 3150 exhibited reduced MHC-11 expressing alveolar macrophages (AMs),
enhanced neutrophil recruitment to the lungs of CD4¢" /r#£Vfl mice, when compared

with /rf£f mice (Extended Data Fig 1a and b). GrALT was significantly smaller

in CD4%"e /rf£fl mice, which were highly susceptible to Mtb infection, but also in

CD19% /r#Vf mice, which were not susceptible (Fig 2d). CD4°e /rf4! mice exhibited signs
of increased mortality and succumbed to infection by 80 api (Fig 2e), compared with /71
and CD19°"e /r#4£ VT mice. Thus, while /r#4 expression in both T- and B cells is required for
GrALT, our results show that only /rf4 expression in T cells is critical for Mtb control.

Irf4 mediates Tfh-like cell generation during Mtb infection

Accumulation of activated CD4* T cells at 25 g/ was significantly compromised in

cD4cre /reAM mice, when compared with both /741 and CD19¢" /AT mice (Fig 2f).
Activated CD4* T cells expressing IFN+y (Fig 2g), IL-17 (Fig 2h), or co-expressing IFNy
and TNFa (Fig 2i) were reduced in CD4%" /r££/fl mice compared to CD19¢™ /r££V/fl and
IrfAVT mice at 25 api, and the reduction was maintained until 50 ap/i. Additionally, there
was a significant reduction in lung CXCR5*CD4* T cells (i.e., Tfh-like cells) (Fig 2j)

and CXCR5BCL6" Tfh-like cells in CD4c"/rfAl compared with /r#£T mice (Fig 2k).
Consistent with the requirement for Irf4 in the development of GC B cells and FO B cells?®,
we observed a decrease in total B cells, and FO B cells, but not GC B cells in CD19¢e /r££1/M
mice when compared with /r7£Vfl mice (Extended Data Fig 1c-e). Indeed, Mtb-specific
antibody responses remained lower in CD19"¢ /r£4£/fl mice when compared with /7Tl
mice (Extended Data Fig 1f), suggesting defective production of plasma cells. Mtb-infected
cD4ce /£ mice also had reduced total numbers of B cells as well FO B cells (Extended
Data Fig 1c and e). Irf4 deficiency in B cells impaired GrALT formation, compromised the
accumulation of lung Tfh-like cells (albeit not significantly), but did not affect protective
immunity to Mtb infection. In contrast, /rf4 deficiency in T cells also reduced GrALT
formation, and significantly reduced the accumulation of Thl, Th17 and Tth-like cells and
increased susceptibility in CD4C" /rf£Vfl mice infection.

Tfh-like cells promote protective GrALT formation during TB

We enumerated IRF4* expressing T cells within the granulomas of macaques with ATB
or LTBI. Although total T cell numbers within granulomas were not significantly different
between ATB and LTBI, we found increased accumulation of IRF4* T cells within the
protective GrALT of LTBI macaques (Fig 3a-c). Accordingly, more PD1*Tfh-like cells
localized and showed a direct and significant correlation with GrALT size in LTBI lungs
(Fig 3d). Fewer IRF4* PD1" Tth-like cells were also found within the ATB human
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granulomas among the total CD3* T cells enumerated (Fig 3e to f). Thus, these results
together suggest that IRF4* Tfh-like cells (either PD1*, CXCR5* or Bcl6™) are generated
during protection and associated with enhanced GrALT formation in TB.

Lung Bcl6* Tfh-like cells are critical for Mtb control

Mouse gene expression dataset of naive and Mtb-infected DO mice showed that Pou2afl,
an upstream regulator of Bc/6 and GC-Tfh development, was the top transcription factor co-
expressed with /rf4 (Supplementary Table 2)°. Tfh-like cells were significantly reduced in
NHP with ATB and in susceptible CD4<" /r#£V/fl mice following infection. Bc/6 is expressed
in both T- and B cells in mouse upon Mtb infection (Extended Data Fig 2a). Therefore,
Bcl6was specifically deleted in T cells, and as Bcl6 is required for the generation of GC

B cells, Bc/6was also eliminated in CD19* B cells. CD4¢" Bc/6M/fl and CD19¢™e B/6f1/fl
mice were infected with Mib (Fig 4a). Notably, lung Mtb CFU (Fig 4b) was significantly
higher in CD4%e Bc/6V/fl mice compared with Bc/67/f mice at 50 and 100 dpi. Loss of

Mitb control was associated with increased lung inflammation (Fig 4c) and smaller GrALT
(Fig 4d) at later stages of Mtb infection. CD4%e Bc/6V/T mice, compared with Bc/6/fl

mice, were highly susceptible to Mtb infection, with a median survival time around 100

dpi (Fig 4e). Similar to CD4%" /rf#V/fl mice (Extended Data Fig 1a), CD4°" Bc/6V/fl mice
were unable to activate AMs and MHC-11* expression in lung at 100 ap/, compared with
Bcl6" mice (Extended Data Fig 2b). Additionally, neutrophils were increased within lungs
of Mib-infected CD4C" Bc/6'! mice (Extended Data Fig 2c).

While activated CD4* T cells were reduced in Mtt-infected CD4°™ Be/6f\/fl mice (Fig 4f),
accumulation of CD4* T cells expressing IFN+y was not changed (Fig 4g). There were also
early reductions in accumulation of TNFa producing CD4* T cells (Fig 4h). We previously
showed that CXCR5* Tfh-like cells express cytokines such as IFNy, TNFa and IL-28,
Similar to total activated CD4™* T cells, numbers of IFN+y producing Tfh-like and TNFa-
producing Tfh-like cells were reduced in the Mtb-infected lungs of CD4Ce Bc/67/f mice (Fig
4i-k). B cell populations (FO B cells, GC B cells) as well as Mtb-specific antibody response,
were also significantly reduced in CD4¢"¢Bc/6"/fl and CD19%e Be/6/ as compared with
Bcl6" mice (Extended Data Fig 2d-g). Both CD19¢"¢Bc/6/f and Bc/6V/! mice were able
to control Mtb (Fig 4b) and displayed similar levels of lung inflammation at 50 and 100

api (Fig 4c). Incidentally, CD19¢®Bc/6! mice, despite maintaining similar inflammation,
had smaller GrALT, when compared with Mtt-infected Bc/6V/f mice (Fig 4d). Significantly
fewer B cells, including GC B cells, FO B cells, as well as Mtb-specific antibody responses,
accumulated in the lungs of CD19¢ Bc/6/f mice, compared with Mit-infected Bc/6/fl
mice (Extended Data Fig 2d-g). While fewer activated CD4* T cells and CD4* T cells
expressing IFN+y accumulated during chronic disease in Mit-infected CD19% Be/61/M mice,
there were no differences in Tfh-like cell accumulation (Extended Data Fig 2h). Thus,
although both Tfh-like cells and GC B cells participate in GrALT formation, Tfh-like cells
are the key component required for pulmonary protective Mtbimmunity in mice.

B cells are required for long-term control of clinical strains of M8, Nevertheless,
CD19¢"¢ /6T mice, which lack GC B cells, were still able to control Mzb. Thus, we
generated conditional mice deficient for B cell functions including antigen presentation

Nat Immunol. Author manuscript; available in PMC 2024 May 29.
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through MHC-11 (CD19¢"eAB/f mice) (Fig 5a), plasma cell differentiation and subsequent
antibody production (CD19¢e B/imp1M/f mice) (Fig. 5e), and regulatory cytokine IL-10
production (CD19¢"¢//-10Vf mice) (Fig 5i). CD19% ;A8 mice (Fig 5b), CD19"e Blimp1™
mice (Fig 5f), and CD19¢"¢//-10fl mice (Fig 5j) were all able to control Mtb. Early
inflammation (Fig 5c¢, g and k) and accumulation of Tfh-like cells were not impacted in

any of the CD19°® mice with compromised B cell effector functions (Extended Data Fig

3a, b and d). CD19¢¢B/imp /T Mitb-infected mice were severely defective in induction

of Mtb-specific antibodies when compared with BlimpIVf Mib-infected mice (Extended
Data Fig 3c). There were no differences observed in GrALT in any of the CD19¢" mice
during Mtb infection (Fig 5d, h and I). Thus, our results show that B cells participate in

Mitb control®, but independent of the generation of GC B cells, MHC-11 antigen presentation,
antibody production by plasma cells and the modulatory effects of IL-10. Of note, no
significant decreases in the Tfh-like cells were observed in any of these B cell deficient
mouse models.

Mtb-specific B cells localize Tfh-like cells within GrALT

Transgenic IghelMD46 mice, in which the majority (>90%) of B cells recognize hen egg
lysozyme and do not recognize Mtb antigens exhibited increased lung Mtb CFU when
compared with C57BL/6 Mtt-infected mice during chronic infection (at 75 and 100 api), but
not at early time points (50 aps) (Fig 6a). Inflammation did not coincide with the increase

in bacterial burden (Fig 6b). While GrALT formation was defective at early time points,
non-specific B cells accumulated over time to form large GrALT structures in IghelMD4
Mtb-infected mice (Fig 6c). Fewer total activated CD4* T cells accumulated in lungs of
IgheIMD4 mice compared with C57BL/6 mice, but no significant differences were observed
in the Th1 cells (i.e., producing cytokines IFNy or TNFa) (Extended Data Fig 4a-c).
Similarly, Tfh-like cells were reduced, and of note, those producing cytokines including
IFNy or TNFa (Fig 6d-f). Additionally, B cell accumulation, including GC B cells and

FO B cells, as well as antibody production was reduced in chronically Mtb-infected
IghelMD4 mice (Extended Data Fig 4d-g). To address the impact of Mib-specific B cells on
immunopathology in the lungs of Mtb-infected IghelMD4 mice, we adoptively transferred B
cells isolated from Mitb-infected C57BL/6 mice into IghelMD4 mice during chronic TB (Fig
69). Twenty-eight days after transfer (128 api), IghelMD4 mice showed higher inflammation
and GrALT, whereas inflammation and GrALT were lower in the IghelMD4 mice which
received antigen-specific B cells (Fig 6h-i). Notably, significantly lower Mtbwere harbored
within the GrALT in the IghelMD4 mice that received the B cells (Fig 6j).

Furthermore, Mtb infection was established in C57BL/6 mice over 50 days, following
which a-B220 and a-CD19, or isotype controls were delivered for 25 days (Extended
Data Fig 5a). Mtb-infected mice were successfully depleted of B cells in the lung without
affecting antibody production (Extended Data Fig 5b and c). Similar to IgheIMD4 mice, B
cell depleted mice exhibited increased lung Mtb CFU, accumulated fewer activated CD4*
T cells, Tth-like cells and cytokine-producing Tfh-like cells (Extended Data Fig 5d to

j)- Therefore, Mtb-specific B cells are required for accumulation of cytokine-producing
Tfh-like cells, GrALT formation and local Mtb control.

Nat Immunol. Author manuscript; available in PMC 2024 May 29.
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B cells via PD1-PDL1 axis drive Tfh-like cell localization

Our previous studies proposed that GrALT is associated with Mt control and protection.
Yet, in the current study, we found in our conditional deletion models that GrALT formation/
organization is not sufficient to explain protection because GrALT was reduced in both
cD19ce/rfAM and CD19e Be/6™/M mice (Extended Data Fig 6a-b), which were still able to
control Mtb. In contrast, CD4°"¢/rf4™"f and CD4¢¢Bcl6™ mice (Extended Data Fig 6a-b),
which were more susceptible to infection, also lack GrALT formation/organization. We
therefore evaluated the localization of Tfh-like cells within GrALT in the different CD4 and
CD19 Cre mouse models and found that despite its reduced size, the GrALT of Mtt-infected
CcD19%" /rfVl and CD19¢re Be/6f/f mice still contained a significant localization of Tfh-
like cells (Fig 7a, Extended Data Fig 6b). Neither GrALT size nor Tfh-like cell localization
within GrALT were impacted in CD19%¢ ;451 cD19¢"eB/imp1f cD19%e /10T mice
(Fig 7a, Extended Data Fig 6a-b). In sharp contrast, in all the susceptible murine models (i.e.
coacre /Ml cD4ace Be/6/ and IghelMD4 mice) Tth-like cells did not localize within
GrALT. Thus, there is a threshold of Tfh-like cells within GrALT (Fig 7a), which is needed
to mediate Mtb control. We also addressed the localization of Mib relative to GrALT. Mtb
16sRNA generally localized outside of the GrALT areas during Mtb control (Extended

Data Fig 7a). In sharp contrast, in highly susceptible models, such as CD4cre /ATl

and CD4%e Bc/6Vfl mice (which lack Tth cell differentiation and GrALT formation), Mtb
localized even within poorly formed GrALT (Extended Data Fig 7a). These results provide
novel insights into the dynamic and complex interplay between Tfh-like cells and B cells
limiting Mtb within GrALT.

B cells potentiate IFNy in protective Tfh-like cells

To delineate the mechanisms by which lung B cells mediate Tfh-like cell localization, we
assessed the top genes induced in lung B cells compared with splenic B cells from Mib-
infected mice8. Atf3 (~ 5 fold higher)17, which is rapidly induced upon B cell activationl’,
Nrdal(~4.5 fold), Nr4a2 (~3.5 fold), genes induced upon BCR stimulation®, as well as
CCR7 (~2 fold higher), which allows B cells to respond and traffic towards T cells!® was
induced in lung B cells. These results suggest that BCR stimulation by Mtb antigens is
important for the stable downstream interactions with Tfh-like cells. Indeed, Atf3 is a known
transcription factor that induces PD-L1 expressionl’. As such, PD-L1 expression on lungs B
cells (Fig 7b) during Mtb infection was increased, particularly in FO B cells (Fig 7c¢) and not
in other subsets (data not shown).

To address if PD-1 and PD-L1 interactions mediate the localization of Tfh-like cells,
Rag1KO mice, which lack mature B cells and T cells, received either B cells and T cells
from B6 WT mice, or B cells from B6 mice and T cells from PdZKO mice (1:1 ratio). The
Rag1KO mice were infected with Mtband lung T cell responses were analyzed (Fig 7d).
Numbers of total activated lung T cells (Fig 7e) were similar between the two groups, but
lung Tfh-like cells were decreased in Rag1KO mice, which received B6 B cells and PdZKO
T cells (Fig 7f). However, IFNy* Tfh-like cells (Fig 7g) and IFN+y production on a per

cell basis (Fig 7h) was significantly reduced in Mtb-infected Rag1KO, which received B6
B cells and PdZKO T cells. Finally, in the Rag1KO mice that received B6 B cells and B6

T cells, we observed a reduced Mtb16S rRNA signal and organized GrALT formation. In

Nat Immunol. Author manuscript; available in PMC 2024 May 29.
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contrast, an increased Mt616S rRNA signal, as well as poorly formed GrALT, was detected
in Rag1KO mice that received B6 B cells and PdZKO T cells (Extended Data Fig 7b and c).
Thus, the disruption of effective PD1-PDL1 interactions between B- and T cells abrogated
the protective effector functions of Tfh-like cells in Mtb-infected mice.

When we compared the T cell responses in the lymph node (LN) vs the lungs from
uninfected and Mtt-infected B6 mice, we found that activated T cells (Fig 7i) as well
IFNy-producing T cells (Fig 7j) were significantly increased upon infection in the lungs but
not the LNs. Also, accumulation of Tfh-like cells were only found in the lungs but not LNs
of Mtb-infected mice (Fig 7K). This was associated with increased T-bet expression (Fig 71)
within Tfh-like cells in LNs, but increased Bcl6 expression (Fig 7m) was observed only in
Mitb-infected lungs coinciding with Tfh-like cell accumulation. Following Mtb infection, T
cells are primed in the LNs, but reach their full potential, including effector functions and
Tfh-like cell phenotype, in the lungs, likely through the PD-1 and PD-L1 interactions with
Mitb-specific B cells inside the GrALT.

B-cell depletion reduces control in Mtb-infected macaques

Vaccination of macaques with MtbAsigH increased GrALT and controlled infection upon
challenge with lethal dose of M0, To address the role of B cells in Mtb control,
macaques were aerosol vaccinated with 1000 CFU of MtbAsigH and divided into two
groups. The treatment group received intravenous administration of 2B81R (anti-CD20)
eight weeks post-vaccination and every three weeks thereafter. The control group received
control 1gG antibody at the same time points (Fig 8a). B cells, at every time point after

the initial treatment, were significantly reduced in the lung when compared to control
animals (p<0.05) (Extended Data Fig 8a-b). One week after the first administration of
CD20-depleting or control antibodies, animals were challenged with a high-dose of Mtb
CDC1551 (Fig 8a), which leads to 100% lethality in susceptible rhesus macaques?.

After the B cell depletion and high-dose challenge, 50% of treated animals displayed
detectable levels of C-reactive protein (CRP) (Extended Data Fig 8c), a marker of systemic
inflammation that is highly indicative of active TB in macaques'?. To determine if B

cells aid in controlling bacterial growth, either directly or indirectly, we analyzed Mtb
burdens at necropsy. B cell depleted animals had significantly higher bacterial burden in
randomly collected lung sections (Fig 8b), as well as in individual granulomas (Figure 8c).
B cell depleted macaques also showed reduced accumulation of Tfh-like cells expressing
CXCRS5 (Fig 8d; Extended Data Fig 8d) or PD-1 (Fig 8e; Extended Data Fig 8d). These
results were further confirmed by co-staining for BCL6 and PD-1. In contrast to isotype
control treated vaccinated macaques, B cell-depleted animals exhibited little to no well-
organized GrALT, and lacked localization of CD3*PD-1*BCL6" Tfh-like cells (Fig 8f,

g). Granulomas from control animals retained more polyfunctional cytokine producing
CD4* T cells (IFNy*TNFa*IL-2%), while B cell depleted granulomas contained more
monofunctional, IFNy-producing CD4" T cells (Extended Data Fig 8e). As expected, B cell
depleted macaques had similar Mt6-specific 1gG response to control macaques (Extended
Data Fig 8f). Furthermore, B cells may play a direct role in recruiting or retaining CD4*
Tfh-like cells, which may reside in the GrALT.

Nat Immunol. Author manuscript; available in PMC 2024 May 29.
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To confirm the contribution of Tfh-like cells in vaccine-induced immunity to Mtb infection,
we vaccinated Bc/6"f and CD4ce Be/6fT with BCG by the intratracheal route, followed
by rest and subsequent challenge with Mtb HN878 (Extended Data Fig 8g). We found

that BCG-vaccinated CD4¢" Bc/67/fl mice showed significantly increased Mib CFU when
compared with Bc/6/f mice (Extended Data Fig 8h). These results further confirm a
functional role for Tfh-like cells in protective immunity to Mtb challenge after vaccination.

Discussion

TB continues to be a global health threat and the immune parameters that mediate protection
or pathology are not fully delineated. Our results here answer long-standing questions
regarding the role of B cells in impacting Mtb control through the differentiation and
localization of Tfh-like cells within GrALT.

IRF4 is expressed in innate and adaptive immune cells, including macrophages, and
dendritic cells, as well as T- and B cells20. Absence of /RF4in CD4* T cells affects the
differentiation of Th2, Th9, Th17 and Tfh cells. However, the role for IRF4 in generation of
Th1 cells is less clear. IRF4 also controls peripheral CD8* T cells differentiation following
viral infection, and the expression of effector molecules such as IFNy and granzyme B

is reduced in CD8" T cells lacking /RF4L, Consistent with these studies, both T cells
(including CD4*, CD8" T cells) and B cells predominantly expressed /rf4 mRNA in the
Mitb-infected mouse lung. IRF4 promotes CD8* T cell exhaustion during chronic viral
infection2! or represses CD4* T cell exhaustion during allograft rejection?2. Thus, the
decreased levels of /RF4 mRNA in the lungs of Mtb-infected macaques and mice, and in
the blood of individuals with ATB, may be a reflection of diminished T cell activation?3
and/or depletion of IRF4-expressing T cells. In T cells, IRF4 is induced within hours
following TCR stimulation, and its expression depends on TCR affinity24. These results are
confirmed by the increased expression of /RF4mRNA in antigen-specific CD4* T cells
(ESAT6/CFP10 stimulated) from Mitb-infected individuals and mice. At the early time points
post Mtb infection, IRF4 expression is up regulated in antigen-specific T- and B cells, and is
required for differentiation of T cells into effector subsets and B cells, respectively.

Using Mtt-infected CD4C™ /rff/Tl c D19 jrf£VT and /r#4VT mice, we show that Irf4
expression in T cells is necessary for effective control of Mtb, results which are similar

to those seen in CD4~/~ mice?®. Consistent with the known role for IRF4 in B cell
differentiationl!, a reduction in lung FO B cells in Mtt-infected CD19® /r£4£Vfl mice, which
coincided with reduced lung inflammation and impaired GrALT formation in the lungs. We
did not find any differences in GC cells in the lung, but did observe defective Mtb-specific
antibody responses in the CD19¢" /r££/fl mice. Thus, GC and antibody responses are not
directly involved in protection, but Tfh-like localization within GrALT (independent of
GrALT size) can still lead to efficient control of Mtb infection.

The formation of well-organized GrALT in the lung is associated with protection and Mtb
control in mouse and NHP models3 4 10, Our initial results show that IRF4* T cells localize
within GrALT and strategic positioning of Tfh-like cells within GrALT correlates with

Mitb control, suggesting a feedback loop where Tth-like cells provide positive signals to
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B cells to enhance GrALT formation. These findings led us to experimentally address the
role of Bcl6 in T cells and the specific role of lung Tfh-like cells in the mouse model of
Mtb infection. Tfh differentiation occurs following dendritic cell (DC) priming, CD4* T
cell activation and engagement of peptide:MHC, co-stimulatory molecules and cytokines.
Activated CD4* T cells differentiate into Bcl6™ pre-Tfh cells or Blimpl* CD4* T cells
(non-Tth cells). There is a well-known reciprocal antagonistic relationship between Bcl6
and Blimp1 (encoded by Prdm1), where Bcl6 represses Blimpl, and Blimp1 represses
Bcl626. Consistent with the participation of Bcl6 in the generation of Tfh-like cells, we
found that Bcl6 deletion in T cells caused a significant reduction in cytokine-producing
lung Tfh-like cells, impaired GrALT formation, thereby leading to increased susceptibility
to Mtb infection. Deficiencies of Irf4 or Bcl6 in CD4* T cells resulted in enhanced Mtb
susceptibility, albeit CD4¢"¢ Bc/6%/T mice succumbed to TB disease at a later timepoint,
likely because Bcl6 functions downstream of Irf4. While Bcl6 deficiency in B cells did
not affect susceptibility to Mtb infection, GrALT was significantly smaller, likely because
the recruitment and transition to GC B cells was affected thus impacting the formation

of lymphoid follicles. Despite reduced GrALT, Mtb control was still maintained because
Tth-like cells still efficiently localized (albeit at lower levels than controls but still above
a threshold mediating protection) within GrALT. These results unequivocally show a role
for Tfh-like cells and Bcl6 in T cells in mediating protective immunity against TB, and a
dispensable role for GC B cells in Mtb infection.

While the participation of CD4™ T cell in Mtb control is well-recognized, the contribution
of B cells is much less understood. Recent studies showed that there were distinctive B

cell subpopulations in the periphery of ATB patients?’. Mtb-specific B cells proliferate

and are present in human granulomas? and animal models® 4 10 and are located in close
proximity to CXCR5-expressing CD4* T cells and Mit-infected macrophages®: 10, A novel
TB vaccine, MtbAsigH, which provides protection against Mtb challenge in NHPs, was
associated with enhanced GrALT formation, consisting of CD20* B cells in granulomas?O.
Also, B cell deficient mice are susceptible to infection with clinical Mtb strains®. Thus,
while the protective functions of B cells in Mtb control are suggestive, the exact functional
mechanism of action thus far has been elusive. Our data show that Mr&-specific B cells are
important for controlling the infection, by mediating effective generation and localization
of lung Tth-like cells, independent of widely recognized B cell functions, including GC

B cell differentiation, MHC-I1-dependent antigen presentation, plasma cell differentiation/
antibody production, or IL-10 synthesis. Recent literature surrounding the role of antibodies
during Mtb infection has found distinct differences antibodies isolated from individuals with
asymptomatic vs symptomatic TB disease® 7, differences based on isotype and production
site?8, and antibodies against Mtb lipids?®, although there is no clear consensus on what
role antibodies are actually playing during infection. We show that antibodies themselves do
not have a direct protective function, as CD19%€ B/imp /M mice did not exhibit increased
Mitb susceptibility. However, antibodies may have a potential role in preventing Mtb
dissemination, which occurs because of impaired cellular immunity30,

Our results validate a role for Mtb-specific B cells in protective immunity, as IghelMD4
mice are more susceptible to Mib infection, showed impaired accumulation of cytokine-
producing Tfh cell and poorly formed GrALT. Lung resident memory B cells, which are
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distinct from peripheral B cells, acquire effector functions early after challenge, as their
strategic placement allows for local antigen encounter at the site of infection3l. Absence

of MHC-I1 on CD19 cells or lack of GC B cells is not required for expansion of lung
Tfh-like cells and Mtb control. There is no consensus in the literature with several papers
highlighting a non-redundant role for MHC-11 driven antigen presentation32 or independent
of CD40:CD154 interaction. However Rodriguez-Pinto et al33 instead highlight that the
CD40:CD154 interaction is required for optimal CD4* T cell priming by B cells. 1L-10

is an anti-inflammatory and inhibitory cytokine that limits protective responses to Mtb
infection34. Mtb has previously been shown to utilize IL-10 to evade the immune system.
Previous studies indicated that activated effector T and B cells are a major source for I1L-10.
Consistent with previous data, we did not find a protective or pathological role for IL-10
expression in B cells up to the time points tested.

Lung B cells isolated from Mtb-infected mice expressed heightened markers of BCR
activation, such as Atf3and Nrd4al/Nr4a2. ATF3is a highly induced gene in lung B cells,
which can transcriptionally regulate PD-L1 by directly binding to the PD-L1 promoter
regionl’ or can upregulate PD-L1 expression on marginal zone B cells in an Atf3-dependent
manner3®. Furthermore, PD-L1 on B cells can interact with PD-1 on T cells, inhibit T

cell recruitment into the follicle and concentrate T cells toward the GC. PD-1 and PD-L1
interactions between individual Tfh-like cells and B cells optimized B cell competition

and affinity maturation, thus controlling tissue positioning and function of Tfh cells in

the spleen36. Our results show that activation of B cells, and upregulation of PD-L1 on

B cells may allow interaction with PD-1 on T cells to drive the differentiation of cytokine-
producing Tfh-like cells within the GrALT. PD-1 expressing CD4* T cells accumulate in
the lung following Mtb infection, proliferate and are not exhausted, but can differentiate
into cytokine-producing cells and may play a central role in maintenance of antigen-specific
effector T cells during chronic Mtb infection3”. Upon aerosol infection with Mib, PD-1
deficient mice (and to lesser extent PD-L1 deficient mice) and macaques treated with
anti-PD1 antibody are highly susceptible to disease due to exacerbation of T cell responses
and lung pathology®: 38 39, Adoptive transfer studies demonstrate that PD-1-expressing
CD4* T cells limit TB lung pathology by regulating CD4* T cell responses38. Additionally,
PD-1 deficient mice have CD4* T cells that express lower Thet levels, despite higher IFNy
expression, while IFNy and TNFa producing cells were reduced38. Our results show that
PD-1 deficient cells when co-transferred with B6 B cells into Rag1KO mice mediated
reduced accumulation of Tfh-like cells and impaired IFN-y production. Recent studies have
shown that in the absence of PD-1 dependent inhibitory signals, migratory CD4* T cells

are less differentiated and result in increases in the lung parenchymal effector CD4* T

cell population with propensity to over-produce IFN+y and mediate pathology*°. These
results suggest a multifaceted regulatory role for PD-1 in Mtb infection. On one hand,

PD-1 signals could be required to restrain overall CD4* T cell activation and limit terminal
differentiation, while on the other hand, these signals specifically in Tfh-like cells may be
driving cytokine production and along with interactions with PD-L1 on B cells may facilitate
the localization of Tfh-like cells within the GrALT to mediate Mib control. Generating mice
with Tfh-like cells deficient in PD-1 should allow us dissect out this dichotomy in future
studies. PD-L1KO mice are not as susceptible to Mib infection as PD-1 deficient mice38;
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thus, it is also possible that other PD-1 ligands are involved in the localization of Tfh-like
cells and should be explored in future studies.

The formation and organization of GrALT is a correlate of protection in mouse models®:

41 and in macaques? 3 4 42, However, absence of Irf4 and Bcl6 in T- and B cells both
result in similarly defective GrALT organization with differing outcomes in Mtb control. By
using a combination of conditionally deleted mice, transgenic mouse strains and adoptive
transfer experiments, we show that the protective features of GrALT are derived from the
strategic localization of cytokine-producing Tfh-like cells at the site of infection. Clearly,
Tfh-like cells and B cells function together to mediate the protective GrALT formation
with Tfh-like cell playing a fundamental primary protective role and B cells playing an
indirect role. In Mitt-infected CD19¢" /rf£AT and CD19e Bc/6™/ mice, reduced size of
GrALT is associated with lower accumulation of Tfh-like cells within GrALT. This is also
clear in Mtb-infected IghelMD4 mice where absence of Mtb-specific B cells during acute
infection is not required for GrALT formation or Mtb control, but during the chronic stages
of infection, the poor accumulation of Tfh-like cells within GrALT resulted in increased
susceptibility. The feedback interactions between Mtb-specific B- and T cells are present
during chronic infection (100 gp/), where Mtb-infected IghelMD4 mice show a larger
GrALT composed of non-specific B cells and increased inflammation, which was reversed
by adoptive transfer of Mib-specific B cells. Phuah et al*3 depleted B cells in NHPs,

and describe increased bacterial burden, dysregulated cytokine producing T cells, and a
lower antibody response. Using a model where GrALT is critical in protection i.e., mucosal
vaccine strain, MtbAsigH, and Mtb challenge, we show that despite presence of antibodies,
B cell depletion results in increased Mtb CFU, a decrease in T cells that produce multiple
cytokines, a reduction in the accumulation of lung Tfh-like cells and GrALT size. We

were able to replicate these findings in a mouse model of B cell depletion during Mtb
infection, and mice deficient in Tfh-like cells also showed increased susceptibly in vaccine
Mitb challenge models, highlighting the importance of targeting the B cell-Tth-like cell axis
in vaccine strategies against Mib.

Based on the multiple lines of evidence in mouse and macaque models, we propose that
Mitb-specific B cells likely provide help to lung Tfh-like cells (independent of MHC-1I-TCR
interactions) and downstream generation and strategic localization of cytokine producing
Tfh-like cells within the GrALT for efficient Mtb control. The relationship between Tfh-like
cells and B cells is thought to be important because of a reciprocal dependency played

out during the generation of affinity-matured antibody. This cognate interaction occurs

in germinal centers that form within B cell follicles of secondary lymphoid organs after
antigen exposure. However, there is evidence that B cell dependence is not completely
required for Tfh-like cells that can develop without B cell help, if T cells get adequate
stimulation from peptide antigen-MHC-11 complexes displayed on other antigen-presenting
cells*. Additionally, B cells are dispensable for the priming of CD4* T cells and the initial
acquisition of a Tfh-like cell phenotype, but B cells might play a more important role in the
maintenance, amplification of cytokine responses and function of lung Tfh-like cells. Recent
evidence demonstrated that TLOs with a high presence of B cells led to protective CD4* T
cell responses in the lungs. While our results suggest that Mib-specific B cells are needed
for the generation of lung Tfh-like cells, it occurs independently of MHC-I1 expression on
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B cells, presence of GC B cells or antibody producing B cells at the site of the infection.
Whether this reflects a difference between the Tfh-like cells in the SLOs and the pulmonary
TLOs is an area that needs to be investigated in the future.

In conclusion, we show a critical contribution of the transcription factors IRF4 and BCL6 in
CD4* T cells in the generation of cytokine-producing Tfh-like cells, which localize within
protective GrALTSs to mediate Mtb control. Our results strongly suggest that Mib-specific B
cells are needed for orchestrating Tfh cell differentiation and accumulation in the GrALT,
inducing cytokine production via PD1, and influencing GrALT organization. These results
together answer long-standing questions regarding the contribution of Tfh-like cells and B
cells in the generation of a protective GrALT involved in the generation of local immunity
to control Mtb infection and provide novel targets and immune pathways for improving the
design of TB vaccines.

Reanalysis of clinical meta-data

Ten human whole blood transcriptome datasets from healthy and Mtb-infected individuals
were identified from the NCBI database Gene Expression Omnibus!2. All datasets

were downloaded as pre-processed by the original authors and multi-cohort analysis

was performed on the summarized log2-transformed gene-level intensities using the
Metalntegrator R Package®®. HIV-infected and post treatment samples were excluded from
the studies, which profiled the transcriptional response during Mtb infection and treatment
response, respectively.

Animals and infection

Mouse experiments.—C57BL/6, CD4ce, cD19¢", /rfffl BeleM jaB1Tl IghelMD4,
Rag1KO and PdZKO mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
BlimpIf mice were obtained from J. Gommerman (University of Toronto, Canada) and
/120" mice were kindly provided by A. O’Garra (Imperial College London, UK). All
mice were maintained and bred at Washington University in St. Louis. Mice of both sexes
between the ages of 6-8 weeks were used in accordance with the approved Institutional
Animal Care and Use Committee (IACUC) guidelines at Washington University in St.
Louis. CD4%"e /rfA/f and CD19¢" /r#VT mice were obtained by crossing /r#£/ strain
with CD4°™ and CD19¢"®, respectively. Similarly, CD4¢" Bc/6V/fl and CD19¢re Be/6/ mice,
as well as CD19¢rejAB1 mice, CD19¢" Blimp1Ifl mice, and CD19¢™¢ /107 mice were
generated.

BCG vaccination in mice: BCG Pasteur (~5x10° CFU) was delivered intratracheally
30 days prior to infection with Mtb. Mice were euthanized at 20 gp/and lungs were
harvested, homogenized, and serial dilutions of tissue homogenates plated on 7H11 agar
plates supplemented with 2 pg/mL 2-thiophenecarboxylic acid hydrazide to determine Mtb
CFU, and to selectively differentiate Mtb CFU from BCG CFU.
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B cell depletion in mice.—C57BL/6 mice were infected with Mib, and infection

at 50 gpi, mice received B cell depleting antibodies (150 pg anti-mouse B220 (clone:
RA3.3A1/6.1 (TIB-146), BioXCell) and 150 pg anti-mouse CD19 (clone: 1D3, BioXCell)
or isotype control antibodies (150 ug 1gG, BioXCell) via the intratracheal route every 3

— 4 days, over a 25 day period. At 75 dpi, mice were euthanized, and lungs harvested,
homogenized and processed.

Aerosol Infection in mice.—Mtb strain HN878 was cultured and stocked in Proskauer-
Beck with 0.05% tween 80 and stored at —80°C. Mice were aerosol infected with ~100
colony forming units (CFU), as described previously*6. At specific time points post
infection, lungs were harvested, and serial dilutions plated on 7H11 agar plates.

NHP infection.—All animal procedures were approved by the Institutional Animal Care
and Use Committee of Tulane National Primate Research Center, Covington, Louisiana,
USA, and were performed in accordance with NIH guidelines. Indian rhesus macaques of
both sexes verified to be free of Mtb infection by tuberculin skin test were obtained from the
Tulane National Primate Research Center. The animals were housed in an ABSL3 facility
and were exposed to ~1000 CFU of Mrtb CDC1551 via the aerosol route. The animals were
periodically monitored for their physiological parameters and disease symptoms.

B cell depletion study in NHPs.—All macaques were similarly aerosol-exposed to
~1000 CFU of MtbAsigH. This strain harbors a knockout in the transcription factor SigH,
and aerosol vaccination with it protects against lethal Mtb challenge. Macaques were

then challenged, nine-weeks post-vaccination, with ~1000 CFU of parental, wild-type Mtb
CDC1551 via the aerosol route. Tissue samples were collected throughout the study and
macaques were monitored for clinical signs of disease. To deplete B cells from macaques,
we used 2B81R, a simianized CD20-depleting antibody, which was developed by the NIH
Non-human Primate Reagents Resource (https://www.nhpreagents.org/) by fusing the Fag
chain of clinically approved Rituximab to a rhesus F¢ chain. 2B81R was given intravenously
to the treated animals at 45-50 mg/kg over the course of 45 minutes to monitor animals for
possible development of anaphylactic shock. The antibody administration was first piloted
in naive animals and shown to deplete B cells in the periphery and tissue without induction
of clinical signs of TB infection (e.g. C-reactive protein). The antibody was administered to
the vaccinated animals one week prior to Mtb-infection (week eight), and then every three
weeks subsequently. Control animals were given rhesus control IgG at the same dose at each
time point treated animals were given 2B81R.

Generation of single-cell suspensions from lung tissues.—Lung single-cell
suspensions from uninfected or Mtb-infected mice/macaque were isolated. Lungs were
minced and incubated in Collagenase/DNAse for 30 minutes at 37°C. Lung tissue was
pushed through a 70 pm nylon screen to obtain a single-cell suspension. Red blood cells
were lysed and the cells were resuspended in suitable media or buffer for further use.

Adoptive transfer in mice.—All mice adoptive transfer studies were performed through
the intravenous route. Naive or Mtb-specific CD4* T- and/or B cells were isolated from
lymph nodes and spleen or lungs of mice via magnetic sorting. Single cell suspensions

Nat Immunol. Author manuscript; available in PMC 2024 May 29.


https://www.nhpreagents.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

Page 15

were prepared from lymph nodes and spleens by passing through 70 um cell strainer

(BD Biosciences) and for lungs as detailed above. The cells were subjected to MACS for
isolating CD4* T cells (Cat # 130-049-201; Miltenyi) and pan-B cells (Cat # 130-104-443;
Miltenyi), as per manufacturer protocol. Sorting efficiency was analyzed to about 85-90%
and ~1x107/cells in PBS was injected into recipient mice.

In vitro stimulation and transcriptomic analyses of sorted CD4* T cells.—We
reanalyzed RNA-seq datasets from a study that aimed to identify a signature for risk of TB
from Mitb-infected participants of the South African Adolescent Cohort Study (ACS)47: 48,
1x10°% live PBMC were stimulated with Early Secreted Antigenic Target 6kDa (ESAT-6)
and Culture Filtrate Protein 10 (CFP-10). PBMCs, stimulated in media with 0.27 % DMSO,
were used as negative controls. After 12 hours of incubation, T cells were purified from
PBMC and were lysed in RNeasy RLT buffer (Qiagen). RNA was extracted from sorted cell
subsets using RNeasy Plus Micro kit (Qiagen) and subjected to bulk RNA sequencing. For
murine studies, data was obtained from a previously published study. Briefly, CD4* T cells
from Mitb-H37Rv infected lungs were isolated using magnetic CD4* beads (clone GK1.5,
Miltenyi Biotec), according to the manufacturer’s instructions. The cells were incubated in
the presence or absence of ESAT-6 peptide (5 pg/ml).

Bulk RNA-sequencing

In vitro stimulations.—Both /n vitro stimulated human and murine cells were processed
for total RNA isolation using RNeasy kits (QIAGEN), RNA-sequenced and analyzed as
described previously4’: 48,

Mouse or macaque lung tissues.—As described by Ahmed et al®, RNA was extracted
and sequencing libraries were generated. RNA-seq reads were aligned to the respective
species genome assemblies*® using HISAT2 v2.1.0%0. FPKM (fragments per kilobase of
gene length per million reads mapped) normalization was performed.

Single cell RNA library generation, sequencing, data processing and analyses

As described by Akter et al'3 lung single cell suspensions from uninfected and Mt-infected
mice, at 50 and 100 qp/, were enriched for live cells using dead cell depletion kit

(Miltenyi Biotec) and were subjected to droplet-based massive parallel single-cell RNA
sequencing using Chromium Single Cell 5’ (v1) Reagent Kit in the BSL-3 laboratory as per
manufacturer’s instructions (10x Genomics). Data processing was performed as described in
Akter et all3.

Flow cytometry staining

Murine studies.—Lung single-cell suspensions were prepared from Mtb-infected mice, as
described previously. For flow cytometric analysis, cells were either stained immediately,

or stimulated with Phorbol myristate acetate (PMA-50 ng/ml) and ionomycin (750 ng/ml;
Sigma Aldrich) in the presence of Golgistop (BD Pharmingen). The following fluorochrome
conjugated antibodies were used for myeloid cell surface staining, CD11b APC (clone:
M1/70, Tonbo Biosciences), CD11c PE-Cy7 (clone: HL3, BD Pharmingen), GR-1 PerCP-
Cy5.5 (Clone: RB6-8C5, BD Pharmingen) and MHC class Il FITC (Clone: M5/114.15.2,
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Tonbo Biosciences). CD19 PE-Cy5 (clone: eBiolD3, eBiosciences), B220 PE-Cy7 (clone:
RA3-6B2, BD Pharmingen), GL7 FITC (clone: GL7, BD Pharmingen), CD95 PE (clone:
15A7, eBiosciences), CD138 BV605 (clone: 281-2, BioLegend), and IgD BV421 (clone:
11-26¢.2a, BioLegend) were used for B-cell surface staining. CD3 AF700 (clone: 500A2,
Biolegend), CD4 Pacific blue (clone: RM4.5, BD Pharmingen), CD44 PE-Cy7 (clone: IM7,
Invitrogen), CD8 APC-Cy7 (clone: 53-6.7, BD Pharmingen), CXCR5 PerCP Cy5.5 (clone:
2G8, BD Pharmingen), PD1 PE (clone: J43, BD Pharmingen), and ICOS PE-Cy5 (clone:
7E.17G9, eBiosciences), were used for T cell surface staining. For intracellular staining,
fixation/permeabilization concentrate and diluent (BD biosciences) were used to fix and
permeabilize lung cells following manufacturer’s instructions. Intracellular staining with
IFN-y APC (clone: XMG1.2, Tonbo Biosciences), TNFa FITC (Clone: MP6-XT22, BD
Biosciences), IL-17A PE (clone: TC11-18H10, BD Pharmingen), Irf4 FITC (Clone: 3E4,
eBiosciences) and Bcl6 PE (Clone: IG191E/A8, Biolegend), or the respective isotype control
antibodies (APC rat IgG1x, FITC rat IgG1x and PE rat IgG1x isotype, BD Pharmingen)
was performed for 30 min at 4°C. Samples were acquired on a BD LSRFortessa

X-20 Cell Analyzer and the analysis was performed using FlowJo versions 7 and 10
(Treestar). Alveolar macrophages were gated on CD11¢*CD11b™, neutrophils were defined
as CD11b*CD11c~Gr-1M cells, monocytes were defined as CD11b*CD11¢~Gr-1M¢d cells
and recruited macrophages were defined as CD11b*CD11c™Gr-1!°W cells. GC B-cells as
B220MCD19*GL7*CD95", and follicular (FO) B cells as B220NCD19*GL7-CD95"IgD*,
and total B cells: combination of all subsets (Extended Data Fig 9a). Activated T-cells
were identified as CD3*CD4*CD44M T-cells and showed expression and/or co-expression
of IFN+y, TNFa, and IL-17 cytokines (Extended Data Fig 9b). Tfh-like cells were gated as
CD3*CD4*CD44N |COSNCXCR5*PD1* cells (Extended Data Fig 9b). Total numbers of
cells within each gate were back calculated based on cell counts / individual lung samples.

NHP studies.—Flow cytometry was performed on tissue samples, including blood,
lung, and individual granulomas, from animals throughout the study and at the time of
euthanasial®. Where appropriate, single cells from tissue or granulomas were stimulated
for 12 hours in the presence of brefeldin A with and without ESAT6/CFP10 peptide
stimulation. All samples were stained with fixable live/dead stain (Fixable Viability

Stain 520, BD Biosciences), incubated with surface antibodies for 20 minutes at room
temperature, and subsequently fixed. For identification of Thl and Tth like cells, samples
were stained with surface antibodies CD3 Alexa 700 (clone SP34-2, BD Biosciences),
CD4 Brilliant violet 605 (clone L200, BD Biosciences), CD8 APC (clone RPA-T8, BD
Biosciences), PD1 Brilliant violet 421 (clone EH12.2H7, Biolegend), and CXCR5 PE
(clone MU5SUBEE, eBioscience). Cells were permeabilized to detect intracellular cytokines
with antibodies specific for IFN+y Brilliant violet 510 (clone B27, BD Biosciences),
TNFa PE (cloneMADb11, BD Biosciences), IL-2 Brilliant violet 650 (clone MQ1-17H12,
BD Biosciences), IL-17A Brilliant violet 711 (clone BL168, Biolegend). Samples were
incubated for 2-3 hours at 4°C. Samples were acquired using a BD LSR Fortessa and data
was analyzed using FlowJo v. 7 and 10 software (Treestar).
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Histological analyses

Visualization of IRF4 protein expression by CD4* T cells in human TB
granulomas.—Formalin fixed paraffin embedded (FFPE) lung lesions from six ATB
patients, both male (4) and female (2), between 29-72 years of age, from the Tuberculosis
Outpatient Clinic at the National Institute of Respiratory Diseases (INER) in Mexico City,
before anti- Mtb treatment were obtained through informed consent that was approved by
the institutional review board of INER. No compensation was provided to patients. Slides
were stained with antibodies specific for anti-human CD3e (Clone: CD3-12, BioRad),
PD1 (Cat. No. 10377-MMZ23, Sino Biological) and IRF4 (Cat. No. LS-C344072, LifeSpan
Biosciences). Total CD3* T cells as well as CD3*PD1*IRF4* T cells were counted in a
blinded manner in the lung lesions.

NHP studies.—Immunofluorescence was performed on FFPE tissue with multiple slides
per animal included for each analysis, as described earlier. B cell depletion was assessed

by immune-histochemical staining with anti-CD20 (Clone: L26, Agilent Dako) and CD79a
(Clone: HM57, BD Biosciences). Images were taken on a Zeiss FP6 confocal or light
microscope where applicable. Data was analyzed using Imaris image software. For
determination of IRF4 protein expression by T cells in NHPs, lung sections were stained
with antibodies specific for CD20 (Clone: L-26, GeneTex), CD3e (Clone: M-20, Santa Cruz
Biotechnology) and IRF4 (Cat. No. LS-C344072, LifeSpan Biosciences). The total number
of CD3* T cells and CD3*IRF4* T cells was quantified in the lung lesions of LTBI vs ATB
NHPs. To determine IRF4 protein expression by Tfh-like cells in NHPs, lung sections were
stained with antibodies specific for CD3e, PD1, BCL6 (Clone: 1951R; Cat# GTX17716,
GeneTex, Irvine, CA) and IRF4. Total CD3*PD1* T cells and CD3*PD1*IRF4* T cells were
blindly enumerated in the lung lesions. To detect Tfh-like cells in B cell depleted macaques
or control macaques, lung sections were stained with antibodies specific for CD3e, IRF4,
PD1 (Cat. No. 10377-MM23, Sino Biological), and BCL6.

Murine studies.—The right upper lobe was collected from mice for histological

analysis of inflammation. The lobes were infused with 10% neutral buffered formalin and
embedded in paraffin. 5 um of FFPE lung sections were cut with a microtome, stained

with hematoxylin and eosin (H&E) and processed for light microscopy. Images were
captured using the automated Nanozoomer digital whole slide imaging system (Hamamatsu
Photonics). Regions of inflammatory cell infiltration were delineated utilizing the NDP
view2 software (Hamamatsu Photonics), and the percentage of inflammation was calculated
by dividing the inflammatory area by the total area of individual lung lobes. All scoring was
conducted in a blinded manner utilizing n = 5 to 10 mice per group. Lung sections immune-
labelled with CD45R/B220 Biotin (Clone: RA3-6B2, BD Biosciences) and Streptavidin
Alexa fluor 555 (Cat. No. S32355), CD3e (Clone: 145-2C11, Santa Cruz) and goat anti-
Armenian hamster IgG Alexa fluor 488 (Cat. No. ab173003, ABcam), and counterstained
with DAPI were used to measure the lymphoid follicle area. A second set of lung sections
were stained with a combination of antibodies against CD3e (Clone M-20, Santa Cruz
Biotechnology), PD-1 (Clone EPR20665, abcam) and CD45R/B220 (Clone RA3-6B2, BD
Biopharmingen) to enumerate CD3*PD1* Tth-like cells inside B cells areas within GrALT.
Enumeration of CD3*PD1* Tfh-like cells inside B cells areas of Mtb infected lungs were
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carried out in mouse infected lungs which were stained with antibodies specific for CD3e
(red), PD1(green) and CD45R/B220 (white). First B cells areas were outlined with an
automated tool of the Zeiss Axioplan microscope. Next, CD3*PD1* Tfh-like cells and CD3*
T cells were enumerated inside discrete B cells areas. Finally, the frequency of CD3*PD1*
Tfh-like cells inside B cell areas was determined.

In situ hybridization.—FFPE lung sections were stained with M6 16S rRNA probe

(cat # 439161; Advanced Cell Diagnostics, Newark, CA) via /n situ hybridization (ISH)
using the RNAscope 2.5HD Detection Kit (Brown staining) according to the manufacturer’s
recommendations (Advanced Cell Diagnostics, Newark, CA) to provide visual evidence

of the spatial location of Mtb. The representative pictures were captured at 40X with the
Hamamatsu Nanozoomer 2.0 HT system with NDP scan image acquisition software.

Quantitation of the mycobacterial burden in areas of T and B cell infiltration.
—FFPE lung sections of mice infected with Mtb were stained with antibodies specific for
CD3e (red), Mtb (green) and CD45R/B220 (white). 2-3 random 200X pictures were taken
from areas with CD3* T cells and CD45R/B220" B cells in individual lung lobes. Area
covered by Mtb signal was quantitated with NIH Image J software.

Collection of serum and ELISA

murine studies.—Blood was collected via cardiac exsanguination at time of death in BD
microtainers (BD). MaxiSorp plates (Nunc) were coated with 100 pg Mtb HN878 CFP-10
(BEI Resources NR-14827) overnight, then blocked with 5 % non-fat dry milk in PBST,
and incubated with mouse serum diluted 1:15 — 1:30. Detection antibodies (Goat anti-mouse
HRP-conjugated-IgA, -1gG1, -1gG2a, -1gG2b, or -IgM; Southern Biotech), diluted 1:1000,
were added to the plates, followed by BD OPTeia TMB substrate (BD). The reaction was
stopped with 2N H,SO4, and read at 450 nm on Biotek pcount.

Antibody detection in NHP plasma.—Plasma samples were collected throughout the
experiment and at necropsy. Microtitre plates, 96-well, (Corning, 2592) were coated with
100 pg Mtb CDC1551 CFP-10 (BEI Resources NR-14826) overnight, then blocked with
5 % non-fat dry milk in PBST, and incubated with NHP plasma samples diluted 1:15

— 1:240. Detection antibody (Rabbit anti-monkey peroxidase-conjugated 1gG, Millipore-
Sigma) diluted 1:5000) were added to the plates, followed by SureBlue TMB peroxidase
substrate. The reaction was stopped by adding 2N H»SOy, and read at 450 nm.

Statistical analysis and reproducibility

No statistical methods were used to pre-determine sample sizes but our sample sizes are
similar to those reported before®. Data collection and assignment of animals to the different
groups was randomized. For RNA-seq, p-values from Fisher’s exact test were adjusted

by Benjamini-Hochberg multiple testing correction. DESeq2 (version 1.4.5)°1 with default
settings, and a minimum p-value significance threshold of 0.05 (after False Discovery Rate
[FDR]?2) correction for the number of tests was used for all RNA-Seq comparisons of
differential expression. Differential expression for the human dataset was calculated using
DESeq2 (version 1.24.0)°1 with default settings and DESeg2-normalized read counts were
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used to calculate relative gene expression values (FPKM). For mouse and NHP studies, all
data was analyzed using GraphPad Prism 5, 7 or 9 (La Jolla, CA), after testing for normality
and using the indicated methodology in each figure legend, such as two-sided, parametric
unpaired t-test (2 groups) or ANOVA with Tukey’s multiple distribution test (3 or more
groups); or two-sided, non-parametric Mann-Whitney U-test (2 groups) or Kruskal-Wallis
with Dunn’s multiple distribution test (3 or more groups). Outlier analysis was used to
exclude any data points; except for Fig 7a where experimental validation was used for the
exclusion purpose. All data collection analysis except for histological assessments were not
performed blind to the conditions of the experiment. Survival analyses were performed using
Mantel Cox test. Pearson correlation was used to analyze linear regressions. Significance is
denoted on the figure, and analysis methodology indicated in the figure legend.
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Extended Data Fig 1. Irf4 expression by CD19" B cellsisrequired for accumulation of FO B cells
in the lung.
1A cpacre frfVfl and CD19¢7 /rAVT mice (n = 5-10 mice/group) were infected with

Mib HN878 and euthanized at 25 and 50 djpi. (a) MHC-11" AMs, (b) neutrophils, (c) total
B cells, (d) GC B cells, and (e) FO B cells were determined by flow cytometry. Sera
collected from mice (50 apy; dilution shown 1:30) was analyzed via ELISA for levels of (f)
IgG2a and 1gG2b specific for Mtb antigen CFP-10. Data represent mean + SD, analysis was
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performed using one-way ANOVA with Tukey’s multiple comparison test (a, c, d, f), and
Kruskal-Wallis ANOVA with Dunn’s multiple comparison test (b, e). *, p<0.05; **,p<0.005;
*** p<0.0005.
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Extended Data Fig 2. Bcl6 expression by CD19" B cellsisrequired for optimal infiltration by B
cell subsetsin the Mtb-infected lung.

SscRNA-seq of cells isolated from the lungs of C57BL/6 mice, either uninfected (n = 2 mice),
or Mtb-infected at 50 api (n = 3 mice) or 100 gp/ (n = 3 mice). (a) Swarm plot showing
expression of Bc/6, a downstream target of /774, in CD4*, CD8* T and B cells. Bc/6//!,
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cD4ce B/l and CD19¢7e Be/6M/fl mice (n = 5-9 mice/group) were infected with Mitb
HN878, euthanized at 50 and 100 agp/, and lungs analyzed by flow cytometry for (b) MHC-
11"i AMs, (c) neutrophils, (d) total B cells, (€) GC B cells, and (f) FO B cells. (g) 1gG2a
and 1gG2b antibody specific against Mtb antigen CFP-10 in peripheral blood serum (diluted
1:30) collected at 50 dpi. (h) Tfh-like cells in the lungs of Bc/6Vf vs D197 Be/6Vfl mice.
Data represent mean + SD, analysis was performed using Kruskal-Wallis ANOVA with
Dunn’s multiple comparison test (b), one-way ANOVA with Tukey’s multiple comparison
test (c to g), and two-sided unpaired t-test (h). *, p<0.05; **,p<0.005; ***, p<0.0005.
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Extended Data Fig 3. Blimpl deficiency in B cellsimpairs antibody production in mice.
iABM and cD19¢¢ A8 mice (n = 6-8 mice/group) were infected with Mb HN878,

euthanized at 50 and 100 gp/, and lungs analyzed by flow cytometry for (a) Tfh-like cells.
Blimp1"M and CD19%€ B/imp 1M mice (n = 6-8 mice/group) were infected with Mzt
HNB878, euthanized at 50 and 100 dpi. Lungs analyzed by flow cytometry for (b) Tfh-like
cells. (c) Immunoglobulin specificity against Mtb antigen CFP-10 in peripheral blood serum
(diluted 1:30) collected at 50 djpiwere detected by ELISA. //20Vfl and CcD19cre /1M
mice (n = 6-8 mice/group) were infected with Mt HN878 and euthanized at 50 and 100
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CD44"i CD4*

B cells

api. (d) Tth-like cells were enumerated by flow cytometry. Data represent mean = SD and
statistical analysis was performed with two-sided unpaired t-test. *, p<0.05; ** p<0.005;
*** p<0.0005.
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Extended Data Fig 4. | ghelM D4 mice show reduced Mtb-specific antibody production.
B6 and IgheIMD4 mice (n = 5-10 mice/group) were infected with Mtb HN878, euthanized

at 50, 75 and 100 dpiand organs were collected and processed. (a) CD44"MCD4* T cells,
(b) IFNy-producing CD4* T cells, (c) TNFa-producing CD4* T cells, (d) total B cells, (e)
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GC B cells, and (f) FO B cells were determined by flow cytometry. (g) Immunoglobulin
specificity against Mtb antigen CFP-10 in peripheral blood serum (diluted 1:15) collected at
100 gpi. Data is mean + SD, analysis was performed using two-sided unpaired t-test (a to f),

and two-sided Mann-Whitney U-test (g). *, p<0.05; **,p<0.005.
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Extended Data Fig 5. B cell depletion in Mtb-infected mice compromises the accumulation of
Tfh-like cellsin the lung.
C57BL/6 mice (n = 3-5 mice/group) were infected with Mib, and infection established over

50 days. At 50 gp/, mice either received B cell depleting antibodies (a-B220 and a-CD19)

Nat Immunol. Author manuscript; available in PMC 2024 May 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Swanson et al.

Page 26

or isotype via the intratracheal route every 3 — 4 days, over a 25 days period. Mice were
euthanized at 75 gpi/, and the lungs collected and processed. (a) Experimental scheme.
Flow cytometry was used to enumerate (b) CD19* B220" B cells, and (c) immunoglobulin
specificity against Mtb antigen CFP-10 in peripheral blood serum (diluted 1:30) was
determined via ELISA. (d) Bacterial burden was determined in the lungs of Mtb-infected
mice receiving either isotype or B cell-depleting antibodies. Formalin-fixed lung lobes were
cut and stained to analyze (e) inflammation (average area) and (f) average area of GrALT.
Flow cytometry was used to enumerate (g) activated CD4" T cells, (h) activated CD4*
Tfh-like cells, (i) IL17* CD4* Tfh-like cells and (j) IFNy* CD4* Tfh-like cells in the lungs.
Data represents mean £ SD, and statistical analyses performed using two-sided unpaired
t-test. *, p<0.05; **,p<0.005.
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Extended Data Fig 6. Strategic positioning of PD1" Tfh-like cellswithin GrALT structures
mediates Mtb control.

(a) Average area of GrALT collated from all mouse models (n = 3-10 mice/group) used

in studies at 50 agprand 128 dpi. (b) Representative images from FFPE lung sections
stained with CD3 (red), PD-1 (green) and CD45R/B220 (white) in indicated models at 50
or 128 api. Data represent mean = SD and statistical analysis was performed using one-way
ANOVA with Tukey’s multiple comparison test (3 groups), and two-tailed unpaired t-test (2
groups). *, p<0.05; **,p<0.005.
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Extended data Fig 7. Mtb 16sRNA islocated outside GrALT areasand Pd1* T cellsarecritical to
control Mtb in mice.

FFPE lungs sections from Mtb-infected B6 and gene deficient mice were stained for the
presence of Mitb16S rRNA via /n situhybridization (ISH) at (a) 30, 50, and 75 api. FFPE
lungs sections from Rag1lKO Mib-infected mice that either received WT T cells:WT B cells
or PdIKO T cells:WT B cells, were stained for (b) the presence of Mtb 16S rRNA via in situ
hybridization (ISH) at 30 gpy, (c) presence of GrALT via immunofluorescence; CD3 (red);
B220 (white); PD-1 (green).
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Extended data Fig 8. Compromised accumulation of Tfh-like cellsin macaques and mice lungs
dampens vaccine mediated protection against Mtb.

Macaques were aerosol exposed to MtbAsigH prior to challenge with virulent Mtb
CDC1551 and received either CD20 depleting (n = 4 NHPs) or 1gG isotype control
antibodies (n = 2 NHPs). Clinical samples were collected throughout the study and at
necropsy. (a) FACS profiles for detection of B cells in PBMCs (left panel), BAL (middle
panel), and lung (right panels) in CD20-depleted (upper panels) and control macaques
(lower panels). (b) The percentage of total peripheral blood B cells (flow cytometry) and
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(c) Levels of C-reactive protein (CRP) were determined from samples collected throughout
the study. (d) FACS profile for detection of T cell subsets in macaque lungs. (€) ESAT6"
CD4* T cells producing IFN+y, 1L2, IL17 and TNFa in lung tissue were enumerated by flow
cytometry at the final end-point. (f) CFP-10 specific antibody levels in serum (diluted 1:15)
collected at indicated time points. Data represent mean = SD and statistical analysis was
performed with two-sided Mann-Whitney U-test. *** p<0.0005. Bc/6%/fl and cD4cre Be/6f/fl
mice (n = 4 to 7 mice/group) were mucosally vaccinated with BCG and rested for thirty
days following which mice were infected with Mtb HN878. Mice were euthanized at 20

api. (g) Experimental scheme. Lungs were collected and bacterial burden was determined in
(h) Bel6"f and CDA4c"e Be/6/T mice. Data represent mean + SD and statistical analysis was
performed with two-sided unpaired t-test. **, p<0.005.
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Representative FACS plots with gates defining (a) total B cells, GC B cells, and FO B cells,
and (b) CD4 T cells, cytokine producing Thl cells, Tfh-like cells and cytokine producing

Tfh-like cells.
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Extended data Fig 10. Graphical abstract: Mth specific B cellsand Tfh-like cellsinteract to
mediate protection against Mtb.

B cell effector functions including formation of GC B cells, IL-10 production and antibody/
plasma cells have non-essential roles during in vivo Mib infection. However, Mtb antigen-
specific B cells interact with Tfh-like cells likely through PDL1-PD1 to drive differentiation
and effective localization of cytokine-producing Tfh-like cells within GrALT to mediate
Mitb control (left). Key transcription factors Irf4 and Bcl6 (blue text) are essential for
differentiation of Tfh-like cells from naive CD4* T cells. PD1-PDL1 (blue text) receptor-
ligand axis likely drive Tfh-like cell localization and homing into GrALT but this interaction
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is independent of TCR-MHCII interaction, 1L-10 production or antibody response (black
text). Thus, Tfh-like cells and B cell interactions play critical roles in mediating Mtb control
within GrALT.
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Figure 1. Analysis of IRF4 expression in animal models and in human TB.
(a) Forest plot showing IRF4 expression in whole blood transcriptome of human active TB

patients (n = 10) in comparison to healthy controls with (n = 8) or without (n = 2) Mtb
infection (Table S1). (b) Swarm plot showing relative /RF4 mRNA expression following
ESAT6/CFP10-stimulation of purified human T cells from ATB and LTBI donors, data is
normalized to unstimulated values (n = 85 ATB and 112 LTBI). Data was analyzed using
two-sided t-test, unequal variance. p-values represent significance of differential expression
according to DEseq. (c) Representative IF images of lung lesion from patients with ATB (n
=1 male; 72 years of age and 1 female; 51 years of age) show IRF4*CD3*CD4* T cells;
CD3-red, CD4-green, IRF4-white. Graph shows total number of CD3*CD4* T cells counted
and the number of IRF4* cells among them. Data represents mean + SD, with two-sided
unpaired t-test used to compare groups. (d) MUML1//RF4 (ID: ENSMUSG00000020156)
MRNA levels in NHP lungs (ATB, n=8 and LTBI, n=4) determined via bulk RNA-seq
analysis. (c-d) Data represents mean * SD, with two-sided unpaired t-test used to compare
groups. (€) Correlation between logig CFU vs MUM1//RF4 mRNA levels in the lungs of
NHP ATB (n = 8), LTBI (n = 4) and naive (n=4). (f) IRF4 expression by CD4* T cells
sorted from lungs of Mrb-infected C57BL/6 mice, incubated with or without ESAT6/CFP10
peptide (n = 3). FPKM normalization was performed in order to plot the data. DESeq2 was
used to calculate significance of differential expression between each of the sample groups.
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The significance of the Pearson correlation values was tested using a two-tailed t-distribution
test with degrees of freedom equal to n — 2. (g) sScCRNA-seq of cells isolated from the lungs
of B6 mice, either uninfected (n = 2), or Mtb-infected at 50 ap/ (n = 3) or 100 ap/ (n =

3), swarm plot showing expression of /rf4in CD4*, CD8* T and B cells. Swarm plot was
prepared using the “boxplot” R function and the “beeswarm” R package. The boxed area
indicates the interquartile range (IQR) of the data; values below are the lowest 25% of data
points, and values above are the highest 25% of data points. The thick black line in the
center indicates the median value, and the whiskers extend to the minima and maxima data
values, excluding outliers. Outliers are defined as any points 1.5 x IQR above the 3™ quartile
or 1.5 x IQR below the 15t quartile (b and f). *, p<0.05; **,p<0.005; ***, p<0.0005.

Nat Immunol. Author manuscript; available in PMC 2024 May 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Swanson et al.

CD44h CcD4*

Page 39
a b 8' * Kk
coure X gt -4 * ~
cD19¢re cDacrerf4f CcD19c™e/rf4flf § L3 ;
'8 6 ‘ A
Q ° 5 .
o
D0 D14 D25 D30 D50 D75 S 5 $ .I; .
| CD4crelrf4fIlfI > * * ‘ ‘ ‘ ‘ - 4 A I $ *
cp19crelrf47f /" Mtb " Euthanasia ' A
Challenge 3 T T
25 dpi 50 dpi
c * d
Sk ok 20+ e
751 n & *kk 100 -
TE £y s
- ~+ 154 S
5%, g s
8§ 9 3
£ o< 101 = 504
o & §0 §
3525- * : z° 5 5
(4 _—
> C
i lan. ¥
% 5 — " . .
25 dpi 50 dpi 0 20 40 60 80
dpi
f g h
507 6 . 61
+ o~ e *
_— 40 3% A 3% A
E ok o ; [&] !; *
< - — = 44 + X4
* 304 L . o Ege
4 ' =2 a3 -
3 201 %: o 52,1 . E zz o
= 2 58 A xx E 3 e A
8 1017% i ; 4 oF : s OF . {_ {I
- ' ‘i TaE oG F
0 F T 0- 0 —_—
25 dpi 50 dpi 25 dpi 50 dpi 25 dpi 50 dpi
i j k
£ = g 257 3
T : X | o 0o .
. 1 . g9]° . & 229 .
+. £ 4 ' O c 4 ' *k + O
3 35 ! X 3 | — © <154
3 ‘ °% Ale g3t ; [
- 3 e % % . > g '
£ © ' G ! O T 1.0 .
3 grol s g ma gl 1
o3 2 1 = I % S 4 0.51 :
= © 1l r cg ; — =
0 T 0-
25 dpi 50 dpi 25 dpi 50 dpi 14 dpi 30 dpi

Figure2. Irf4 expression in T cellsisindispensable for Mtb control.
cDacre M coiocre A and 1AM mice were infected with Atb HN878 and were

euthanized at indicated timepoints. (a) Experimental scheme. (b) Bacterial burden was
determined in the lungs of CD4C™ /ATl cD19¢e jrffVTl and /rf#VT mice. Formalin-fixed
lung lobes were sectioned and stained with H&E and immunofluorescence to analyze

(c) inflammation (average area) and (d) average area of GrALT. (e) CD4cre /rf41/

cD19%" /rff and /rfAT mice were monitored over 75 dpi for disease severity and

to enumerate (f) activated CD4* T cells, (g) IFNy-producing CD4™* T cells, (h) IL-17-
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producing CD4* T cells, (i) CD4* T cells co-producing IFNy and TNFa, and (j) CXCR5*
CD4* T cells by flow cytometry. (k) The mice lungs were assessed for the presence of
CXCR5*Bcl6*CD4* T cells at 14 and 30 gp/. Data represents the mean + SD, analysis

was performed using one-way ANOVA with Tukey’s multiple comparison test (b and f to

k), and Kruskal-Wallis ANOVA with Dunn’s multiple comparison test (c and d). Survival
between CD4cre /rfAl/fl cD19cr /£ and /rfAVT mice post-infection were compared using
the Mantel-Cox test (e). *, p<0.05; **,p<0.005; ***, p<0.0005; n = 4-10 mice/group (b to j)
and 3-4 mice /group (k).
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Figure 3. IRF4* BCL6" T cellsincrease during Mtb infection.
(a) Representative image of inflammatory lesion in lung of NHP LTBI (left) vs ATB (right)

stained with antibodies specific for CD3 = white; IRF4 = green; PD1 = red. Circles with
yellow dashed lines depict ectopic lymphoid structures and asterix = center of granuloma.
The numbers of (b) IRF4* CD3* (n = 4 NHPs; 7-21 data points from different fields) and
(c) only CD3* (n=3 NHPs/ group) T cells in NHP ATB vs LTBI lung lesions were estimated
by blinded morphometric analysis. (d) Correlation between the number of CD3*CD4*PD1*
Tfh-like cells inside B cell areas with the average area of the GrALT in the lungs of Mib-
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infected NHPs (n = 5-6 NHPs/group). (€) Representative human ATB lesion, (f) number
of T cells in human lung lesion expressing either PD1, IRF4 or both (n = 3 males and

1 female lung biopsies; age: 29-41 years). Data represents the mean + SD. Statistical
significance was determined with two-sided unpaired t-test (b and c), Pearson’s correlation
(d) and Kruskal-Wallis ANOVA with Dunn’s post-hoc test (). *, p<0.05; **,p<0.005; ***,
p<0.0005.
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Figure 4. Tfh-like cellsbut not GC B cells mediate control of Mtb.
cD4ce B/l and CD19¢re Be/6/fl mice were infected with Mih HN878 alongside Bc/6/fl

littermate controls (n = 3-9 mice/group), and lungs were collected and processed at
indicated timepoints. (a) Experimental scheme. (b) Bacterial burden was determined in

the lungs of CD4C¢Bc/6lfl cD19¢e Be/6VMl, and Be/6V mice. Formalin-fixed lung lobes
were cut and stained to analyze (c) inflammation (average area) and (d) average area of
GrALT. (e) Survival of CD4c¢Bc/6Vfl cD19cre Be/6flf and BeléVf mice were monitored
over time. CD4¢"®Bc/6/Tl mice were infected with Mt HN878 alongside Bc/6/ littermate
controls, and flow cytometry was used to enumerate (f) activated CD4* T cells, (g) IFNy*
CD4* T cells, (h) TNFa* CD4* cells (i) activated CD4* Tfh-like cells, (j) IFNy* CD4*
Tth like cells and (k) TNFa* CD4* Tfh-like cells in the lungs at the indicated time points.
Data represents mean + SD, and statistical analyses performed using one-way ANOVA with
Tukey’s multiple comparison test (b and d), Kruskal-Wallis ANOVA with Dunn’s post-hoc
test (c), Mantel-Cox analysis assessing survival distributions between CD4¢e Bc/6/V/fl and
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Bcl6"f mice post-infection (e), two-sided unpaired t-test (f to k). *, p<0.05; ** p<0.005;
*** p<0.0005.
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Figure 5. Dispensable B cell effector functionsin Mtb control.
Conditional B cell knock-out mice and littermate controls were infected with Mtb HN878

(n = 4-10 mice/group). Lungs were collected and processed at the indicated time points.
CD19% mice were crossed with /A8 mice to generate CD19¢"¢ 481 mice (MHC-1I
deficient B cells). (a) Experimental scheme, (b) bacterial burden, (c) average area of
inflammation and (d) average area of GrALT are shown. CD19¢® mice were crossed with
BlimpIf mice to generate CD19" B/imp 11!l mice, and the (€) experimental scheme, (f)
bacterial burden, (g) average area of inflammation and (h) average area of GrALT are
shown. CD19°" mice were crossed with //-17/f mice to generate CD198 //- 10Vl mice,
and the (i) experimental scheme, (j) bacterial burden, (k) average area of inflammation and
() average area of GrALT are shown. Data represents mean + SD, and statistical analyses
were performed using two-sided unpaired t-test. *, p<0.05.

Nat Immunol. Author manuscript; available in PMC 2024 May 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Swanson et al.

Page 46

a g5 ©B6 m lIghelMD4 b 5. C 25 .
! e S : : T | |

o 6.0 , E T 404 : : " E 5~ 20 : . =
c *kk 3Xx ! : =9 ! !

5 : 3 - ' ' T = -

< 554 ! "I % © £ 30 ) ' 3 X 154 .o
2 : , g2 ' e & - ' -
g o 5 . . =5 13 .
o 5.0 e W o E 20 Lo DT 1019 , 4 =

g % $ s E - - cO ‘ : n
' ' - © S ' '
g : ’ 5 e w0 . D 4= . !
S sl & & s > E10{ — % : z° 5 % :
° ‘e ' < e ‘: ‘: ' .

4.0 T - T - T 0 T : - 0 I I | : |

T T
50 dpi 75 dpi 100 dpi 50dpi 75dpi 100 dpi 50 dpi 75dpi 100 dpi

Q
(]
-

1.5+ _3- " 8- .
o S ' ® i ‘:‘o_ @
Zg P 2% g g
&= A
E %1.04 : O 224 o g :
Yo ﬁ =2 LS :
Q5 i Lo £ 4 )
o2 ' L © ' ‘

) o ' | o, | ' + 0 .
§3°° : 3ot : % e, ] : }
oo ' m o= ' o= ' -
ColEs Flga Y

' = s. ' - tw
0- —T ‘_ 0- - 0 —T ‘_,
50 dpi 75 dpi 50 dpi 75 dpi 50 dpi 75 dpi
9 .
Isolation & &
transfer of B6
Mtb-specific B cells
Do D100 D128
> IghelMD4
Mﬂ.’ i Euthanasia
Infection
IghelMD4
+ B cells
h 25= ! 60 - J 600 Hkk ok
A: * a— * * .
N o N —
5x™ I gf‘? . E & 400
" 40 4 S 400
g § - 8z =3
S T : 2 S c u
& E 10- ';il_ °o% A s =
S & g 5 &_D 20 - He 200
$E & z9 _; T L
= - - O
- - e > e F
© De © D
¥ O O ¥ QO O o 9O L
S S S S S S
Nk NSRS A\
$ Yo & Yo ¢ $o

Figure 6. Mtb-specific B cells control chronic Mtb infection.
IghelMD4 mice were infected with Mtb HN878 alongside controls (n = 3-10 mice/group).

Lungs were collected and processed at indicated timepoints. (a) Bacterial burden was
determined in the lungs. Formalin-fixed lung lobes were sectioned and stained to analyze (b)
average area of inflammation and (c) average area of GrALT. (d) Activated CD4* Tfh-like
cells, (€) IFNy*CD4*Tfh-like cells, and (f) TNFa*CD4* Tfh-like cells were enumerated

by flow cytometry. IgheIMD4 mice were infected with Mtb HN878 alongside controls (n =
3-10 mice/group). B cells were isolated from the lungs of Mib-infected C57BL/6 mice and
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transferred to IghelMD4 mice (100 dpi). C57BL/6, IghelMD4 and IghelMD4 mice receiving
B cells were euthanized at 128 dpi (28 days after transfer) and the lungs were collected and
processed. (g) Experimental scheme. Formalin-fixed lung lobes were sectioned and stained
with H&E and immunofluorescence to analyze the (h) average area of inflammation, (i)
average area of GrALT, and (j) GrALT area containing Mtb. Data represents the mean + SD.
Statistical significance was calculated with unpaired t-test (a to e), one-way ANOVA with
Tukey’s multiple comparison test (j and h), Kruskal-Wallis ANOVA with Dunn’s multiple
comparison test (i) and Mann-Whitney U test (f and i (red star)). *, p<0.05; **,p<0.005; ***,
p<0.0005.
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Figure 7. PD1" Tth-like cells localize within GrALT for Mth control.
ItV cpacre A cp19ce AT el cbacre ele!Ml, cp19%re BeleM, BT

cD19¢¢AB M Blimp1V cD19%eBlimpsVT 1110 cD1gcre /110 C57BL/6 and
IghelMD4 mice were infected with Mt6 HN878 (n = 3-10 mice/group). Lungs were
collected and processed at 50 agp/i. Mtb-infected B6, IghelMD4 and IghelMD4 (recipient)
mice were euthanized, and lungs were collected and processed at 128 dpi. Formalin-fixed
lung lobes were sectioned and stained with immunofluorescent antibodies to determine the
(a) percentage of PD1*CD3™" Tth-like cells within B cell areas. Uninfected or Mtb-infected
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(30 gpy) C57BL/6 mice (n =5 mice/group) were euthanized, and lung cells were subjected
to flow cytometric analysis for PD-L1 (CD247) expression on (b) total B cells and (c)

FO B cells. B cells isolated from the spleens and lymph nodes of C57BL/6 mice and T
cells isolated from the spleens and lymph nodes of either C57BL/6 or PdZKO mice were
co-transferred to Rag1KO mice, 1-2 days prior to infection with Mtb HN878 (n = 4-5
mice/group). Mice were euthanized 30 api. (d) Experimental scheme. (€) activated CD4* T
cells, (f) CD4* Tfh-like cells (g) IFNy*CD4* Tfh-like cells and (h) IFNy mean fluorescent
intensity in activated CD4* T cells in the lungs were determined by flow cytometry.
Uninfected or Mtb-infected C57BI/6 mice were euthanized (30 api) to collect lung (n =

5 mice/group) and mediastinal lymph node (MLN) (n = 4 mice/group). (i) Activated CD4*
T cells, (j) CD4*IFNy* T cells in both MLN and lungs; (k) Tfh like cells; MFls for
transcription factors (1) Thet and (m) Bcl6 in both MLN and lungs activated CD4" T cells
were determined by flow cytometry. Data represents mean + SD. Statistical significance was
calculated with one-way ANOVA with Tukey’s multiple comparison test for group of three
and two-sided unpaired t-test for group of two (a-c and e-h), and two-sided Mann-Whitney
U-test (i to m). *, p<0.05; **,p<0.005; ***, p<0.0005.
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Figure 8. B cellsmediate control in MthAsigH-vaccinated macaques.
Macaques were aerosol exposed to MtbAsigH prior to challenge with virulent Mtb

CDC1551 and received either CD20 depleting (n = 4 NHP) or IgG isotype control
antibodies (n = 2 NHP). Clinical samples were collected, and macaques were monitored

for clinical signs of disease throughout the study. (a) Experimental scheme. Bacterial burden
was determined in (b) bulk lung tissue and (c) individual granulomas at necropsy. (d)
CXCR5*CD4* T cells, and (e) PD1*CD4* T cells were detected by flow cytometry at the
time of necropsy. (f) Representative images of a B cell follicle in lungs of a macaque

which received 1gG control isotype antibodies (top panels) and images of lung tissue

from a macaque which received CD20 depleting antibodies (bottom panels); CD3-red,
PD1-green, BCL6-white; dotted yellow line indicate germinal center, white arrows indicate
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CD3*BCL6"PD1* Tfh-like cells, orange asterix indicates the bronchus. (g) The number of
BCL6* Tfh-like cells with the GrALT. Data represents mean + SD. Statistical significance
was calculated with tow-sided Mann-Whitney U-test (b to €); no statistics calculated as
anti-CD20 treated NHP had all ‘zero’ values (g). *, p<0.05, ***, p<0.0005.
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