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SUMMARY

CD4 T cell effector function, including IFNvy production, is required for optimal containment

of Mycobacterium tuberculosis (Mtb) infection. Despite this, lung-infiltrating CD4 T cells have
a relatively limited ability to produce IFNy, which plays a lesser protective role within the

lung than at sites of Mtb dissemination. Using a physiologic murine model of Mtb infection

and quantitative microscopy, we observed that IFNy production by Mtb-specific CD4 T cells is
rapidly extinguished within the granuloma, but not unaffected lung regions, suggesting localized
immunosuppression. We identified a signature of TGFp signaling within granuloma-infiltrating T
cells in both mice and Rhesus macaques. Selective blockade of T cell TGFp signaling resulted
in an accumulation of terminally differentiated effector CD4 T cells, improved IFNy production
within granulomas, and reduced bacterial burdens. Together, these findings uncover a spatially-
localized immunosuppressive mechanism associated with Mtb infection and provide potential
targets for host-directed therapy.
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INTRODUCTION

The tuberculous granuloma, an organized aggregate of macrophages and other immune
cells, is the epicenter of Mycobacterium tuberculosis (Mtb) infection in the lung (Pagan
and Ramakrishnan, 2015). For years, the granuloma was thought to be host-beneficial,
walling off Mtb infection and providing protection against disseminated disease. More
recently, however, there has been growing awareness of the role of the granuloma in
tuberculosis (TB) pathogenesis. Pathogenic mycobacteria have been shown to promote
macrophage aggregation and early granuloma formation to facilitate bacterial expansion and
dissemination (Davis and Ramakrishnan, 2009; Volkman et al., 2004, 2010). Later during
infection, mature granulomas provide a niche for Mtb persistence. It is commonly believed
that granulomas provide an immunosuppressive milieu that restricts anti-Mtb immune
effector function (Ernst, 2018), but the mechanistic basis of this purported inhibition is
poorly understood.

CDA T cells are critically important for immunity against Mth (Cooper, 2009; Sileshi et al.,
2013) and their protective capacity depends dually on their function and their location. IFN-y
produced by CD4 T cells is a key contributor to protection (Flynn et al., 1993; Green et al.,
2013). Although IFNy accounts for almost all the protective capacity of CD4 T cells in the
spleen, for unknown reasons, it is responsible for less than half of CD4-mediated immunity
in the lung (Sakai et al., 2016). In addition to proper function, CD4 T cells must traffic to
sites of infection and directly recognize antigen presented by infected cells to confer optimal
protection (Srivastava and Ernst, 2013). In mice, we and others have shown that terminally-
differentiated KLRG1* Mtb-specific CD4 T cells that are robust producers of IFNy traffic
poorly into the lung parenchyma and are not protective upon adoptive transfer, whereas less
differentiated KLRG1™ Mtb-specific T cells that enter and persist within the parenchyma
are protective (Moguche et al., 2015; Sakai et al., 2014). In non-human primates (NHP), T
cells accumulate in the lymphocyte cuff surrounding the granuloma, but are present in lesser
numbers in the central granuloma core where Mtb-infected cells reside (Kauffman et al.,
2017). Inhibition of tryptophan metabolism has been shown to promote T cell re-localization
to the center of the granuloma and decrease bacterial burdens (Gautam et al., 2017). These
observations underscore the importance of T cell effector responses occurring in the proper
location, and strongly suggest that inhibitory mechanisms within the granuloma modulate T
cell differentiation, function, and possibly survival.

Here, we leverage the ultra-low dose Mtb infection model, which better reflects hallmark
features of human Mtb granulomas (Plumlee et al., 2020), to investigate T cell responses
within pulmonary granulomas. Using multiplex confocal imaging, as well as quantitative
spatial analysis with histocytometry and CytoMAP (Gerner et al., 2012; Plumlee et al.,
2020; Stoltzfus et al., 2020), we characterize the spatial organization of the CD4 T cell
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response during pulmonary ULD Mtb infection. Our findings reveal that CD4 T cell
infiltration into granulomas is associated with partial TCR-mediated activation but poor
production of IFN-y, suggesting localized immunosuppression. We reveal a signature of
TGFp signaling in pulmonary T cells, and find TGFp to be a non-redundant mediator of
this localized T cell suppression within the granuloma. Conditional ablation of T cell TGFp
signaling results in increased T cell proliferation, reduced cell death, and an accumulation
of Mth-specific T cells at the site of pulmonary Mtb infection. In addition, T cells lacking
TGFp signaling exhibit an increased capacity to secrete IFNy. These studies identify an
important pathway restricting T cell-mediated immunity in the Mtb granuloma.

RESULTS
IFNy production by CD4 T cells is diminished in the pulmonary Mtb granuloma

To investigate the spatial organization of CD4 T cell localization, IFNy production and
antigen sensing within the pulmonary tuberculous granuloma in an experimentally tractable
system, we used the murine ULD aerosol infection model, in which mice develop a solitary
pulmonary granuloma. This granuloma is typically well-organized and shares several key
features with human Mtb granulomas, including spatial segregation of infected myeloid cells
from CD4 T cells (analogous to the central core of infection with surrounding lymphocytic
cuff), as well as presence of B cell aggregates within the granuloma cuff, consistent with
early tertiary lymphoid structure formation (Figures 1A, 1B) (Plumlee et al., 2020).

To visualize the location of polyclonal T cell activation relative to Mth-infected cells
within these granulomas, we performed multiplex confocal microscopy on lung sections
from mice infected with ULD Mtb 34 days prior. Sections were stained with a panel of
antibodies recognizing various immune cell lineage-defining markers, as well as functional
proteins, such as IFN+y and ribosomal protein phospho-S6 (pS6), which is downstream of
MTORC1, and thus TCR signaling. Phospho-S6 been shown to be upregulated within one
hour following TCR signaling in vitro in T cells (Hawse et al., 2017; Salmond et al., 2009;
Sauer et al., 2008), is downstream of antigen exposure in Mtb infected lungs (Delahaye et
al., 2019), and was highly upregulated in Mtb-specific T cells in vitro following incubation
with cognate peptide, but not IL-2 or IL-12, in a similar fashion as Nur77 and IRF4 (Figure
S1A). We also stained sections with an antibody to Mtb purified protein derivative (PPD)
to identify Mtb-infected cells (Kayanuma et al., 2018; Mehra et al., 2012; Plumlee et al.,
2020; Rahman et al., 2014), as many fluorescent Mtb strains undergo plasmid loss over
time and do not reliably delineate infected cells at later time points. Using histocytometry
(Gerner et al., 2012), we found that Mth was harbored almost exclusively by CD11b*
myeloid cells located within the central core of the granuloma (Figures 1A, 1B, S1B, S1C).
T cell infiltration was observed throughout the lung, but with greater overall density in and
around the granuloma, with the infiltrating T cells spatially segregated from the core of
infected cells. We next compared antigen sensing and IFNy production of T cells within
the granulomas versus those in the same lobe of the lung, but distal to the granulomatous
site of infection (Figures 1C, 1D, S1D). Despite Mtb infection being contained solely within
the granuloma, we observed no difference in the proportion of CD4 T cells that recently
recognized antigen (5-10% pS6™) within the granuloma compared to those in distal regions

Cell Host Microbe. Author manuscript; available in PMC 2022 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gernetal.

Page 4

of the lung. Very few CD4 T cells produced IFN-y (<1% on average) at either site (Figures
1D, S1D). The presence of pS6* CD4 T cells in these distal regions could reflect local

TCR sensing of Mtb antigen, or recent TCR activation in the lymph node followed by
migration to the infected lung. To test the latter, we treated ULD-Mtb infected mice with
fingolimod, which blocks lymphocyte egress from lymphatic tissues, at d35 p.i. for 48
hours, which exceeds the duration of residual pS6 expression after TCR engagement (24
hours) (Katzman et al., 2010; Sauer et al., 2008). We found no significant difference in the
proportion of pS6* cells in fingolimod-treated vs. control mice (Figure S1E), suggesting
that ongoing TCR signaling is occurring throughout the lung (potentially due to distal
presentation of exported antigen (Srivastava et al., 2016)), including areas quite distant from
the site of infection. To discriminate between cells in the lung vasculature and the lung
parenchyma, we performed paired flow and histocytometry on lungs from mice infected
with Mtb and given an intravascular antibody label. We found that histocytometry resulted in
preferential detection of IV antibody negative cells (Figure S1F), with nearly 100% of CD4
T cells within the granuloma and >80% of cells within the distal lung being IV negative
(Figure S1F). Importantly, the vast majority of activated cells (IFNy* and pS6*) detected by
histocytometry, were 1V antibody negative (Figure S1F), indicating that our technique is not
biased toward detecting non-parenchymal T cells.

To obtain additional granularity on the spatial relationships between localized TCR signaling
and effector function, we next used CytoMAP to calculate the spatial correlations between
the different cell types and phenotypes with one another within 25um-radius spatial
neighborhoods across the granuloma histocytometry datasets (Stoltzfus et al., 2020). This
revealed that neighborhoods with higher numbers of T cells that recently sensed TCR
signals (pS6*) were only weakly correlated (R=0.05, p<0.0001) with those having more
IFNy* CD4 T cells (Figures 1E). These data indicate the paucity of IFNy-producing
effector CD4 T cells within the tuberculous granuloma is only partially explained by limited
antigen recognition and suggest that additional inhibitory mechanisms may be at play.

Inhibition of IFNy production by Mtb-specific CD4 T cells

Given that these findings were obtained from polyclonal CD4 T cells, which are comprised
of both Mth-specific and T cells with irrelevant specificities, as well as those with varying
differentiation states, we next tested whether fully functional Mtb-specific Thl effector
CD4 T cells would demonstrate similar properties. We adoptively transferred 5x10° Th1-
polarized TCR-transgenic CD4 T cells (C7) that were specific for the Mtb antigen ESAT-6
(Gallegos et al., 2008), as well as control TCR-transgenic CD4 T cells (OT-I1) with an
irrelevant specificity (OVA) (Barnden et al., 1998), into wild-type mice infected with

ULD Mtb 34 days prior. Twenty hours after transfer, lungs were taken for microscopy

and flow cytometry. Although both Mtb-specific and control OVA-specific T cells showed
evidence of trafficking into pulmonary granulomas within 20 hours after transfer (Figure
1F), Mtb-specific cells comprised the vast majority of transferred T cells that expressed pS6,
IRF4, and ex-vivo IFNy by histo- and flow cytometry and also produced more IFN+y on

a per cell basis (Figures 1G, S2A, S2B, S2C), suggesting in vivo Mtb-antigen recognition.
Notably, the relative ratio of Mtb-specific vs. OVA-specific cell isolation was greater with
histocytometry compared to flow cytometry (Figure S2D), which may reflect preferential
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loss of activated Mtb-specific cells with dissociation-based methods (Borges da Silva et al.,
2019; Steinert et al., 2015). Despite their prior capacity to robustly produce IFNy upon
restimulation immediately prior to transfer (~20h before tissue harvest) (Figure S2E), we
found diminished IFN-y production by Mtb-specific T cells located within the granuloma
compared to those in the distal lung (Figure 1H). This difference did not seem to reflect
reduced antigen recognition within the granuloma, as both pS6 and IRF4 expression was
similar in both locations (Figures 1H, S2F), mirroring the pattern found in the polyclonal
population (Figure 1D). Taken together, these results suggest that IFNy production by
Mtb-specific CD4 T cells is restricted locally by the granuloma microenvironment despite
ongoing antigen recognition.

TGFp signaling in CD4 T cells in the Mtb-infected lung parenchyma

To identify potential suppressive mediators influencing T cell function within the Mtb-
infected lung parenchyma, we sorted Mth ESAT-6 specific CD4 T cells using MHCI|I
tetramers and compared mRNA expression of vascular vs. parenchymal Mtb-specific T
cells. To increase the statistical power of this analysis we utilized conventional dose
(CD) infection (~50 CFU), as the heterogeneity of the ULD model leads to considerable
mouse-to-mouse variation. We found upregulation of a number of genes associated with
T cell immunosuppression within the lung relative to the vasculature, including 7/G/T,
CTLA4, Lag3, CCRE, and HAVCR?Z (Figure 2A). To better understand which inhibitory
pathways had the greatest downstream effects on T cells, we used gene set enrichment
analysis to identify transcriptional signatures associated with immunosuppression (Figures
S3A, S3B). Within the lung, we found upregulation of I1L-2, hypoxia and glycolysis
pathways. Importantly, we also observed strong enrichment in target genes downstream
of TGFp signaling (Figures 2B, S3C). TGFp has been previously observed to restrict T
cell proliferation and differentiation and can directly inhibit IFN-y production (Oh and Li,
2013). Furthermore, an Mtb cell wall component (ManLam) has been shown to induce
TGFp production in macrophages (Dahl et al., 1996), and TGFp production has been
shown to increase in the lungs of Mtb-infected mice (Rook et al., 2007). TGFp has also
been previously detected in bronchoalveolar lavage specimens from patients with active
pulmonary TB (Bonecini-Almeida et al., 2004), and lung TGFp levels decrease with
antibiotic treatment in NHPs (DiFazio et al., 2016). Thus, TGFp signaling emerged as a
strong candidate for local CD4 T cell suppression in the granuloma.

To examine if there was active TGFp signaling occurring within Mtb-infected lungs, we
examined SMAD3 phosphorylation (0.SMAD3), downstream of TGFp signaling (Derynck
and Zhang, 2003), in d34-infected lungs by microscopy. We observed robust pPSMAD3
staining within the granulomas in both CD4 T cells (6-59%) and CD11b* myeloid cells
(14-59%), but not in unaffected areas of the same lobe (Figures 2C-E), indicating spatially
localized TGFp signaling by both cell types within the pulmonary Mtb granulomas. We next
assessed pPSMAD3 expression in pulmonary Mtb granulomas in rhesus macaques that had
been infected with 4-8 CFU via bronchoscope instillation 62—89 days prior. Overall, these
granulomas were larger in size and contained a more defined lymphocytic cuff than murine
ULD granulomas. We also observed a highly heterogeneous spectrum of granulomas,
including necrotic (which are not present in Mtb-infected C57BL/6 mice) and non-necrotic
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granulomas that were adjacent to each other within the same lobe, as described previously
(Lin et al., 2009). Similar to our data in mice, while T cells did not preferentially-localize
to the infected core of non-necrotic granulomas, a substantial percentage of these cells were
distributed near infected myeloid cells. Importantly, there was evidence of strong pPSMAD3
signaling within T cells (30-45%), as well as in macrophages and neutrophils (28-50%)
within the granuloma, particularly in the lymphocytic cuff, in both non-necrotic (Figures
2F,2G) and necrotic granulomas (Figures S3D, S3E). Compared to pSMAD3 localization in
mice, there was less signal within the granuloma core, likely due to the reduced density of
immune cells in this region. Although rhesus macaques exhibited higher baseline pPSMAD3
expression in distal areas of the lung compared to mice, which could be reflective of
species, animal age, infectious dose, time point, or microbiome differences, pSMAD3
expression was significantly increased for CD4 T cells and macrophages/neutrophils within
the granuloma compared to those located distally (Figure 2H). Together these data indicate
that immune cells residing within pulmonary Mtb granulomas experience localized TGFp
signaling in both mice and caseating and non-caseating lesions in NHP.

TGFBR-signaling in CD4 T cells restricts terminal differentiation, promotes cell death, and
inhibits Mtb control.

To test whether TGFp actively suppresses T cells and restricts immunity within the
granuloma we used dL ck-cre TGFBR2” mice (TGFBR.KO), which lack TGFBR on T cells
but express the receptor normally on other immune cell types (Zhang and Bevan, 2012).
We first infected these animals with a conventional dose of aerosolized Mtb (~50 CFU) to
assess the role of TGFp in modulating immunity in a model with well-established bacterial
load kinetics. We found that TGFBR.KO mice exhibited a significantly reduced (0.33 logs,
p<0.01) lung and spleen bacterial burdens at d28-78 p.i. (Figures 3A, S4A), indicating a
non-redundant role for T cell-intrinsic TGFp signaling in restricting immunity against Mtb.
Despite this decreased bacterial burden, which suggests reduced antigen abundance, many
TGFPR.KO mice had an increase in IFNy-producing ESAT-6-specific CD4 T cells (though
this did not reach statistical significance), and had similar total numbers of ESAT-6-specific
T cells (Figure 3B, S4C, S4D). Intriguingly, ESAT6-specific TGFRR.KO T cells within

the parenchyma were also much more likely to express KLRG1 (Figure 3C), a marker of
terminally differentiated CD4 T cells, which are typically found in the vasculature in WT
infected mice (Moguche et al., 2015; Sakai et al., 2014). Furthermore, we found that IV~
ESAT6 specific TGFBR.KO cells within the lung were also less likely to undergo apoptosis
(Figure 3D), and this difference was more pronounced in parenchyma-localized cells than
those in the vasculature (Figure S4E). In contrast, there were no significant differences

in FoxP3* or RORyt" ESAT-specific CD4 T cells, and these encompassed a very small
percentage of the overall cell population (Figure S4F), consistent with prior reports (Cruz et
al., 2006; Shafiani et al., 2013).

To directly assess how TGF signaling alters effector T cell function within pulmonary
granulomas, we infected TGFBR.KO and WT mice with ULD Mtb and 34 days later isolated
lungs for quantitative microscopy. In contrast to WT granulomas, TGFBR.KO granulomas
exhibited a pronounced increase in IFNy* CD4 T cells that were directly adjacent to

the areas of Mtb infection, while there was no significant difference within distal lung
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sites (Figures 3E, 3F, 3G). No differences in pS6 staining of CD4 T cells were observed
between TGFBR.KO and WT mice (Figure 3G), suggesting that antigen presentation and
TCR-signaling were not affected by TGFp. Additional statistical analysis of cellular spatial
neighborhoods revealed a significant increase in the total IFNy* CD4 T cells located within
regions containing Mth-infected cells in TGFBR.KO compared to WT mice (Figure 3H).
Neighborhoods containing IFNy* CD4" T cells were also positively correlated with those
containing pS6* T cells, suggesting that enhanced antigen-dependent IFN+y production was
occurring in a spatially localized fashion in TGFBR.KO (R = 0.53, p<0.0001) but not WT
(R =0.03, p=0.06) settings (Figures 3I). Given that the production of IFNy by T cells may
be short-lived, and would be challenging to detect after cell-mediated secretion, we also
examined myeloid cell INOS production, a biomarker reflecting cellular memory of IFNy
sensing, as well as a molecule directly involved in mycobactericidal activity (Braverman
and Stanley, 2017). We found markedly increased iNOS staining in TGFBR.KO granulomas
(Figure S4G), with the number of INOS* CD11b* cells positively correlated with both
IFNy* CD4* T cells (R = 0.44, p<0.001) and Mth-infected cells in TGFBR.KO (R = 0.76,
p<0.0001) but not WT mice (R = —0.01, p=0.54 and R2 = —0.03, p=0.05, respectively)
(Figure 3l), suggesting enhanced coupling of localized T cell function with myeloid cell
activation in the absence of TGF sensing. Together, these data indicate that ablation of
TGFp signaling in T cells results in marked enhancement in effector T cell cellularity

and function directly within the granuloma, which in turn is associated with increased
downstream myeloid cell activation and decreased bacterial burden.

TGFB acts intrinsically on CD4 T cells to regulate Thl cell differentiation and cellularity.

To further investigate the intrinsic effects of TGFp signaling on CD4 T cell expansion,
differentiation, and survival during Mtb infection, we generated mixed bone marrow chimera
mice containing both WT and TGFPBR.KO T cells. In a pilot experiment using chimeric mice
with a 1:1 WT:KO donor marrow ratio, we observed that WT T cells were outcompeted

by TGFBR.KO T cells, reflective of differences in proliferative capacity (Li and Flavell,
2008), and subsequent analysis was confounded by a paucity of WT cells. Therefore, we
utilized a 3:1 WT:KO ratio and infected these animals with ULD Mtb following immune
reconstitution. Thirty days later, we compared the phenotype and function of WT and
TGFBR.KO CD4 T cells subjected to the same bacterial burden and inflammatory milieu.
As expected, WT and TGFBR.KO cells were present in a ~ 3:1 ratio amongst naive (CD44
low) CD4 T cells suggesting normal reconstitution. Importantly, ESAT-6 tetramer-binding
CD44* CD4 T cells were markedly enriched for the TGFBR.KO cells as compared to

WT, with cellular ratios on average reaching 16:1, indicating ~50-fold enrichment in
responding lymphocytes when accounting for the skewed naive cell starting ratios (Figure
4A). Furthermore, as seen in the full KO animals, a higher proportion of the ESAT-6-specific
TGFBR.KO T cells in the lung parenchyma expressed KLRG1 (Figure 4B), suggesting
enhanced recovery of terminally differentiated effector cells. Consistent with this notion,
TGFBR.KO T cells displayed markedly higher levels of T-bet staining and importantly had a
significantly higher frequency of IFNy production within the lung parenchyma as comparted
to WT CD4 T cells (Figures 4C, 4D), suggesting enhanced effector T cell differentiation in
the absence of TGF signaling. Together, these findings indicate that during Mtb infection,
TGFp acts intrinsically on T cells to regulate effector T cell differentiation and cellularity.
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T cell-intrinsic suppression of Mtb-specific TCR transgenic T cells

Given the pleiotropic effects of TGFP on T cells, and that our previous data were observed
in the polyclonal CD4 population with varied TCR specificities and response kinetics, we
next tested the contribution of TGFf on Mth-specific T cells using an adoptive transfer
model. We generated mice with Mtb-specific (C7) TCR-transgenic T cells lacking TGFpR
(Tg.KO), and then co-transferred equal numbers of both naive Tg.KO and WT C7 T cells
(Tg.WT) into mice infected with Mth 11 days prior (the approximate timepoint when T
cell priming is initiated in the LN). CD Mtb infection was used for these studies to reduce
the variation in infection and to ensure reliable T cell priming kinetics (Reiley et al.,

2008). As expected, Tg.WT cells generated a robust early response, with large numbers of
effector cells found within the lung parenchyma as early as 9 days after transfer (Figure
5A). However, over time, the Tg.WT population underwent a marked contraction (>100-
fold decline), suggesting overall attrition of cellular responses and limited persistence of
effector T cells throughout the infection. Tg.KO also underwent robust clonal expansion,
but in contrast to Tg.WT cells, did not undergo contraction and vastly outnumbered

Tg.WT cells (>50-fold) at later time points (Figure 5A). Consistent with their improved
survival, significantly fewer Tg.KO cells underwent apoptosis (Figure 5B). Moreover, higher
frequencies of Tg.KO cells were Ki67 positive (Figure 5B), together suggesting a pivotal
role of TGFB in inhibiting both survival and proliferation of Mth-specific T cells during
Mtb infection. Consistent with the mixed bone marrow chimera findings, many more 1V~
Tg.KO cells expressed KLRG1, a marker of terminal differentiation, and more of these
differentiated cells were also Ki67 positive by 14 days after transfer (Figures 5C, 5D).
Moreover, parenchymal Tg.KO cells also exhibited significantly higher levels of T-bet
expression (Figure 5E), and importantly produced higher levels IFN-y and TNF, but not
IL-2 (Figures 5F, S5A), suggesting enhanced effector function, which did wane at later
timepoints (Figure S5B). Very low percentages of FoxP3* and RORyt* cells were observed
in either the Tg.KO and Tg.WT cells, although as expected, minor reductions in expression
of these transcription factors were observed in the absence of TGFp signaling (Figure S5C).
Together, these findings indicate that TGF plays critical roles in limiting the proliferation,
survival, terminal differentiation, and function of effector T cells within the Mtb-infected
lung.

In addition to effects on the survival and proliferation of infiltrating effector CD4 T cells,
we hypothesized that TGFp may also directly suppress localized cytokine production by
fully differentiated effector T cells (Oh and Li, 2013). To test this, we generated in vitro
Thl-polarized Tg.KO or Tg.WT effector T cells and co-transferred equal numbers of these
cells into mice infected with ULD Mtb 34 days prior. Lack of TGFBR did not impact

Th1 polarization, as Tg.KO and Tg.WT T cells both made similar amounts of IFN+y

cells prior to transfer (Figure S5D). Lungs were isolated for microscopy 20 hours after
transfer, a time point sufficient for T cell infiltration into infected tissues but prior to T cell
proliferation. Indeed, both Tg.WT and Tg.KO Th1 T cells were found at equal numbers
within the granulomas (Figures 5G, 5H) and displayed similar levels of TCR signaling, as
identified by pS6 staining, suggesting equivalent early recruitment and activation (Figure
51). Importantly, we observed a ~2.5 fold increase in the frequency of IFNy* Tg.KO T cells
as compared to Tg.WT cells within granulomas (Figure 51), suggesting rapid and highly
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localized suppressive effects of TGFB on effector T cell function. Moreover, even though
similar numbers of effector T cells were recovered, Tg.KO cells displayed significantly
increased Ki67 staining (Figure 5I), suggesting that TGFp rapidly inhibits both function and
proliferative ability of effector T cells within the granuloma.

To further dissect the more prolonged effects of TGFp signaling on fully differentiated
effector T cells and to test their therapeutic efficacy, we again transferred Th1-polarized
Tg.WT or Tg.KO cells into mice infected with ULD Mtb 14 days prior. In agreement with
our previous findings, we found ~10-fold more Tg.KO cells as compared to Tg.WT (Figure
5J), and a higher frequency of these cells were Ki67* (Figure S5E). Similarly, a large
frequency of parenchymal Tg.KO cells were KLRG1 positive (Figure 5K), again indicating
enhanced survival of terminally differentiated effector cells. As before, no differences in
antigen sensing were noted between Tg.WT and Tg.KO cells, suggesting similar ability

to recognize antigen. Strikingly, despite these large increases in the number of total and
IFNy* Tg.KO effector T cells (Figures 5J, 5L), we found no significant differences in the
frequency of direct ex vivo IFN-y production by Tg.WT vs. Tg.KO cells (Figure S5F), or in
the bacterial burdens (Figure S5G), albeit slight decreases in total lung and spleen CFU were
seen with both transfers as compared to no transfer controls. This minimal impact of effector
Tg.WT and Tg.KO T cells may reflect caveats associated with transfer of large numbers of
monoclonal T cells, such as in restricting the priming of endogenous Mtb-specific T cells
(Tg.KO cells actually outnumbered the endogenous CD4 population (Figure S5H)), and/or
gradual loss of IFNy production over time, suggesting additional mechanisms of immune
suppression involved in Mtb disease (Ernst, 2018). Nevertheless, our findings identify a
prominent role of the TGFP suppressive axis in restricting the proliferation, survival, and
function of terminally differentiated effector T cells within the Mtb-infected lung.

DISCUSSION

Optimal Mtb containment requires cognate interactions between Mtb antigen-specific CD4
T cells and Mtb-infected macrophages presenting antigen/MHCII complexes on their surface
(Srivastava and Ernst, 2013). This necessitates co-localization of Mtb-specific T cells

and infected macrophages throughout chronic infection and persistence of a long-lived
Mtb-specific T cell response. Maintenance of effector T cell function is also required, but
the precise functional properties that mediate immunity within the Mtb-infected lung is
incompletely understood. IFNy production by CD4 T cells has long been considered the
cornerstone of Mtb protective immunity (Bustamante, 2020; Green et al., 2013). However,
T cells within the lung parenchyma have limited ability to produce effector cytokines
(Moguche et al., 2015, 2017; Sakai et al., 2014), and IFNy has been estimated to account
for only 30% of CD4-mediated immunity in the lung (Sakai et al., 2016). Here we use
quantitative imaging to show that little IFNy is produced by CD4 T cells within Mtb-
infected granulomas, and that fully differentiated Mtb-specific Th1 effector T cells rapidly
lose the ability to produce IFN+y within the pulmonary granuloma compared to distal areas
of unaffected lung, despite ongoing antigen recognition. We further find that in both mice
and NHPs, T cells as well as myeloid cells experience high levels of TGFp signaling within
the pulmonary Mtb granuloma, and less within the rest of the lung. Finally, we demonstrate
that effector T cell survival, expansion and differentiation is actively modulated by this
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granuloma-localized TGF, and that genetic manipulation of TGFp signaling on T cells
restores T cell function and limits pulmonary and splenic bacterial burdens.

We, and others, have shown that terminally differentiated Th1 cells, defined by expression of
KLRG1 and high levels of T-bet, do not localize within the parenchyma of Mtb-infected
lungs, but instead reside within the lung vasculature (Moguche et al., 2015; Sakai et

al., 2014). This is in part due to the poor trafficking of KLRG1* CD4 T cells into the

lung parenchyma, and because CD4 T cells within the lung undergo limited terminal
differentiation. Although a small number of KLRG1* CD4 T cells can be found in

the lung parenchyma of Mth-infected WT mice, unlike their T-bet" counterparts in the
vasculature, these cells express intermediate levels of T-bet, akin to PD-1* parenchymal

T cells (Moguche et al., 2015). We now show that Mth-infected conditional TGFBRII

KO mice exhibit an abundance of T-bet"i, KLRG1* T cells in the lung parenchyma, and
these cells are highly proliferative (Ki67%) and undergo less apoptosis as compared to

their WT counterparts. This is consistent with prior studies showing that TGFp shapes the
homeostasis of effector CD4 T cells (Sledziriska et al., 2013) and limits the survival of
effector CD8 T cells (Ma and Zhang, 2015; Sanjabi et al., 2009; Tinoco et al., 2009; Zhang
and Bevan, 2012), and establishes that analogous processes shape CD4 T cell responses
during Mtb infection. Our data are also consistent with findings during chronic LCMV
infection (Lewis et al., 2016), although in contrast to LMCV, TGFp signaling during Mtb
infection appears to directly influence T-bet expression and function of Thl effector CD4 T
cells. The finding that the parenchyma-localized TGFBR.KO KLRG1* T cells express high
levels of T-bet and robustly produce IFN-y suggests that they are similar to the intravascular
terminally differentiated KLRG1* CD4 T cells of WT mice. Thus, intrinsic TGF-signaling
on T cells prevents terminal Th1l differentiation during pulmonary Mtb infection, perhaps in
large part by limiting their survival within this inflammatory milieu. TGFp may also alter
the positioning of terminally differentially Th1 cells and restrict them from the infected
lungs, and these effects require further examination. In addition, we find that TGFp rapidly
and potently suppresses effector T cell function even in fully differentiated Mtb-specific Thl
CDA4 T cells, collectively pointing to profound effects of TGFB on T cell expansion, survival,
differentiation and effector function.

In addition to TGFB, one previously identified suppressive mechanism utilized by Mtb is its
ability to limit MHCII antigen presentation within infected cells. Our observation that some
pS6* T cells reside adjacent to Mtb-infected macrophages in the granuloma core indicates
that this inhibition is not complete. However, the fact that the proportion of pS6* T cells

in the granuloma core is similar to that in uninfected regions of the lung suggests that
antigen-presentation by infected cells is impaired to some degree. We were also surprised
to find evidence of recent antigen recognition by T cells located throughout the lung, and
that this was not abrogated by blockade of lymphocyte egress from the lymph node. This
TCR stimulation is potentially due to recognition of exported Mtb antigen to distal regions
of the lung by antigen-bearing, non-infected cells, a possible decoy strategy that has been
suggested to direct T cell responses to where they are not needed (Baena and Porcelli, 2009;
Srivastava and Ernst, 2014; Srivastava et al., 2016).
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What implications do our findings have about the role of CD4 T cells and IFNy in Mtb
infection? In our studies, mice with T cells lacking the TGFp receptor have increased
number of IFN-y-producing T cells and a decreased bacterial burden. On the surface this
seems at odds with published findings that in patients who received PD-1 or PD-L1
blockade (Barber et al., 2019; Suliman et al., 2020), increased IFN-y responses were
associated with more severe disease outcomes, though other studies in mice have shown
varying results (Kamboj et al., 2020; Lazar-Molnar et al., 2010). We speculate that the
location of IFN-y production may help to reconcile these differences. In our system, the
increase in T cells producing IFNy is greatest near Mtb-infected cells within the granuloma,
while the above studies measured an increase in systemic IFN+y levels, which may not be
reflective of granuloma-restricted processes and could also trigger immune pathology. It is
also likely that checkpoint blockade alone is not sufficient to overcome TGFp-mediated
suppression within the granuloma, leading to enhanced effector responses everywhere but
the most critical sites.

Given the elevated levels of TGF during Mtb infection, the potential therapeutic use

of TGFB inhibitors has been postulated by in silico analysis (Warsinske et al., 2017).
Indeed, pharmacologic inhibition of TGFp signaling has been shown to improve pulmonary
immunopathology and bacterial burdens when given shortly after infection (Jayaswal et

al., 2010), and in chronic settings (Rosas-Taraco et al., 2011). While these studies did not
resolve individual effects of TGF on specific cell types and had limited effects, together
with our findings, they support the notion that TGFp signaling blockade during chronic
disease can enhance localized T cell-mediated immunity with minimal off-target effects.
Besides T cells, TGFB blockade could promote anti-microbial function in macrophages and
other cell types, as well as reduce pulmonary fibrosis (Walton et al., 2017).

It is also important to highlight that we find evidence of additional non-redundant
suppressive mechanisms at play during Mtb infection, as the benefits of the absence of
TGFp signaling on T cells clearly wanes over time. This suggests that combination therapy
of TGFp blockade with antibiotics or additional immunotherapeutics may provide synergy.
Regardless, our studies suggest that TGFp is a major and highly localized regulator of T cell
responses during Mtb infection and suggest that future studies to test the therapeutic role for
TGFp blockade may be warranted.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Kevin Urdahl
(kevin.urdahl@seattlechildrens.org).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The mouse lung RNAseq data generated during this study
are available at GEO under accession humber GSE134186.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—C57BL/6 and TCRB~/~8~/~ mice were purchased from Jackson Laboratories (Bar
Harbor, ME). ESAT-6 TCR Tg (C7) mice were provided by Dr. Eric Pamer (Memorial Sloan
Kettering Cancer Center, New York, NY) and have been described previously (Gallegos et
al., 2008). OTII mice were obtained from Taconic Laboratories (Rensselaer, NY). DLck-cre
TGFBR2" mice were a generous gift from Dr. Michael Bevan (University of Washington).
All mice were housed in specific pathogen-free conditions at Seattle Children’s Research
Institute (SCRI). Experiments were performed in compliance with the SCRI Animal Care
and Use Committee. Both male and female mice between the ages of 8-12 weeks were used.

Rhesus macaques—The research-naive Indian-origin male and female rhesus macaques
(Macaca mulatta) utilized in this study were bred and raised at the Oregon National Primate
Research Center (ONPRC). All animals were single-housed in cages for Mtb infection in
environmentally controlled rooms in the ONPRC’s Animal Biosafety Level-3 facility. At
assignment, these rhesus macaques were specific-pathogen free (SPF) as defined by being
free of macacine herpesvirus 1, D-type simian retrovirus, simian T lymphotrophic virus
type 1, simian immunodeficiency virus and Mtb. The age of the animals at Mtb infection
ranged from 2.18 to 3.04 years (average 2.74 years). All animals had pulmonary lesions
consistent with Mtb in computerized tomography (CT) scans and were electively euthanized
on post-infection days 62—-89 days (average 75 days).The monkeys received commercial
monkey chow twice daily supplemented with fresh fruit and water ad libitum. Environmental
enrichment included food treats, manipulatable items in cages, human interactions with
care takers and perches. All animals were observed twice daily by trained husbandry

staff for activity, appetite and normal species-specific behavior. Ketamine HCI was used to
induce anesthesia for all routine non-invasive clinical procedures associated with the study
protocol such as blood sampling, intra bronchial agent administration via bronchoscope

and biweekly diagnostic computerized tomography scans. For euthanasia macaques were
sedated with ketamine HCI (15 mg/kg IM) and painlessly killed with greater than 50

mg/kg body weight of sodium pentobarbital. Euthanasia was assured by exsanguination

and bilateral pneumothorax. This method is consistent with the recommendations of the
American Veterinary Medical Association’s Guidelines on Euthanasia.

Studies were performed at the Oregon National Primate research Center (ONPRC),
Beaverton, Oregon. All animal work was conducted in accordance with the
recommendations of the Weatherall report, “The use of non-human primates in research.”
Specifically, the research was regulated by the United States Department of Agriculture

for compliance with the “Animal Welfare Act” and the National Institutes of Health’s
Office of Laboratory Animal Welfare for compliance with the “Guide for the Care and

use of Laboratory Animals”. The ONPRC Laboratory Animal Care and Use Program is
fully accredited by the American Association for Accreditation of Laboratory Animal Care
(AALAC), and it has an approved Assurance (#A3304-01) for the care and use of animals
on file with the Office for Protection from Research Risks at NIH. The study’s experimental
protocols were approved 05/18/18 by the Oregon National Primate Center, Oregon Health
& Science University Institutional Animal Care and Use Committee, IACUC Protocol 0941
[IP00001720].
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METHOD DETAILS

Generation of mixed bone marrow chimera mice—WT CD45.2 mice were
irradiated with 1000 rads and reconstituted with a 1:3 mixture (to account for differences in
reconstitution of CD45.1/2 TGFBR.KO:CD45.1 WT bone marrow).

Aerosol infections—All infections were done with a stock of Mtb H37Rv, as previously
described (Urdahl et al., 2003). To perform conventional dose aerosol infections, mice
were enclosed in a Glas-Col aerosol infection chamber, and 50-100 CFU were deposited
directly into their lungs. In order to confirm the infectious dose, two mice in each infection
were immediately sacrificed and their lung homogenates plated onto 7H10 plates for CFU
enumeration. To perform ULD aerosol infections, mice were enclosed in a Glas-Col aerosol
infection chamber, and 1-3 CFU were deposited directly into their lungs (Plumlee et al.,
2020).

CFU determination—Mouse organs (right lung, left lung or spleen) were homogenized
separately using a Miltenyi GentleMACS machine with PBS+0.05% Tween-80 in an M tube
(Miltenyi). Homogenates were subsequently diluted and plated onto 7H10 plates. Following
dilution for ultra-low dose infections, the remainder of the undiluted homogenate plated onto
two 7H10 plates. Plates were incubated for at least 21 days at 37° before enumeration.

Fingolimod treatment—To block lymphocyte egress from lymphoid tissues, mice
infected with ULD Mtb at d35 pi were given fingolimod (Sigma-Aldrich) 1mg/kg,
intraperitoneally, every 24 hours for 2 doses. Lungs were taken for analysis 24 hours
following last dose.

Th1l polarization and adoptive transfers—CD4 T cells from the indicated TCR
transgenic mice (Tg.WT (CD90.1%), Tg.KO (CD90.1*, CD45.1*) and OTII (CD45.1*)) were
negatively enriched from spleens using EasySep magnetic microbeads (STEMCELL). T
cells were Th1 polarized by culturing 1.6 x 108 transgenic T cells with 8.3 x 10 irradiated
splenocytes from TCRB™~6~/~ mice per 2ml well. 5 pg/ml of ESAT-6 or OVA peptide, 10
ng/ml IL-12, and 10 pg/ml of anti—-IL-4 antibody (R&D Systems) were added to RP10 media
at day 0. On day 3, cells were split 2:1, and 10 ng/ml IL-12 added (R&D Systems). On

day 5, Thi cells were intravenously injected into C57BL/6 CD45.2* recipient mice at the
indicated timepoints.

Naive cell isolation and adoptive transfers—Spleens from Tg.WT (CD90.1*) and
Tg.KO (CD90.1%, CD45.1%) were enriched for CD4 T cells using the EasySep Mouse Naive
CD4* T Cell Isolation Kit (StemCell Technologies). Cells were counted, then intravenously
injected into C57BL/6 CD45.2* recipient mice at the indicated timepoints.

Lung Single Cell Suspensions—At the indicated times post-infection, mouse lungs
were removed and gently homogenized in HEPES buffer containing Liberase Blendzyme 3
(70 mg/ml; Roche) and DNasel (30 mg/ml; Sigma-Aldrich) using a gentleMACS dissociator
(Miltenyi Biotec). The lungs were then incubated for 30 min at 37°C and again thoroughly
homogenized with the gentleMACS. Homogenates were then filtered through a 70um cell
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strainer and RBC lysed with RBC lysing buffer (Thermo), then resuspended in FACS buffer
(PBS containing 2.5% FBS and 0.1% NaN3).

Antibody and MHCII Tetramer Staining—MHCI| tetramers containing amino acids
4-17 of Mthb ESAT-6 (made in our lab using a construct generated by Dr. Marc Jenkins)
were used to detect Mtb-specific CD4 T cells. Single-cell suspensions were stained at
saturating concentrations with the tetramers and incubated at room temperature for 1 hour.
For intracellular cytokine staining (ICS), tissues were processed in the presence of Brefeldin
A (10 mg/ml; Sigma-Aldrich). All surface staining was done at room temperature for

60 minutes. After tetramer and/or surface staining, the cells were fixed, permeabilized,

and stained with antibodies against intracellular targets at 4°C for 30 minutes (or room
temperature for 60 minutes for panels with anti-pS6 antibody) using eBioscience fixation/
permeabilization and permeabilization buffers. For experiments utilizing intravascular
antibody to identify intravascular T cells, mice were given an intravenous injection in the
retroorbital sinus of 0.25ug of CD4-PE, CD4-APC, CD45.1-APC, or CD45.2 -APC antibody
10 min prior to sacrificing, as previously described (Sakai et al., 2014). For experiments
using anti-Annexin antibodies, surface staining was completed as above. Cells were then
washed twice in PBS, then resuspended in 100uL supplied annexin V binding buffer, with
5uL of anti-annexin V and 1ul SYTOX Green (ThermoFisher) and incubated for 15 min at
room temperature. 400uL of binding buffer was then added and cells were stored on ice until
analyzed by flow cytometry as soon as possible.

Stimulations—After single-cell preparations were made, murine lung cells were
stimulated with either: ESAT-6 (4-17) (5 mg/ml), IL-2 (5ng/ml) or IL-12 (10ng/ml) for

4 hours in complete growth media (RPMI 1640 supplemented with 10% FCS, 2 mM
L-glutamine, 10 mM HEPES, 0.5 mM 2-ME) in the presence of brefeldin-A at 37°C with
5% CO2. Cells were then washed and stained with antibodies as described above.

Sorting, RNAseq, and GSEA—CD4 T cells were negatively enriched to >95% purity
from freshly isolated lungs (taken from mice receiving an intravascular label, as above)
using Miltenyi Biotec magnetic microbeads and subsequent column purification according
to the manufacturer’s protocol. The negatively enriched cells were stained with anti-mouse
PD-1 and anti-mouse KLRG1 antibodies (BioLegend), as well as ESAT-6 tetramer (as
above) presence of 1ug/ml Cyclosporin A (R&D Systems) to prevent tetramer-mediated
activation of T cells. The cells were then sorted on a cell sorter (FACSAria; BD Bioscience)
directly into a buffer containing TRIzol (Invitrogen). Samples were shipped to Expression
Analysis (Durham, NC), RNA was isolated and amplified linearly followed by RNA
sequencing. RNASeq data were analyzed at the Institute for Systems Biology (Seattle,
WA). The Spliced Transcripts Alignment to a Reference (STAR) tool was used to map the
RNASeq reads to University of California Santa Cruz (UCSC) mouse genome. Aligned
reads were sorted and mapped to transcripts and counts were output into a matrix using
HTseqg-count. Quality control of samples was conducted by ensuring biological replicates
clustered together more closely than samples from other test conditions using Principal
Component Analysis (PCA). Differentially expressed genes were discovered by inputting
the counts matrix into the DESeq2 package in R with Benjamini-Hochberg corrected p-
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values less than or equal to 0.05 and fold-change greater than or equal to 2. We used Gene
Set Enrichment Analysis (GSEA, Broad Institute) to analyze the enrichment dataset using
the Molecular Signatures Database (MSigDB). GSEA identified sets of genes differentially
expressed between comparison groups that were over-represented at the top or bottom of the
ranked set of genes. Data will be deposited in GEO upon publication.

Staining and imaging of rhesus macaques—Rhesus macaques in a dose titration
study were inoculated with 4-8 CFUs of Mtb Erdman (BEI Resources) diluted in saline

and lightly sonicated, and delivered to a segmental bronchus in the right caudal lung

lobe using a bronchoscope as previously described (Hansen et al., 2018). The humane TB
end-stage criteria were previously described (Hansen et al., 2018), at which time animals
were immediately euthanized and taken to necropsy. Lung tissues were collected from
animals according to BSL-3 necropsy procedures. Tissues were dissected into ~ 20mm? x
5mm thick sections, placed in pre-labeled cassettes and immersed in freshly prepared 4%
paraformaldehyde for 24 hours at room temperature in the ABSL-3 necropsy laboratory.
This fixation protocol resulted in complete inactivation of Mtb, as no bacterial growth

was noted after 8 weeks of culture with homogenized fixed tissue. After 24 hours post
paraformaldehyde fixation the cassettes were transferred to 70% EtOH for an additional
24-72 hours at ~4-8°C in the ABSL-3 necropsy laboratory prior to processing and

paraffin embedding. Immunofluorescent staining was performed as previously published
(Mudd, Nature Communications, 2018) on formaldehyde-fixed, paraffin-embedded right
caudal lung tissue collected at necropsy from Mtb infected RM. In brief, HIER was
performed on deparaffinized slides with 0.1% citraconic anhydride (125318; Sigma-Aldrich)
buffer in the absence of enzymatic retrieval, followed by rounds of sequential antibody
staining, detection, and stripping. Antibody detection was performed using species specific
polymer HRP-conjugated systems (GBI Labs) coupled with tyramide signal amplification
(TSA) reactions using Alexa Fluor tyramide reagents (Invitrogen). Antibody stripping was
performed by heating slides in 0.1% citraconic anhydride or citrate pH6 (BO5C-100B; GBI
Labs) buffers for 15 minutes at 95-99°C on a hot plate. Whole slide imaging was performed
on a Zeiss Axio Scan.Z1 using a 20x objective. Serial sections were taken and Ziehl-Neelsen
staining performed by the University of Washington Histology core, for identification of
acid-fast bacilli.

Confocal Microscopy—Lungs were excised and submerged in BD Cytofix diluted 1:3
with PBS for 24hr at 4°C. Lungs were washed twice in PBS and dehydrated in 30%
sucrose for 24 hours prior to embedding in OCT and rapid freezing in a 2-methylbutane
and dry ice slurry. A cryostat was used to generate 20pum sections, which were stained
overnight with fluorescently conjugated antibodies at room temperature and cover-slipped
with Fluoromount G mounting media (SouthernBiotech). Images were acquired on a Leica
SP8X confocal microscope.

Histocytometry—Histocytometry analysis was performed as previously described, with
minor modifications (Gerner et al., 2012). Briefly, multiparameter confocal images were first
corrected for fluorophore spillover using the built-in Leica Channel Dye Separation module.
For acquisition of single stained controls, UltraComp beads (Affymetrix) were incubated
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with fluorescently conjugated antibodies, mounted on slides, and imaged. Cell surfaces
were created using Jojol nuclear staining using the Imaris surface creation module, and the
object statistics were exported to Excel (Microsoft). Object statistics were combined into
unified CSV files and finally imported into FlowJo software for cellular gating and analysis.
For correlation analyses, histocytometry data are spatially subdivided into cylindrical
neighborhoods via virtual raster scanning (CytoMAP, (Stoltzfus et al., 2020)). Pearson
correlation coefficients are then calculated for the numbers of cells in these neighborhoods.
For visual clarity, presented images were manipulated in Imaris and PowerPoint (Microsoft),
with identical manipulation applied across experimental groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were selected based on appropriate assumptions with respect to data
distribution and variance characteristics. Statistical details of experiments can be found

in the figure legends. No statistical methods were used to predetermine sample size. The
statistical significance of differences in mean values was analyzed by a two-tailed unpaired
Student’s t test. Paired t test was performed only when comparing responses within the same
experimental animal or tissue, or group means within the same experiment (indicated in the
legend). Correlations and corresponding P values by Pearson’s correlation test. **** p <
0.0001; *** p <0.001; **,p <0.01; and *, p < 0.05; NS, p > 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Despite antigen sensing, CD4 T cells produce minimal 1FNy within Mtb granulomas.
A-E: Wild-type mice infected with ULD Mtb, lungs taken at d34 p.i. (h=7) A)

Representative confocal microscopy image of a pulmonary granuloma. B) Histocytometry
positional mapping of different cell types within the granuloma. C) Location of IFN*

and pS6* CD4 T cells in relation to Mth. D) Image of an infected lung lobe (left),
demonstrating strategy for analysis for investigating granuloma and distal lung sites.
Histocytometry quantification (right) of IFNy™ and pS6* CD4 T cells, by location. E)
Spatial correlation analysis of cell types within 25 um radius neighborhoods. F-G: Mice
infected with ULD Mtb, received 5x10° Th1-polarized Mtb-specific and OVA specific cells
intravenously at d34 p.i. Lungs taken 20 hours later. (n=5) F) Representative confocal
microscopy image, showing Mtb (green) and OVA (blue) specific Thl-polarized CD4 T
cells. G) Histocytometry quantification of IFN+y and pS6 staining in Mth vs OVA-specific
transferred cells. H) Staining for pS6 and IFNy in Mtb-specific CD4 T cells in granuloma vs
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distal lung site. Single-group comparisons by paired t test. Correlations and corresponding
P values (E) by Pearson’s correlation test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Points represent individual mice and lines connect different sites (granuloma, distal
lung) within the same animal. Data are representative of two independent experiments. See
also Figures S1 and S2.
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Figure 2: TGFp signaling by immune cellswithin the granuloma.
A-B: WT mice infected with 50 CFU Mtb, lungs taken at 28 days p.i. for transcriptome

analysis of ESAT-6 specific CD4 T cells in the vasculature vs lung parenchyma. (n=5)

A) Volcano plot of differentially expressed genes by Mth-specific T cells within the
parenchyma vs intravascular space. Highlighted genes associated with immunosuppressive
signals on T cells. B) GSEA analysis of genes downstream of TGFp signaling in the
parenchyma (Lung), versus vasculature (1V). C-E: Mice infected with ULD Mtb, lungs
harvested at d35 p.i. (n=7) C) Representative confocal image of pSMAD3 staining within
the granuloma. D) Zoom-in images show pSMAD3 staining within T cells (arrows)

and myeloid cells near Mtb-infected cells (left), or at a distal lung site (right). E)
Histocytometry quantification of pSMAD3 staining in CD4 T cells and CD11b* myeloid
cells by site. F-H: Rhesus macaques infected with 4-8 CFU, lungs harvested at d62—89
p.i. (n=5) F) Representative confocal image of granuloma, showing pSMAD3 staining.
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G) Zoom-in images showing pSMAD3 signal in relation to CD4 (arrows) and CD68/163
cells (macrophages). H) Histocytometry quantification of pSMAD3 staining in CD4* and
CD68/163" cells. Single-group comparisons by paired t test. Points represent individual
animals and lines connect different sites (granuloma, distal lung) within the same animal.
FDRs (B) were calculated using the Benjamini-Hochberg method and p values were
calculated using the Mann-Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p

< 0.0001. Data are representative of one (A, B, F-H) or two (C, D) independent experiments.
See also Figure S3.
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Figure3: TGFBR-signalingin CD4 T cellsrestrictsterminal differentiation, promotes cell death,
and inhibits Mtb control.

A-D: TGFBR.KO (KO) and WT mice infected with 50-100 CFU of Mtb, lungs taken at
d30 p.i. A) Mtb lung burden in WT and KO animals. Left: Representative experiment.
Right: Group means from 6 independent experiments across early (d21-39, gray) and late
(d75-78, red) timepoints. total n=40 WT and n=45 KO mice. B) Number of IFNy* ESAT-6
specific CD4 T cells compared against bacterial burden. C) Proportion of parenchymal
ESAT-6 specific CD4™ T cells that are KLRG1™*. D) Proportion of parenchymal ESAT-6
specific CD4* T cells that are Annexin V*, SYTOX™. E-I: WT mouse and in TGFBR.KO
mice infected with ULD Mtb, lungs taken at d35 p.i. (n=10 per group) E) Representative
confocal images of granulomas from WT (top) and TGFBR.KO (bottom) mice, with zoom-
ins. F) Histocytometry positional analysis demonstrating the location of pS6* or IFNy*
cells in WT and TGFBR.KO lung granulomas. G) Histocytometry quantitation of CD4 cells
positive for pS6 and IFNvy by site. H) Number of IFNy* CD4 T cells per local tissue
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neighborhood containing Mtb-infected cells. I) Comparison of cell-cell correlations across
local neighborhoods in WT (left) and TGFBR.KO (right) lungs. Single-group comparisons
(A, B,F,G) by unpaired or paired (A) t test. Correlations and corresponding P values (H) by
Pearson’s correlation test. Data are representative of two independent experiments. Points
are representative of individual mice, except where otherwise noted. Data are presented as
mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S4.

Cell Host Microbe. Author manuscript; available in PMC 2022 April 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gern et al.

A

Page 27

ESAT6+ KO:WT Ratio

CD44

ESAT6+ CD44 low 32
[ESAT6+ : 3 164
] wrs2. 1 wr:69.7 3:
E| | 3 2_
b o E 3 1_
: % 0.5
@ 4 E v
i CD44 low o i ; KO: 26.2 001'22:
ESATE+ —— CD45.2 Ao
0@6
AN
ESAT6 IV- KLRG1 C
100 — : WT 2500- 0.0121
KM M©H | ko 2000-
- e
8 1 = 15004
2 50 ] 2 1000
- =
] 500+
e ' — T T B
KLRG1 —— WT KO Tbet ——— WT KO
104 00105
T WT 1 KO
2.8 7.7 &
3 ] 2 6
=
] 4 X 4
q E 2.
3 I . - - 0_
CD4 WT KO

Figure4: TGFp actsintrinsically on CD4 T cellsto regulate Thl cell differentiation and

cellularity.

Mixed WT:TGFBR.KO bone marrow chimeric mice infected with 50-100 CFU of Mtb.

(n=5) A) TGFBR.KO:WT ratio of ESAT-6-specific cells and CD44 low naive cells. B)
Percentage of parenchymal ESAT-6 specific CD4 T cells that are KLRG1* in WT vs
TGFBR.KO mice C) T-bet MFI of parenchymal ESAT-6 specific CD4 T cells. D) Ex-vivo
IFNy production by parenchymal ESAT-6-specific cells. Lines connect WT and KO cells
within the same chimeric animals. Single-group comparisons by paired t test. Data are
representative of three independent experiments. Points are individual mice, lines connect
WT and KO cells within the same chimeric animals., Data are presented as mean + SD. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S4 and S5.
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Figure5: T cell-intrinsic suppression of Mtb-specific TCR transgenic T cells.
A-F: Mice infected with 50-100 CFU Mtb, received 104 naive Tg.WT and Tg.KO cells at

d11 p.i. Lungs taken at specified timepoints. (h=4) A) Number of IV~ Tg.WT and Tg.KO
cells detected. B) Proportion of parenchymal Tg.WT and Tg.KO cells that are Annexin V™,
SYTOX" (left), or Ki67* (right). C) Proportion of parenchymal Tg.WT and Tg.KO cells
that are KLRG1"* D) Proportion of parenchymal KLRG1* Tg.WT and Tg.KO cells that are
Ki67* E) T-bet MFI of parenchymal Tg.WT and Tg.KO cells F) Proportion of parenchymal
Tg.WT and Tg.KO cells that are IFNy* (G-I) Mice infected with ULD Mtb, received 106
each Tg.WT and Tg.KO Thi-polarized CD4 T cells at d34 p.i. Lungs harvested 20 hours
after transfer. n=6 G) Number of cells detected per granuloma section H) Representative
section (left) demonstrating presence of Tg.WT (green) and Tg.KO (blue) cells within

the granuloma. Zoom-in panel (right) showing localization of both cell types proximal to
Mtb-infected cells, as well as demonstrating IFN+y staining. I) Histocytometry quantification
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of pS6, IFN+y and Ki67 staining in Tg.WT vs Tg.KO transferred cells within the granuloma.
J-L: Mice infected with ULD Mtb and starting d14 p.i., received two adoptive transfers of
either Tg.WT or Tg.KO Thi-polarized cells (and no-transfer controls), spaced one week
apart. Lungs harvested 3—4 days after last transfer. (n=17-20 per group) J) Number of
Tg.WT or Tg.KO cells per million lymphocytes. K) Proportion of parenchymal Tg.WT and
Tg.KO cells that are KLRG1* L) Number of IFNy* Tg.WT or Tg.KO cells per million
lymphocytes. Single-group comparisons by paired t test (A-G, 1) and unpaired T test (J-L).
Data are representative of two (H-L) or one (A-G) independent experiments. Points are
individual mice, lines (when present) connect Tg.WT and Tg.KO cells within the same host
animals. Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. See also Figure S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-mouse CD11c BV480 BD; clone HL3 Cat# 565627, RRID: AB_2739309

Anti-mouse CD11b BV510

BioLegend; clone M1/70

Cat# 101263, RRID: AB_2629529

Anti-mouse CD11b BV650

BioLegend; clone M1/70

Cat# 101239, RRID: AB_11125575

Anti-mouse CD11b PerCP-Cy5.5

BioLegend; clone M1/70

Cat# 101228; RRID: AB_893232

Anti-mouse CD45.1 BVv421

BioLegend; clone A20

Cat# 110732, RRID:AB_2562563

Anti-mouse CD45.1 APC

BioLegend; clone A20

Cat# 110713, RRID:AB_313502

Anti-mouse CD45.1 APCeF780

Thermo Fisher; clone A20

Cat# 47-0453-82, RRID:AB_1582228

Anti-mouse Ly6G BV650

BioLegend; clone 1A8

Cat# 127641, RRID:AB_2565881

Anti-mouse Ly6G PerCP-Cy5.5

BioLegend; clone 1A8

Cat# 127616, RRID:AB_1877271

Anti-mouse CD45.2 AF700

BioLegend; clone 104

Cat# 109822, RRID:AB_493731

Anti-mouse CD45.2 APC

BioLegend; clone 104

Cat# 109813, RRID:AB_389210

Anti-mouse MHCII AF700

Thermo Fisher; clone M5/114.15.2

Cat# 56-5321-82, RRID:AB_49400

Anti-mouse CD3 CF633 [conjugated in house]

BioLegend; clone 17A2

100202, RRID:AB_312659

Anti-mouse CD3 BV480

BD; clone 17A2

Cat# 565642, RRID:AB_2739318

Anti-mouse CD3 BV786

BD; clone 17A2

Cat# 564010, RRID:AB_2738540

Anti-mouse CD8a, BV650

BD; clone 53-6.7

Cat# 563234, RRID:AB_2738084

Anti-mouse CD8a, PerCP-Cy5.5

BioLegend; clone 53-6.7

Cat# 100734, RRID:AB_2075238

Anti-mouse IFNy PE

BioLegend; clone XMG1.2

Cat# 505807, RRID:AB_315401

Anti-mouse IFNy PE-Cy7

Thermo Fisher; clone XMG1.2

Cat# 505826, RRID:AB_2295770

Anti-mouse IFNy AF488

Thermo Fisher; clone XMG1.2

Cat# 505813, RRID:AB_493312

Anti-mouse pS6 AF488

Cell Signaling; clone 2F9

Cat# 4854, RRID:AB_390782

Anti-mouse CD4 APC

BioLegend; clone RM4-4

Cat# 116013, RRID:AB_2563024

Anti-mouse CD4 PE

BioLegend; clone RM4-4

Cat# 116005, RRID:AB_313690

Anti-mouse CD4 CF660 [conjugated in house]

BioLegend; clone RM4-5

Cat# 100506, RRID:AB_312709

Anti-mouse CD4 €506

Thermo Fisher; clone RM4-5

Cat# 69-0042-82, RRID:AB_2637459

Anti-mouse CD4 CF594 [conjugated in house]

BioLegend; clone RM4-5

Cat# 100506, RRID:AB_312709

Anti-mouse CD4 BV510

BioLegend; clone RM4-5

Cat# ; RRID: AB_2562608

Anti-mouse CD4 AF700

BioLegend; clone RM4-5

Cat# 56-0042-82, RRID:AB_494000

Anti-mouse CD44 BV650

BioLegend; clone IM7

Cat# 103049, RRID:AB_2562600

Anti-mouse CD44 APC-eF780

Thermo Fisher; clone IM7

Cat# 47-0441-80, RRID:AB_1272248

Anti-mouse KLRG1 BVv421

BD; clone 2F1

Cat# 566284, RRID:AB_273965

Anti-mouse KLRG1 PerCP Cy 5.5

BioLegend; clone 2F1

Cat# 138418, RRID:AB_2563015

Anti-mouse KLRG1 PE-Cy7

BioLegend,; clone 2F1

138416, RRID:AB_2561736

Anti-mouse KLRG1 APCe780

Thermo Fisher; clone 2F1

Cat# 47-5893-82, RRID:AB_2573988

Anti-mouse PD-1, PE-Cy7

BioLegend; clone RMP1-30

Cat# 109110, RRID:AB_572017

Anti-mouse PD-1, BV786

BD; clone RMP1-30

Cat# 748264, RRID:AB_2872692
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Anti-mouse B220 Dy395XL [conjugated in house]

BioLegend; clone RA3-6B2

Cat# 103202, RRID:AB_312987

Anti-mouse B220 BV650

BioLegend; clone RA3-6B2

Cat# 103241, RRID:AB_11204069

Anti-mouse B220 PerCP-Cy5.5

BioLegend; clone RA3-6B2

Cat# 103236, RRID:AB_89335

Anti-mouse NOS2 AF405

Santa Cruz Biotechnology; clone
Cc-11

Cat# sc-7271, RRID:AB_627810

Anti-purified protein derivative

Abcam; polyclonal

ab905, RRID:AB_306965

Anti-mouse CD90.1 eF450

Thermo Fisher; clone HIS51

Cat# 48-0900-82, RRID:AB_1272254

Anti-mouse CD90.1 AF647

BioLegend; clone OX-7

Cat# 202507, RRID:AB_492885

Anti-mouse pPSMAD3 CF594 [conjugated in house]

Abcam; clone EP823Y

Cat# ab52903, RRID:AB_882596

Anti-mouse Ki67 506

Thermo Fisher; clone SolA15

Cat# 69-5698-82, RRID:AB_2637482

Anti-mouse Ki67 PE-Cy7

Thermo Fisher; clone SolA15

Cat# 25-5698-82, RRID:AB_11220070

Anti-mouse TNF AF700

BioLegend; clone MP6-XT22

Cat# 506338, RRID:AB_2562918

Anti-mouse T-bet, AF488

BioLegend; clone 4B10

Cat# 644829, RRID:AB_2566018

Anti-mouse T-bet, PE-Cy7

BioLegend; clone 4B10

Cat# 644823, RRID:AB_2561760

Anti-mouse IL-2, PE

Thermo Fisher; clone JES6-5H4

Cat# 12-7021-41, RRID:AB_11042257

Anti-mouse IL-2, PE-Cy7

Thermo Fisher; clone JES6-5H4

Cat# 25-7021-82, RRID:AB_1235004

Anti-mouse IRF4 CF594 [conjugated in house]

BioLegend; clone IRF4.3E4

Cat# 646402, RRID:AB_2280462

Anti-mouse RORyt AF488

Thermo Fisher; clone B2D

Cat# 53-6981-82, RRID:AB_2811877

Anti-mouse RORyt PE

Thermo Fisher; clone AFKJS-9

Cat# 12-6988-80, RRID:AB_1257212

Anti-mouse Jojo-1 iodide

Invitrogen

Discontinued

Anti-mouse Foxp3 e450

Thermo Fisher; clone FIK-16s

Cat# 48-5773-82, RRID:AB_1518812

Anti-mouse Foxp3 AF700

Thermo Fisher; clone FIK-16s

Cat# 56-5773-80, RRID:AB_469950

Anti-human Myeloperoxidase

Dako; clone A0398

Cat# A0398, RRID:AB_2335676

Anti-human CD68

Biocare; clone KP1

Cat# 033, RRID: RRID:AB_2885063.

Anti-human CD163

Thermo Fisher; clone 10D6

Cat# MA5-11458, RRID:AB_10982556

Anti-human CD4

Abcam; clone EPR6855

Cat# ab195842, RRID:AB_2819211

Bacterial and Virus Strains

M. tuberculosis H37Rv

Obtained from Joel Ernst (NYU)

ATCC 27294

M. tuberculosis Erdman

BEI Resources

Cat# NR-15404

Chemicals, Peptides, and Recombinant Proteins

ESAT-6 (4-17) peptide (QQWNFAGIEAAASA) GeneMed Synthesis N/A

OVA (323-339) peptide (ISQAVHAAHAEINEAGR) GeneMed Synthesis N/A

Fingolimod Sigma-Aldrich Cat# SMLO0700
Mix-n-Stain CF Dye Antibody Labeling Kits Biotium Cat# 92433-92339

Critical Commercial Assays

EasySep Mouse CD4+ T Cell Isolation Kit StemCell Technologies Cat# 19852

Dead Cell Apoptosis Kit with Annexin V Pacific Blue and | Thermo Fisher Cat# A35122
Sytox Green

Deposited Data

RNAseq of pulmonary ESAT-6-specific T cells This paper GEO GSE134186
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains
Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Mouse: ESAT-6 TCR transgenic (C7)

Obtained from Eric Pamer (MSK)

Mouse: OVA TCR transgenic (OTII)

Obtained from Pamela Fink (UW)

Rhesus macaque (Macaca mulatta)

Oregon National Primate Research
Center

Software and Algorithms

FlowJo BD https://www.flowjo.com/

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

CytoMAP Stoltzfus et al., 2020 https://gitlab.com/gernerlab/cytomap

LASX Leica Microsystems https://www.leica-microsystems.com/
products/microscope-software/p/leica-
las-x-Is/

Imaris Bitplane https://imaris.oxinst.com/

Other

ESAT-64-17:1-Ab tetramer (mouse) PE [generated and
tetramerized in house]

Construct from Marc Jenkins
(University of Minnesota)

ESAT-64-17:1-Ab tetramer (mouse) APC [generated and

tetramerized in house]

Construct from Marc Jenkins
(University of Minnesota)
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