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SUMMARY

CDA T cells are essential for immunity to tuberculosis because they produce cytokines, including
interferon-y. Whether CD4 T cells act as “helper” cells to promote optimal CD8 T cell responses
during Mycobacterium tuberculosis is unknown. Using two independent models, we show that
CDA4 T cell help enhances CD8 effector functions and prevents CD8 T cell exhaustion. We
demonstrate synergy between CD4 and CD8 T cells in promoting the survival of infected mice.
Purified helped, but not helpless, CD8 T cells efficiently restrict intracellular bacterial growth /n
vitro. Thus, CD4 T cell help plays an essential role in generating protective CD8 T cell responses
against M. tuberculosis infection /n vitro and in vivo. We infer vaccines that elicit both CD4 and
CD8 T cells are more likely to be successful than vaccines that elicit only CD4 or CD8 T cells.
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Whether CD4 T cells “help” CD8 T cells to control Mycobacterium tuberculosis infection is
unknown. Lu et al. demonstrate that helped, but not helpless, CD8 T cells maintain effector
functions and avoid exhaustion. Helped CD8 T cells restrict intracellular bacillary growth, and
synergy between CD4 and CD8 T cells prolongs survival of infected mice.

INTRODUCTION

Tuberculosis (TB) is a serious global health issue. Bacillus Calmette-Guérin (BCG) is

the only approved TB vaccine, and despite achieving clinically significant protection in
infants and toddlers, it has variable efficacy against pulmonary disease, which is the form of
disease that leads to transmission (Fine, 1995). More effective vaccines are required to stop
transmission and reduce global TB burden. To develop more effective vaccines, we need a
better understanding of how Mycobacterium tuberculosis (Mtb) evades immunity and how
the different elements of our immune system interact to contain and eliminate Mtb infection.

T cells are required for containment of primary Mtb infection, and most TB vaccines in
development elicit T cell responses (Andersen and Scriba, 2019; Muller et al., 1987; North,
1973). While Mtb infection elicits both CD4 and CD8 T cells, the increased risk of TB

in HIV-infected persons highlights a crucial role for CD4 T cells (Bruchfeld et al., 2015;
Geldmacher et al., 2008, 2010; Kalsdorf et al., 2009). The essential role for CD4 T cells in
immunity to Mtb is supported experimentally by the early mortality of mice lacking CD4
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T cells (Mogues et al., 2001). While mice lacking CD8 T cells also die prematurely after
Mtb infection, they survive longer than mice without CD4 T cells, which has led to the
conclusion that CD4 T cells are more important for protection than CD8 T cells (Mogues et
al., 2001). The inability of CD8 T cells to transfer significant protection to immunodeficient
mice supports this assertion (Barber et al., 2011). However, there are other interpretations
of these data. For example, studies on people with AIDS have demonstrated the importance
of CD4 T cells in regulating virtually every arm of the immune response. The contribution
of CD4 T cells in generating optimal CD8 T cell and B cell responses is called CD4 T cell
help. We hypothesize that CD8 T cells require CD4 T cell help to develop into effector CD8
T cells capable of controlling Mtb infection.

CDA T cell help enables CD8 T cells to respond more efficiently to viruses and cancer
(Borst et al., 2018). CD4 T cells promote CD8 T cell expression of effector molecules such
as interferon (IFN)-y, tumor necrosis factor (TNF), and granzyme A and B and facilitate
greater migration of CD8 T cells by upregulating several chemokine receptors (Ahrends et
al., 2017). The development of CX3CR1* CD8 T cells, noted for their cytolytic function,
requires CD4 T cell help (Zander et al., 2019). Helped CD8 T cells express transcriptional
networks that promote effector and memory cell development (Ahrends et al., 2017). Indeed,
CDA4 T cell help during CD8 T cell priming promotes memory development and imprints

a quick effector recall response upon challenge (Janssen et al., 2003; Northrop et al.,

2006; Shedlock and Shen, 2003; Sun and Bevan, 2003). In contrast, helpless CD8 T cells
upregulate inhibitory receptors characteristic of exhausted CD8 T cells (Ahrends et al.,
2017).

If CD4 T cells mediate both effector and regulatory functions during TB, the question

arises as to whether the lack of CD4 T cell help compromises CD8 T cell responses and
contributes to the susceptibility of CD4-T-cell-deficient mice. This is a difficult hypothesis
to test, as it requires dissociating the effector and regulatory functions of CD4 T cells.
Nevertheless, other studies have addressed how CD4 T cells affect CD8 T cell immunity
during TB. CD8 T cell priming and recruitment to the lung occurs in CD4-deficient mice,
although the quantity and quality of Mtb-specific CD8 T cells elicited without CD4 T cells
have not been assessed (Caruso et al., 1999; Serbina et al., 2001). During TB, CD4 T cell
help promotes CD8 T cell IFN-y production and cytolytic activity, but whether helped CD8
T cells mediate greater protection is unknown (Bold and Ernst, 2012; Green et al., 2013;
Serbina et al., 2001). To answer these questions, we compared CD8 T cell responses in
infected wild-type (WT) or major histocompatibility complex class Il (MHCII) knockout
(KO) mice and confirmed our results in an adoptive transfer model in which purified CD8

T cells from uninfected mice were transferred with or without Ag85b-specific CD4 T cells
into T cell receptor (TCR)a KO mice. We found that helped and helpless Mtb-specific

CD8 T cell responses differed in effector molecule and coinhibitory receptor expressions.
Importantly, we found that helped CD8 T cells mediate better Mtb control than helpless CD8
T cells, leading us to predict that vaccines that elicit both CD4 and CD8 T cell responses are
likely to confer the greatest protection.
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RESULTS

Mtb-specific CD8 T cell responses are generated independently of CD4 T cells

MHCII KO mice were used to study the CD8 T cell response to Mtb in the absence of

CDA T cell help. The “helpless” CD8 T cells (i.e., from MHCII KO mice) were compared
to “helped” CD8 T cells from Mth-infected C57BL/6 mice (hereafter, WT). MHCII KO
mice succumbed early after infection and had significantly higher bacterial burden in lungs,
as previously described (Figures 1A and 1B) (Mogues et al., 2001). To determine whether
CDA T cell help is required to generate CD8 T cell responses in the lung, we measured
Mtb-specific CD8 T cell responses for two dominant epitopes: TB10.44.11 and 32A309-318
(Carpenter et al., 2016; Sutiwisesak et al., 2020). CD8 T cells specific for these antigens are
not detected in the lungs of uninfected mice (Hoang et al., 2009; Irwin et al., 2005). These
CD8 T cell responses were elicited by Mth infection without apparent delay in the absence
of CD4 T cells (Figure 1C). The frequencies and absolute numbers of TB10.4,4.11-specific
CD8 T cells were higher in MHCII KO than WT mice early during infection, which may
have been driven by the greater bacterial load in MHCII KO mice (Figures 1C and 1D).
Alternatively, CD4 T cells might somehow constrain CD8 T cells by competition for antigen
and antigen-presenting cells (APC) or through the effect of T regulatory cells (Tregs)
(Kursar et al., 2002). CD8 T cells differentiate into KLRG1*CD127~ short-lived effector
cells (SLECs) or KLRG1"CD127* memory precursor cells (MPECs) upon activation. The
frequencies of SLEC and MPEC CD8 T cells in the lung of WT and MHCII KO mice

were similar. However, the frequencies of both SLEC and MPEC TB10.44.11-specific CD8 T
cells were greater in WT mice than in MHCII KO mice (Figures 1E and 1F). These results
indicate that CD8 T cell responses to Mtb are generated independently of CD4 T cell help.
However, CD4 T cells promote the differentiation of CD8 T cells into SLECs and MPECs,
consistent with results previously shown in a vaccination model (Ahrends et al., 2017).

Helped versus helpless CD8 T cells: Transcriptional signatures of cytotoxic versus
exhausted CD8 T cells

To comprehensively identify differences between “helped” and “helpless” CD8 T cells, we
purified lung CD8 T cells from WT or MHCII KO mice 8 weeks post-infection (wpi) and
performed RNA sequencing (RNA-seq). We found 1,072 genes differed in their expression
between WT and KO CD8 T cells (padj < 0.05 and llog, fold-changel = 1). Among

these genes, 173 were upregulated in WT cells, while 899 genes were upregulated in KO
cells (Figure 2A). Among the genes upregulated in WT cells, MHCII molecules were the
ones with the largest fold-changes. Enrichment analysis using Gene Ontology (GO) terms
revealed WT CD8 T cells expressed pathways involved in IFN-y production and cell killing
(Figure 2B). These data show that IFN-y production and cytotoxicity by CD8 T cells is
augmented by CD4 T cells during Mtb infection. Gene sets associated with natural killer
(NK) cell immunity were detected in the enrichment analysis, including expression of NK
receptors Kirk1 (NKG2D) and CD244 (2B4) (Figures 2B and 2C). These receptors are
associated with secretion of multiple cytotoxic granules, indicating enhanced cytotoxicity
of helped CD8 T cells (Balin et al., 2018). Since the RNA-seq analysis was performed
using total lung CD8 T cells, which contain approximately 50% intravascular cells and
could dilute the signal attributable to Mtb-specific CD8 T cells, we changed the criterion to
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“padj < 0.05” without restrictions on fold-change. More genes associated with an effector
state were identified as upregulated in WT cells, including transcription factors that drive
effector CD8 T cell differentiation (e.g., 7bx21, Zeb2, and /d2), activation markers (e.g.,

112ra, CD69, and Itgal), and cytotoxic molecules (e.g., Gzmaand Gzmb) (Figure 2C).

Gene set enrichment analysis (GSEA) found that the MHCII KO CD8 T cells upregulated
genes associated with T cell exhaustion and were enriched for genes from the signature of
CD8 T cells from mice with chronic lymphocytic choriomeningitis virus (LCMV) infection
(Wherry et al., 2007) (Figure 2D, top row). Genes upregulated in KO cells were enriched

in genes differentially expressed by exhausted cells compared to effector or memory CD8
T cells (Figure 2D, top row). Indeed, MHCII KO CD8 T cells upregulated many genes
encoding inhibitory receptors, including Pdcdl (PD-1), Haver2 (Tim-3), Lag3, and Entpdl
(CD39) (Figure 2C). Transcription factors £omes, c-Maf;, and Tox were all upregulated

in MHCII KO CD8 T cells (Figure 2C). In contrast, WT CD8 T cells upregulated genes
from the effector and memory signatures (Figure 2D, bottom row). Thus, helped WT

CD8 T cells express an effector transcriptional program that is remarkable for greater
expression of molecules associated with cytotoxicity including TNF, granzyme A and B, and
NK receptors. In contrast, helpless MHCII KO CD8 T cells have an exhaustion signature
including PD-1, Tim-3, Tox, CD39, and Lag-3.

Helped versus helpless CD8 T cells: Cytotoxic versus exhausted CD8 T cells

To validate the transcriptional signatures, we performed singlecell analysis of CD8 T cells
from infected WT or MHCII KO mice using 19-parameter flow cytometry. Since cells
located in lung parenchyma are more likely to interact with infected cells, an established
approach was used to distinguish intravascular from parenchymal CD8 T cells (Anderson
etal., 2012, 2014). More parenchymal WT CD8 T cells expressed NK receptors including
NKG2D and 2B4 than parenchymal MHCII KO CD8 T cells. In contrast, MHCII KO CD8
T cells expressed significantly more co-inhibitory receptors, including PD-1, Tim-3, Lag-3,
and CD39, typical of exhausted CD8 T cells (Figure 3A). Differences in transcription factor
expression were consistent with our RNA-seq analysis, with a dramatic increase in Eomes
expression by MHCII KO CD8 T cells (Figure 3B). WT CD8 T cells expressed higher levels
of T-bet and TCF1. These differences between WT and MHCII KO CD8 T cells were also
identified in total lung CD8 T cells (Figures S1A and S1B).

To facilitate the flow cytometric analysis, uniform manifold approximation and projection
(UMAP) projections were created to visualize differences between the WT and MHCII KO
CD8 T cells during Mtb infection (Mclnnes et al., 2018). Intravascular and parenchymal
CD8 T cells were easily distinguished in the UMAP projection (Figure S1C). In the lung
parenchyma, most CD8 T cells were antigen experienced (CD44%), but a minor population
of naive cells (CD62LNCD44!°) was also identified. The majority of MHCII KO CD8 T
cells localized to the lung parenchyma, perhaps driven by the higher bacterial burden in
MHCII KO mice (Figures 1B and S1D).

Antigen-experienced (CD44*CD62L") lung parenchymal WT and MHCII KO CD8 T cells
were clustered into eight distinct populations on the UMAP projection using PhenoGraph
(Levine et al., 2015) (Figures 3C and 3D). The median fluorescence index (MFI) of the key
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markers for each cluster is presented in a heatmap, and the correlation between the markers
is shown (Figure S2A). Clusters A-D were dominated by WT CD8 T cells (Figure 3E),
which were T-bet*Slamf7*PD1!°, suggesting an effector state (Comte et al., 2017; Kurtulus
et al., 2019; Loyal et al., 2020). Cells in cluster A expressed Klrgl, Tcfl, and Eomes.
While Tcfl and Eomes can regulate the generation of memory and exhausted T cells, both
populations arise from Klrg1™ populations (Angelosanto et al., 2012; Wherry et al., 2007).
Thus, Cluster A may represent cells in transition. Clusters B and C expressed T-bet and
Slamf7, which defined these as effector cells. Cluster B is terminal effector cells based on
their KLRG1 expression. As both KLRG1* and KLRG1™ populations expressed NKG2D,
NKG2A/C/E, and 2B4, clusters B and C might vary in their differentiation states rather
than having distinct effector functions (Figure S1E). Cluster D expressed Tcfl, Eomes, and
CD127, consistent with MPECs (see Figure 1) (Zhou et al., 2010).

Clusters E-H were predominantly MHCII KO CD8 T cells and were distinguished by

their expression of PD-1 (Figures 3C and 3E). The PD-1!°“TCF1*Eomes!®" phenotype of
cluster E was typical of exhausted progenitor CD8 T cells, while cluster H appeared to be
terminally exhausted CD8 T cells based on expression of the inhibitory receptors Tim-3,
Lag-3, and CD39 and the transcription factors Eomes and c-Maf. Clusters F and G likely
represent exhausted states as well, since both expressed high PD-1 levels and Eomes. Cluster
F did not express as many inhibitory receptors as cluster H, and cluster G was the only
cluster that expressed KLRG1 and T-bet among clusters E-H. Recent studies suggest CD8 T
cells with an effector-like profile can represent a transition state before terminal exhaustion
(Beltra et al., 2020). Similarly, KLRG1 is expressed on partially exhausted cells (Bengsch et
al., 2010; Long et al., 2016).

To discern the function of the major clusters, antigen-experienced parenchymal CD8 T cells
were defined as effector (PD-17), progenitor exhausted (PD1*Tim-3"Lag-37), or terminally
exhausted cells (PD1*Tim-3*Lag-3*) (Beltra et al., 2020), and their ability to produce
cytokines was measured by intracellular cytokine staining after anti-CD3 stimulation (Figure
S3A). While IFN+y production by parenchymal KO CD8 T cells was reduced (WT 26.3%

+ 5.3% versus KO 11.1% + 3.5%, p < 0.001, unpaired t test), there was also a dramatic
change in the T cell subsets that produced cytokines. Among the WT CD8 T cells, the main
sources of IFN-y, TNF, and interleukin (IL)-2 were CD8 effector T cells (Figure S3B). In
contrast, cytokine production by KO CD8 T cells was more evenly distributed among all
three subsets. This pattern reflected the distribution of each subset among parenchymal cells
(Figure S3C and S3D). There were also intrinsic differences in the ability of each subset

to make IFN-y (Figure S3E). To characterize Mtb-specific CD8 T cells, TB10.44.11- and
32A309-318-specific CD8 T cells were identified among parenchymal infiltrating cells from
WT or MHCII KO mice and overlayed onto UMAP projections. These WT versus KO Mtb-
specific CD8 T cells were clearly separated on UMAP projections (Figure S4A). Similar

to WT parenchymal CD8 T cells, Mth-specific WT cells were mostly T-bet*Slamf7*PD1~
effector cells (Figure S4B). In contrast, more Mth-specific KO CD8 T cells expressed PD-1,
Tim-3, or Lag-3 and were more likely to express multiple inhibitory receptors than WT CD8
T cells (Figures S4C and S4D).
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Finally, Laidlaw et al. (2014) find that CD4 T cells are important for the development of
CD697CD103* tissue-resident memory CD8 T cells (Trm) following influenza infection.
To test this possibility, we determined the expression of CD69 and CD103 on CD8 T
cells. More CD69*CD103* CD8 T cells were found in the lungs of infected WT mice
than in MHCII KO mice, at 4 and 8 wpi (Figure 3F; data not shown). While these data

are consistent with CD4 help having a role in the development of CD8 Trm, the infection
is active at these time points (i.e., 4-8 wpi), and true memory has not yet developed. In
summary, we extend the results of our RNA-seq analysis by showing that helped WT CD8
T cells were mostly effector cells with cytotoxic features and the potential to produce IFN-y
and TNF. In contrast, helpless MHCII KO CD8 T cells appeared to be in various states of
exhaustion.

Validation of the “helped” and “helpless” CD8 T cell states using an independent model

We considered whether a developmental or intrinsic defect in MHCII KO CD8 T cells could
explain the differences we observed between “helped” and “helpless” CD8 T cells. We
analyzed splenic CD8 T cells from uninfected WT and MHCII KO mice and found higher
expression of Lag-3 and PD-1 on MHCII KO CD8 T cells (Figures S5A-S5C). Although
these coinhibitory receptors were expressed at very low frequencies of CD8 T cells from
uninfected mice compared to cells from the lungs of infected mice, it indicated that MHCII
KO CD8 T cells differ from WT CD8 T cells (Do et al., 2012). Therefore, we developed

an independent model to validate our findings. Purified splenic CD8 T cells from naive
C57BL/6J mice were transferred into TCRa KO recipients with or without CD4 T cells.

As CDA T cells can transfer protection, which would be a potential confounder, we sought
to minimize their contribution to protection by using CD4 T cells from the P25 TCRtg
mouse. P25 TCRtg CD4 T cells (hereafter, P25 cells) are specific for Ag85b, a protein

that is downregulated by Mtb within weeks of infection (Bold et al., 2011; Moguche et

al., 2017). The ability of P25 cells to transfer protection was largely independent of their
number (Figure S6). By restricting the diversity and number of transferred CD4 T cells and
selecting an antigen that is transiently expressed, we hoped to limit the impact of CD4 T
cells on protection while still providing CD4 T cell help. TCRa KO mice received 5 million
CD8 T cells and 100,000 P25 cells (helped mice) or only 5 million CD8 T cells (helpless
mice).

We compared the survival of helped and helpless mice to recipient TCRa KO mice that
received only P25 cells or no cells after Mtb infection (Figure 4A). TCRa KO mice have a
median survival time (MST) of 39 days. Helpless mice (CD8 T cells only) have an MST of
46 days, which shows that CD8 T cells alone conferred little protection. TCRa KO mice that
received only P25 cells survived 88 days (MST). In contrast, helped mice survived 136 days
(MST), indicating a synergistic response. We applied the statistical framework developed by
Demidenko and Miller (2019) based on the Bliss definition of drug independence to support
the model that P25 and CD8 T cells synergize to promote survival. The additive effect of
P25 and CD8 T cells on survival (i.e., independent effect) can be calculated as 1 — (1-SA(t))
x (1-SB(t)), where SA(t) and SB(t) are the survival curves of mice receiving P25 and CD8
T cells, respectively. The curve generated by this function (Figure 4B) largely overlaps with
the survival curve of mice receiving P25 cells alone (Figure 4A), indicating that CD8 T cells

Cell Rep. Author manuscript; available in PMC 2021 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luetal.

Page 8

by themselves contribute little to the overall survival (Figure 4B). The actual survival curve
of helped mice is significantly greater than their predicted independent effects (Figure 4B).
We infer synergy between P25 and CD8 T cells in the prolonged survival of mice receiving
both polyclonal CD8 T cells and P25 cells.

The immune phenotypes of the P25 and CD8 T cells from these mice were compared
(Figure S7). The presence of CD8 T cells had little effect on P25 cells. In contrast, in the
presence of P25 cells, CD8 T cells (i.e., helped CD8s) significantly differed from helpless
CD8 T cells. Specifically, helped T cells expressed more NKG2D and 2B4 and less Tim-3,
PD-1, CD39, and Eomes. Thus, we suggest that the presence of P25 cells prevented the loss
of function of CD8 T cells.

Like the MHCII KO mice, antigen-specific CD8 T cell responses (TB10.4") were generated
in both helped and helpless mice (Figure 4C). Very few 32A309.318-specific CD8 T cells
were detected. The frequency of TB10.44.11-specific CD8 T cells was comparable between
helped and helpless mice. More CD8 T cells differentiated into SLECs in helped than in
helpless mice at 7 wpi (Figures 4D and 4E). In contrast, the MPEC frequencies were similar.
Thus, this transfer model shows that CD8 responses to Mtb could be generated in the
absence of CD4 T cells, but CD4 T cells helped CD8 T cells differentiated into SLECs and,
together, had a synergistic effect on survival.

Common features of “helped” and “helpless” CD8 T cells in the WT/KO and the adoptive
transfer model

We analyzed helped and helpless lung parenchymal CD8 T cells from the adoptive transfer
model to determine whether they shared phenotypic characteristics with CD8 T cells from
WT and MHCII KO mice. Importantly, we found that in the adoptive transfer model, helped
CD8 T cells expressed more of the NK cell receptors 2B4 and NKG2D and transcription
factor T-bet. In contrast, helpless CD8 T cells had higher expression of Eomes (Figure 5A).

Next, we created UMAP projections and performed Pheno-Graph analysis using WT, KO,
helped, and helpless CD8 T cells (Figures 5B-5E). In this analysis, we compared differences
between helped and helpless CD8 T cells, as well as differences between the two models
(i.e., WT/KO versus adoptive transfer). The clusters were similar to those identified in the
WT/KO model (Figures 3C-3E), with one additional cluster (“I” Figure 5B). Helped and
helpless CD8 T cells differed in many clusters (Figures 5C-5E). Helped CD8 T cells were
significantly enriched in clusters A and C, which contained most of the effector cells. In
contrast, helpless CD8 T cells were more abundant in clusters F, G, and H, which contained
exhausted cells in various states (Figures 5D and 5E). Thus, the differences between
“helped” and “helpless” CD8 T cells in the adoptive transfer model were concordant with
those identified in the WT/KO maodel, indicating that the development of T cell exhaustion
arises from a lack of T cell help and not from developmental defects in MHCII KO mice.

We then compared WT to helped, and KO to helpless, CD8 T cells to visualize differences
between these two models (Figures 5C and 5E). WT and helped CD8 T cells were similar,
except for an increased frequency of helped CD8 T cells in cluster E, which are progenitor
exhausted CD8 T cells (WT vs. helped, p = 0.0011). Helpless CD8 T cells were also
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enriched in cluster E, indicating cluster E was characteristic of the adoptive transfer model
(KO vs. helpless, p < 0.0001). When compared to WT and helped CD8 T cells, KO and
helpless CD8 T cells were significantly enriched in clusters F and H, which appear to be
exhausted and terminally exhausted cells. The differences in the exhausted states of CD8 T
cells from the WT/KO and adoptive transfer models might have arisen from their analysis
at different time points (8 and 6 wpi, respectively). Nevertheless, these data demonstrate
shared features of helped and helpless CD8 T cells from the two models. “Helped” CD8 T
cells were more likely to express NK receptors and resemble effector CD8 T cells, while
“helpless” CD8 T cells were exhausted.

CDA4 T cell help promotes IFNy and IL-2 production by CD8 T cells that recognize Mtb-
infected macrophages

To gain insight into the functional differences between “helped” and “helpless” CD8 T cells,
we measured their ability to produce cytokines when stimulated. We showed WT CD8 T
cells produced more IFN-y and IL-2, but similar levels of TNF, compared to KO CD8 T
cells when stimulated with anti-CD3/CD28 (Figure S3E), but the abilities of Mth-specific
CD8 T cells have not been addressed. We showed previously that TB10.44.11-specific CD8
T cells did not efficiently recognize infected macrophages. As we are unaware of any class
| MHC (MHCI) Mtb epitopes that are presented on K° or DP by Mtb-infected cells in
vitro, we chose to use Mtb-infected macrophages as a physiological stimulus. CD8 T cells
from Mtb-infected WT or MHCII KO mice (Figures 6A-6C) or from Mtb-infected helped
and helpless mice (i.e., the transfer model; Figures 6D-6F) were purified and cultured with
uninfected or Mtb-infected macrophages. The CD8 T cells from WT mice produced more
IFNy, TNF, and IL-2 than CD8 T cells from MHCII KO mice (Figures 6A-6C). Similarly,
CD8 T cells co-transferred with P25 cells produced more IFN+y and IL-2 than did CD8

T cells transferred alone (Figures 6D and 6E). TNF production was comparable in the
adoptive transfer model (Figure 6F). Thus, we showed that CD4 T cells provide help for
CD8 T cell production of IFNy in both of our helped/helpless CD8 T cell models, using
Mtb-infected macrophages as a physiological stimulus. This is consistent with previous
studies that demonstrated a reduction in IFN+y-producing CD8 T cells in the absence of CD4
T cells (Bold and Ernst, 2012; Green et al., 2013). Additionally, we show that CD4 T cell
help is critical for CD8 T cell production of IL-2. These functional changes parallel the
effector versus exhausted features that distinguish “helped” and “helpless” CD8 T cells in
both models.

“Helped” CD8 T cells more effectively restrict Mtb growth than “helpless” CD8 T cells

Whether helped CD8 T cells mediate better protection during Mtb infection is unknown.
This question is difficult to address /7 vivo because it is difficult to separate the helper
function of CD4 T cells from their effector function. Therefore, we quantified the ability

of purified “helped” or “helpless” CD8 T cells to restrict intracellular bacterial growth /n
vitro. Using this approach, we found CD8 T cells from the lungs of WT mice inhibited Mtb
growth effectively, even when the CD8:macrophage ratio was as low as 1:125 (Figure 7A),
although the potency varied between experiments. Bacterial control was MHCI restricted
since CD8 T cells were able to restrict bacterial growth in infected WT macrophages,

but not in infected KPDP KO macrophages (Figure 7B). WT CD8 T cells inhibited Mtb
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growth significantly better than did MHCII KO CD8 T cells (Figure 7C). Interestingly, the
colony-forming unit (CFU) that was recovered after adding WT CD8 T cells was sometimes
less than the input (i.e., day 1), suggesting that CD8 T cells are capable of promoting

killing of Mth under some conditions. These results were confirmed using CD8 T cells
purified from Mtb-infected helped and helpless mice (i.e., the transfer model). Again, helped
CD8 T cells inhibited bacterial growth significantly better than did helpless CD8 T cells
(Figure 7D). The ability of CD8 T cells to control bacterial growth depended on when

they were isolated from mice. As MHCII KO mice survive longer after Mth infection than
T-cell-deficient mice, CD8 T cells must be able to mediate some protection /in vivo. We
hypothesized that CD4 T cell help is important in maintaining the function of CD8 T cells
and preventing exhaustion. Therefore, we compared the ability of WT and MHCII KO CD8
T cells to restrict Mtb growth when isolated from mice at 5 versus 8 wpi. MHCII KO CD8
T cells obtained after 5 wpi were able to inhibit intracellular bacterial growth, while CD8

T cells isolated 8 wpi had lost their ability to restrict Mtb growth (Figure 7E). WT CD8 T
cells isolated at both time points similarly controlled bacterial growth. In order to compare
experiments where Mtb grew differently, the growth from day 1 to endpoint was normalized,
and the percent inhibition by CD8 T cells was calculated. The 100% inhibition indicated no
Mtb growth, while 0% inhibition indicated Mtb grew similarly as in macrophages without
CD8 T cells (Figure 7F). This correlated with greater inhibitory receptor expression and
higher frequencies of terminally exhausted cells among MHCII CD8 T cells 8 wpi (Figures
7G and S8A-S8D). These data show that “helped” CD8 T cells restricted Mtb growth more
efficiently than did “helpless” CD8 T cells, and this effect is due to a loss of function of
“helpless” CD8 T cells late during infection.

DISCUSSION

The relative importance of CD4 and CD8 T cells for immunity to Mtb continues to be
debated. Tackling this question is confounded by several issues. CD4 and CD8 T cells
differ in the way they are activated. CD8 T cells survey the cytosol, which is sampled by
MHCI, while CD4 T cells survey antigens produced in endosomal vesicles or acquired by
endocytosis and sampled by MHCII. Thus, assaying T cell responses by /n vitro stimulation
with exogenous antigen (e.g., purified protein derivative [PPD] or Mtb lysate) biases the
results toward CD4 T cells. Optimally stimulating CD8 T cells requires defined epitopes or
delivering the antigen into the cytosol. Thus, many immunogenicity studies find vaccines
elicit primarily CD4 T cell responses, but this could be prejudiced by the stimulation
conditions. Consequently, many investigators focus on vaccine strategies that elicit CD4 T
cell effector responses. We hypothesize the potential of CD8 T cells to mediate protection is
underestimated because they require CD4 T cell help to optimally express effector functions
that inhibit Mtb growth.

We used RNA-seq to detect differences between WT and MHCII KO CD8 T cells

during Mtb infection in the mouse model. These “helped” versus “helpless” features were
confirmed by flow cytometry in two independent models. Among the helped CD8 T cells,
there were higher frequencies of SLECs and MPECs and cells that expressed NK receptors.
This may explain why CD4 T cells enhanced CD8 T cell lysis of Mth-infected macrophages
(Serbina et al., 2001). In contrast, helpless CD8 T cells resembled exhausted cells. We
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measured cytokine productions by CD8 T cells in response to Mth-infected macrophages.
Helped CD8 T cells secreted more IFN+y, TNF, and IL-2, while helpless CD8 T cells
produced fewer cytokines. Previous studies found CD4 T cells enhance Mtb-specific CD8
T cell production of IFN-y (Bold and Ernst, 2012; Green et al., 2013), and our data suggest
that maintenance of cytokine production depends on CD4 T cells preventing CD8 T cell
exhaustion.

Since CD4 T cells mediate protection during Mtb infection, it is difficult to study CD4 T cell
help to CD8 T cells without the confounder of direct protection by CD4 T cells. Because

of this, none of the previous studies addressed whether CD4 T cell help is necessary for
protection mediated by CD8 T cells. We developed an adoptive transfer model to identify
characteristics of helped and helpless CD8 T cell responses by using P25 TCRtg CD4 T
cells that provide help but only limited protection. The combination of polyclonal CD8 T
cells plus P25 CD4 T cells led to a synergistic effect in the survival of Mtb-infected mice.
Finally, lung CD8 T cells purified from both of our models and cultured with infected
macrophages showed that helped CD8 T cells directly restricted Mth growth more efficiently
than did helpless CD8 T cells. Without CD4 T cells /n vivo, mice succumb prematurely to
TB despite lung IFNy levels remaining elevated (Caruso et al., 1999). Thus, it is uncertain
whether greater CD8 T cell production of IFN-y /in vivo would correlate with protection

in the absence of CD4 T cells. These results highlight the requirement of CD4 T cells

for protective CD8 T cell responses and indicate that compromised CD8 immunity likely
contributes to the early death of mice lacking CD4 T cells.

An underappreciated role of CD4 T cells is helping CD8 T cells resist exhaustion, a state
characterized by the expression of multiple co-inhibitory receptors and accompanied by the
gradual loss of effector functions. Exhausted CD8 T cells express a unique transcriptional
network that inhibits their differentiation into effector or memory cells (Angelosanto et al.,
2012; Chen et al., 2019b). How CD8 T cell exhaustion contributes to TB pathogenesis is

not completely clear; nevertheless, T cells with features of exhaustion are detected during
TB both in mice and in people (Jayaraman et al., 2016). Why helpless CD8 T cells become
exhausted during the early stages of infection is unknown. One hypothesis is that antigen
persistence during chronic infection leads to persistent TCR engagement and exhaustion,
supported by the finding that the transcription factors downstream of TCR signaling—
including IRF4, NFAT, Nrdal, Nr4a2, and Nr4a3—enhance exhaustion (Chen et al., 2019a;
Man et al., 2017; Martinez et al., 2015). Alternatively, suboptimal priming of CD8 T cells in
the absence of CD4 helps favor the formation of exhausted progenitors rather than effector
cells (Busselaar et al., 2020; Kanev et al., 2019; Snell et al., 2018). In our experimental
model, WT and MHCII KO mice differed in lung CFUs and inhibitory receptor expression
by 4 wpi. Despite a large difference in lung CFUs, both WT and MHCII KO CD8 T cells
restricted intracellular Mtb growth /n vitro. Thus, a high bacterial burden is not sufficient to
lead to T cell dysfunction. It was not until 8 wpi, when there was a significant accumulation
of terminally exhausted CD8 T cells in the lungs of MHCII KO mice, that we detected a loss
in the ability of MHCII KO CD8 T cells to control Mtb growth /n vitro. While we cannot
dissociate the effects of CD4 help and lung CFUs, we suggest that chronicity is an important
factor. The relative contributions of CD4 T cells and high CFUs in preventing or accelerating
CD8 T cell exhaustion remain to be determined.
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An area for further investigation is the molecular nature of help signals during TB. When
CDA4 T cells recognize APCs, CD40/CD40L interaction—combined with innate signaling by
pattern recognition receptors—Ileads to dendritic cells (DC) activation, cytokine production,
and upregulation of co-stimulatory molecules (Bennett et al., 1998; Schoenberger et al.,
1998). Cytokines including 1L-12, IL-15, and type | IFN and co-stimulatory ligands CD70
and CD80/86 are the molecular basis of “help” that DCs relay to CD8 T cells (Laidlaw et
al., 2016). In addition, CD4 T cells produce IL-2 and IL-21, which promote CD8 T cell
survival and acquisition of effector function (Wilson and Livingstone, 2008). Thus, CD4

T cell helps CD8 T cells both directly and indirectly. IL-2 treatment also restored T cell
responses in a mouse model, in which Mtb proteins were repeatedly administered to study
T cell dysfunction (Liu et al., 2019). CD8 T cells require I1L-21 to control chronic viral
infection (Elsaesser et al., 2009; Fréhlich et al., 2009; Vi et al., 2009), and we showed
previously that IL-21 receptor deficiency impairs CD8 T cell responses during TB and
leads to increased Tim-3 and PD-1 expression (Booty et al., 2016). Whether exhaustion

of helpless CD8 T cells develops because of reduced IL-2 or IL-21 levels needs further
investigation. An interesting clue is that at 5 wpi, both helped and helpless CD8 T cells
restricted Mtb growth /in7 vitro; however, the function of helpless CD8 T cells obtained later
during infection seemed to decline. This may indicate that “help” is needed to maintain
effector function or prevent T cell exhaustion.

Mtb-specific CD8 T cell responses are detected in infected people and animal models and
are recognized as an integral part of immune response to Mth. CD8 T cells were considered
to play a minor role compared to CD4 T cells based on only moderate reduction in the
survival of mice with defective CD8 T cell responses compared to normal mice. Here, using
a variety of approaches including two independent /7 vivo models, we unequivocally show
that CD4 T cells play an essential role in helping CD8 T cells develop into effector T cells
that can restrict Mtb growth. These data are consistent with a greater appreciation for the
role of CD8 T cells in primary Mtb infection and Mtb challenge after vaccination in the
non-human primate model (Chen et al., 2009; Hansen et al., 2018). We suggest that vaccine
strategies that enhance synergy between CD4 and CD8 T cells would be more effective at
eliciting protective immunity.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Samuel Behar
(Samuel.Behar@umassmed.edu).

Materials availability—This study did not generate unique reagents.

Data and code availability

. RNA-seq data have been deposited and published at Gene Expression Omnibus
(GEQ). Accession number is listed in the key resources table.

. This paper does not report original code.
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. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—P25 TCRtg, MHCII KO, and TCRa KO mice were purchased from Jackson Lab
and bred locally. C57BL/6J mice were purchased from Jackson Lab. KPDP KO mice were
a generous gift from Dr. Kenneth Rock (University of Massachusetts Medical School)
(Pérarnau et al., 1999). Experimental mice were 7-12 weeks old and both genders were
included. In adoptive transfer experiments, 7-12 weeks old, sex-matched TCRa KO mice
from different litters were randomly assigned for receiving P25, CD8, or both cells. All
animal studies were conducted using the relevant guidelines and regulations, and approved
by the Institutional Animal Care and Use Committee at the University of Massachusetts
Medical School (UMMS) (Animal Welfare A3306-01), using the recommendations from the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and
the Office of Laboratory Animal Welfare.

Mtb strain—The Erdman strain of Mycobacterium tuberculosis, which has been passaged
through mice, was used for aerosol infection as described (Chackerian et al., 2001). H37Rv
or CDC1551 strain was used for /n vitro infection of macrophages. CDC1551 was provided
by Dr. Christopher Sassetti (University of Massachusetts Medical School)

METHOD DETAILS

Aerosolized Mtb infection of mice—Muice were infected by the aerosol route as
previously described (Lee et al., 2020). Frozen bacterial stocks were thawed and sonicated
for 1 minute and then diluted into 5 mL of 0.01% Tween-80 in PBS. The diluted bacterial
suspension was aerosolized to infect mice using a Glas-Col chamber (Terre Haute). The
average number of bacteria delivered into the lung was determined for each experiment by
plating lung homogenate from 4-5 mice 24 hours after infection and ranged between 40-150
CFU/mouse.

Survival studies—Infected mice were monitored weekly in accordance with IACUC
guidelines using the Body Condition Score (BCS) and serial weight determinations. Mice
with a BSC score less than or equal to 2 or had lost 20% body weight were euthanized.

Bacterial burden in lung and spleen—Infected mice were euthanized at pre-
determined time points, and the left lung or whole spleen were homogenized using 2

mm zirconium oxide beads (Next Advance) in a FastPrep homogenizer (MP Biomedicals).
Tissue homogenates were serially diluted and plated on 7H11 agar plates (Hardy Diagnosis).
CFU was enumerated after 19-21 days of incubation at 37°C and 5% CO,.

Lung cell preparation—Lungs were perfused with 10 mL of cold RPMI (GIBCO)
before removal. Single cell suspensions were prepared by homogenizing lungs using a
GentleMACS tissue dissociator (Miltenyi), digesting with 300 U/ml collagenase (Sigma) in
complete RPMI (10% FBS, 2 mM L-Glutamine, 100 units/ml Penicillin/Streptomycin, 1
mM Na-Pyruvate, 1X Non-essential amino acids, 0.5X Minimal essential amino acids, 25
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mM of HEPES, and 7.5 mM of NaOH) at 37°C for 30 minutes, and followed by a second
run of dissociation using the GentleMACS. Suspensions were then sequentially filtered
through 70 pm and 40 pum strainers.

Intravascular staining—Mice were injected intravenously with 0.2 ug/mouse of anti-
CD45-AF647 in 200 ul of injection medium (2% FBS in PBS) 2 minutes before euthanizing
with CO,. Lungs were then perfused and removed about 3 minutes after anti-CD45-AF647
injection. Lymphocytes from blood collected in RPMI containing 40 U/ml of heparin were
isolated using Lympholyte® (CEDARLANE), and analyzed by flow cytometry to confirm
uniform staining with anti-CD45-AF647.

Flow cytometric analysis—Cells were first stained with Zombie Fixable Viability dye
(Biolegend) for 10 minutes at room temperature (RT). For surface staining, cells were
stained with antibodies in autoMACS running buffer (Miltenyi) containing 5 ug/ml of anti-
mouse CD16/32 (BioXcell) for 20 minutes at 4°C. In some experiments, TB10.44.11 and/or
32A309.318 tetramers were used with other antibodies. To measure transcription factor (TF)
expression, cells were fixed and permeabilized for 30 minutes at RT, followed by staining
for 30 minutes with antibodies to the different TF at RT using the Foxp3/TF staining buffer
set (ThermoFisher). Samples were acquired on Aurora (Cytek) or MACSquant (Miltenyi).
Flow data were analyzed using FlowJo v10.7.1, and FlowJo plugins UMAP v3.1 and
PhenoGraph v3.0. For UMAP projections of WT/KO CD8 T cells (i.e., Figures 3C and
S1C), 2000 CD45iv-CD44*CD62L~ CD8 T cells/mouse from 5 WT and 5 MHCII KO mice
were concatenated to one FCS file before creating UMAP projections. In UMAP projections
comparing two models (i.e., Figure 5D), 2000 CD45iv-CD44*CD62L~ CD8 T cells/mouse
from 5 WT and 5 KO, and 6 helped and 4 helpless mice from adoptive transfer model

were concatenated and created UMAP projections. K = 300 and K =400 were used in
PhenoGraph analysis in Figures 3D and 5B, respectively, and the resulting clusters were
overlayed onto UMAP projections.

Adoptive transfer model—Spleens and lymph nodes from C57BL/6J mice were
mechanically disrupted onto 70 um strainers using the plungers of 3 mL syringes. CD8

T cells were then purified from cell suspensions using CD8a (Ly-2) microbeads (Miltenyi)
and autoMACS separator (Miltenyi). Preparing cell suspension with same method, CD4 T
cells were purified from spleens and lymph nodes of P25 mice using MojoSort™ CD4
isolation kit and magnet (Biolegend). Purities of cells were determined for each experiment
using flow cytometry. 2-5 million of CD8 T cells were transferred into TCRa KO mice with
or without distinct congenic marked 10° P25 cells before infecting with Erdman.

In vitro CFU assay—Purified CD8 T cells were cultured with infected macrophages to
quantify their ability to inhibit Mth growth. The assay is described in following sections:

Preparation of Mtb—CDC1551 was grown in 7H9 media (supplemented with 10%
OADC, 0.05% of Tween-80, and 0.2% glycerol) until an ODggg = 0.6-1, washed with RPMI,
and opsonized with TB coat (RPMI 1640 containing 1% heat-inactivated FBS, 2% human
serum, and 0.05% Tween-80). The bacteria were passed through 5 pm filter to remove
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clumps and then enumerated by microscopy using a Petroff-Hausser counting chamber. The
concentration was adjusted to provide a multiplicity of infection (MOI) of 2.

Macrophage collection and infection—Thioglycolate-elicited peritoneal macrophages
(TG-PMs) were obtained by peritoneal lavage 3-5 days after intraperitoneal injection

of mice with 3% thioglycolate and purifying from the lavage using CD11b microbeads
(Miltenyi) and LS columns (Miltenyi). Purified TG-PMs were plated in Nunc™ Up-Cell™
12-well plates (10%/well), and once adhered, infected with CDC1551 overnight. Infected
TG-PMs were detached and washed with cold complete RMPI and re-seeded as 10°/well in
96-well flat bottom plate before CD8 T cells were added.

CD8 T cell isolation and co-culture—CD8 T cells were purified from the lungs of
infected mice at indicated time points using CD8a (Ly-2) microbeads (Miltenyi) and an
autoMACS separator (Miltenyi). The purity of cells was determined for each experiment
and was typically 95%. Purified CD8 T cells were added to infected TG-PMs at a ratio 1:2
(CD8 T: TG-PM) or as indicated. TG-PMs were lysed with 1% Triton X-100 after 4-6 days
of co-culture, and CFU was determined by plating serial dilutions of the lysate on 7H10 or
7H11 plates (Hardy Diagnosis). Percent inhibition by CD8 T cells was calculated as: 100 x
(Mtb net growth without CD8 T cell — Mtb net growth with CD8 T cell)/ Mtb net growth
without CD8 T cell.

Cytokine production by CD8 T cells—Lung CD8 T cells were isolated and cultured
with macrophages infected with CDC1551 or H37Rv, as described above with the
modifications that an MOI = 5 was used and CD8 T cells were added into infected TG-PMs
at a 1:1 ratio. Culture supernatants were collected after 18-24 hours of co-culture, and I1L-2,
IFNy, and TNF were assayed using LEGENDplex™ (Biolegend).

RNA-seq—CD8 T cells were collected and purified from lungs of infected mice 8wpi

as described above. Purified CD8 T cells from individual lungs were suspended in
RNAprotect® cell reagent (QIAGEN) and the RNA extracted using RNeasy® mini kit
(QIAGEN). RNA samples were sequenced by GENEWIZ. Reads were aligned to the mouse
genome and differential expression analysis performed by GENEWIZ. Gene Ontology
analysis was performed with genes filtered with p-adjusted value (padj) < 0.05 and llog,
fold-changel = 1, or filtered with padj < 0.05 independently of fold-change using R (v
3.6.1) package clusterProfiler (v3.14.3) (Yu et al., 2012). The top 10 enriched pathways
with the highest padj value were presented. GSEA was performed using the Broad
institute software and published datasets of CD8 transcriptome from Gene Expression
Omnibus (GEO) (Liberzon et al., 2011; Subramanian et al., 2005). Results comparing with
datasets GSE30962 and GSE9650 were shown. Heatmap of gene form enriched pathways
was plotted with R package pheatmap (v1.0.12) (https://cran.r-project.org/web/packages/
pheatmap/index.html).

QUANTIFICATION AND STATISTICAL ANALYSIS

To determine whether the prolonged survival of TCRa KO mice after the transfer of P25
and CD8 T cells was due to a synergistic effect or to independent (i.e., additive) effects,
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we applied the statistical framework developed by Demidenko and Miller based on the
Bliss definition of drug independence (Demidenko and Miller, 2019). As described in their
paper, the additive effect of P25 and CD8 T cells on survival (i.e., independent effect) can
be calculated as 1 — (1-SA(t))x(1-SB(t)), where SA(t) and SB(t) are the survival curves of
mice receiving P25 and CD8 T cells, respectively. Statistical analysis was performed using
Graphpad Prism 8. P values were calculated using unpaired t test, one-way ANOVA, or
two-way ANOVA as indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CDA T cell help promotes CD8 T cell effector functions and prevents
exhaustion

Synergy between CD4 and CD8 T cells promotes survival during murine
tuberculosis

Helped, but not helpless, CD8 T cells restrict intracellular mycobacterial
growth

Protection mediated by CD8 T cells is underestimated in the absence of CD4
T cells
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Figure 1. Mtb-specific CD8 T cell responses are generated in MHCII KO mice
(A) Cumulative survival of WT and MHCII KO mice after infection with aerosolized Mtb.

Data were compiled from nine experiments with 56 WT and 57 MHCII KO mice. The black
ticks represent censored subjects (56 WT and 48 MHCII KO mice) that were analyzed at
defined time points. The difference between the strains was statistically significant (p =
0.0002) as determined by the log-rank test.
(B-D) The bacterial burden in lungs was determined at 4 and 8 wpi (B). Lung cells from
WT and MHCII KO mice were analyzed at 4, 5, and 8 wpi to determine the frequencies (C)
and number (D) of TB10.44.11-specific and the frequencies of 32A3p9.318 -specific CD8 T

cells (C).

(E and F) The frequencies of KLRG1*CD127~ (SLEC) and KLRG1"CD127* (MPEC)
among total CD8 T cells and TB10.44.11-specific CD8 T cells were determined 8 wpi by
flow cytometry (E, representative data) and analyzed statistically (F). Representative data of
two (B) or three (C, D, and F) independent experiments, 4-5 mice/group. Data represent
mean + SD. Statistical significance was analyzed by unpaired t test (B and F) or multiple t
test (C and D). *p < 0.01; ***p < 0.001; ****p < 0.0001. ns, no significant differences.
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Figure 2. Transcriptional features of WT versus MHCI1 KO CD8 T cells
(A) Volcano plot of transcriptome comparison. Transcripts of purified MHCII KO CD8 T

cells were compared to WT CD8 T cells from Mth-infected mice 8 wpi. Blue dots indicate
differentially expressed genes (p-adjusted value < 0.05 and Ilog, fold-changel = 1).

(B) Gene Ontology analysis for genes significantly upregulated in WT CD8 T cells. Bubble
plot presents top 10 pathways that were most significantly enriched.

(C) Heatmap displaying differentially expressed genes in each category. Color indicates row

ZScores.

(D) GSEA. Data were compared to published datasets available at Gene Expression
Omnibus (GEO): GSE30962 and GSE9650.
NES, normalized enrichment score. FDR, false discovery rate.
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Figure 3. WT CD8 T cells are cytotoxic effectors, while MHCII KO CD8 T cells are exhausted
cells

WT and MHCII KO mice were infected with aerosolized Mtb for 8 weeks. Anti-CD45-
AF647 was injected intravenously 3 min before euthanasia.

(A) Lung parenchymal (CD45iv-CD44*CD62L~) CD8 T cells were analyzed by flow
cytometry to determine the frequencies of NK and inhibitory receptors. The mean
percentage + SD for each quadrant is indicated (n = 5/group). The percentage of WT versus
KO cells in each quadrant was compared and, if statistically significant, is indicated in the
WT quadrant.

(B) The median fluorescence intensity (MFI) or average percentage of cells expressing each
transcription factor, + SD, are indicated.

(C) UMAP projections from the flow cytometric analysis of lung parenchymal CD8 T cells
were overlayed with expression of the indicated markers.

(D and E) Eight clusters were identified using PhenoGraph (D) and the percentage of each
cluster among WT or MHCII KO lung parenchymal CD8 T cells were analyzed statistically
(E). Bars, mean + SD.

(F) Expression of CD103 and CD69 by CD8 T cells.
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(A-F) Representative data of two independent experiments, 5 mice/group. Statistical
significance was analyzed by two-way ANOVA (A and E) or unpaired t test (B and F).
**p < 0.01; ***p < 0.001; ****p < 0.0001; #p < 0.0001. ns, no significant differences. See
also Figures S1-S4.
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Figure 4. An adoptive transfer model confirms the helped versus helpless CD8 T cell phenotype
Purified polyclonal CD8 T cells from C57BL/6J mice were transferred to TCRa. KO mice

with or without Ag85-specific CD4 T cells (P25) (i.e., helped and helpless, respectively) and
then infected with aerosolized Mtb.

(A) The survival of helped, helpless, TCRa KO mice that received only P25 cells and
TCRa KO mice that did not receive any cells was monitored. Data were combined from
three experiments using a total of 17-19 transferred mice per group and 5 TCRa KO mice
that received no cells. The difference between the groups was statistically significant (p <
0.0001)as determined using the log-rank test for trend.

(B) Determination of synergy between P25 and CD8 T cells as described in the text. The
theoretical additive benefit is calculated by the “independent effects” function, while the
“synergy” group is the actual survival observed after transfer of P25 and CD8 T cells (i.e.,
from A). These two scenarios differed statistically (p < 0.0001) by the log-rank test.

(C) Lungs from TCRa KO mice that received P25 and CD8 T cells (helped) versus only
CD8 T cells (helpless) were analyzed at 4 and 7 wpi by flow cytometry to determine the
frequencies of TB10.4,4.11-specific CD8T cells.

(D) The proportion of lung KLRG1*CD127~ (SLEC) and KLRG1~CD127* (MPEC) CD8 T
cells was determined 7 wpi. Quadrant numbers represent percentages.
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(E) The frequencies of lung KLRG1*CD127~ (SLEC) among total CD8 T cells was
determined 4 and 7 wpi by flow cytometry and analyzed statistically. (C and E) Bars, mean
+ SD. Data are representative of three independent experiments, 3-5 mice/group. Statistical
significance was analyzed by unpaired t test. *p < 0.01. ns, no significant differences. See
also Figures S5-S7.
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Figure 5. Comparison of WT/KO and adoptive transfer model finds shared “helped” and
“helpless” characters

(A) Helped and helpless mice (i.e., the adoptive transfer model) were infected with
aerosolized Mtb for 6 weeks. Anti-CD45-AF647 was injected intravenously 3 min before
euthanasia. Lung parenchymal (CD45iv-CD44*CD62L~) CD8 T cells were analyzed by
flow cytometry to determine the expression of NK receptors (percentage) and transcription
factors (MFI). The histograms show representative data, and the accompanying graphs
represent the statistical analysis. Bars, mean + SD.

(B-E) Lung parenchymal CD8 T cells from WT/KO mice 8 wpi and helped/helpless

mice 6 wpi were used to create UMAP projections and analyzed with PhenoGraph. (B)
Nine clusters were identified with PhenoGraph analysis. (C) Pairwise comparisons of WT,
KO, helped, and helpless lung parenchymal CD8 T cells were overlayed onto the UMAP
projection. (D) UMAP projections were overlayed with expression of each indicated marker.
(E) The percentage of each cluster among WT, KO, helped or helpless lung parenchymal
CD8 T cells were compared statistically. Bars, mean + SD.

(A-E) Representative data of two independent experiments, 4-5 mice/group. Statistical
significance was analyzed by unpaired t test (A) or two-way ANOVA (E). **p < 0.01; ***p
< 0.001; ****p < 0.0001. ns, no significant differences.
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Figure 6. CD4 T cell help enhances CD8 T cell cytokine productions upon recognition of infected

macrophages

(A-F) Purified CD8 T cells from WT or MHCII KO mice 8wpi (A—C) or from helped
or helpless mice (i.e., the adoptive transfer model) 7 wpi (D-F) were cultured with Mtb-
infected macrophages at a CD8:macrophage ratio =1:1. IFN+y (A and D), IL-2 (B and E),
and TNF (C and F) were determined 18-24 h later. The data are representative of three
experiments with 5 mice/group (A—C) or two independent experiments with 3-5 mice/group
(D-F). Bars, mean + SD. Statistical significance was analyzed by two-way ANOVA. **p <
0.01; ****p < 0.0001. ns, no significant differences.
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Figure 7. “Helped” CD8 T cells are better at Mtb control than “helpless” CD8 T cells
Purified CD8 T cells from WT or MHCII KO mice at 8 wpi (A—C and E) or purified CD8

T cells from helped or helpless mice (i.e, the adoptive transfer model) at 7 wpi (D) were
cultured with Mtb-infected macrophages at a CD8:macrophage ratio = 1:2 unless otherwise
indicated. Macrophages were lysed 4-6 days later, and the colony forming unit (CFU) per
well was determined.

(A) Purified WT CD8 T cells were cultured with macrophages at different T-cell-to-
macrophage ratios.

(B) Purified WT CD8 T cells were cultured with WT or K°DP macrophages.

(C) Purified WT or MHCII KO CD8 T cells were cultured with macrophages.

(D) Purified helped or helpless CD8 T cells were cultured with macrophages.

(E) Purified WT or MHCII KO CD8 T cells from 5 or 8 wpi were cultured with
macrophages.

(F) Percent inhibition by CD8 T cells from early and late time points was calculated. The
100% inhibition indicated no Mtb growth since day 1, while 0% inhibition indicated Mth
grew similarly to conditions that had no T cells.

(G) Frequencies of PD-1*Tim-3* CD8 T cells from spleens of naive and lungs of 4 and 8
wpi mice. Bar, mean.

(A-E) The whiskers of the box-and-whisker plots indicate the maximum and minimum.
Representative of three (A and D), two (B and G), six (C), or four (E) experiments.
Statistical significance was analyzed by one-way ANOVA. p values: **p < 0.01; ***p <
0.001; ****p < 0.0001. ns, no significant differences. See also Figure S8.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD127 (clone: A7R34) Biolegend Cat:135024; RRID:AB_11218800
Anti-CD127 (clone: A7R34) Biolegend Cat:135037; RRID:AB_2565269
Anti-CD4 (clone: RM4-5) Biolegend Cat:100542; RRID:AB_2563051
Anti-CD62L (clone: MEL-14) Biolegend Cat:104440; RRID:AB_2629685
Anti-CD62L (clone: MEL-14) BD Cat: 612833; RRID:AB_2870155
Anti-T-bet (clone: 4B10) Biolegend Cat:644820; RRID:AB_2715766
Anti-PD-1 (clone: 29F.1A12) Biolegend Cat:135220; RRID:AB_2562616
Anti-CD244.2(2B4) (clone: m2B4(B6)458.1) Biolegend Cat:133504; RRID:AB_1595642
Anti-CD319 (slamf7) (clone: 4G2) BD Cat:747995; RRID:AB_2872456
Anti-CD44 (clone: IM7) Biolegend Cat:103032; RRID:AB_2076204
Anti-CD11a (clone: M17/4) BD Cat:740676; RRID:AB_2740363
Anti-NK1.1 (clone: PK136) BD Cat:746876; RRID:AB_2871676
Anti-y8TCR (clone: GL3) BD Cat:746962; RRID:AB_2871745
Anti-NKG2A/C/E (clone: 20d5) Invitrogen Cat:46-5896-82; RRID:AB_10853352
Anti-CD226 (clone: 10E5) Biolegend Cat:128806; RRID:AB_1186119
Anti-NKG2D (clone: CX5) Biolegend Cat:130214; RRID:AB_2728148
Anti-c-Maf (clone: symOF1) Invitrogen Cat:25-9855-80; RRID:AB_2811794
Anti-CD3e (clone: 145-2C11) Biolegend Cat:100310; RRID:AB_312675
Anti-CD3 (clone: 17A2) Biolegend Cat: 100234; RRID:AB_2562555
Anti-CD39 (clone: 24DMS1) Invitrogen Cat:25-0391-80; RRID:AB_1210767
Anti-CD8a (clone: 53-6.7) Biolegend Cat:100730; RRID:AB_493703
Anti-CD8a (clone: 53-6.7) Invitrogen Cat:46-0081-82; RRID:AB_1834433
Anti-CD366 (clone: Tim-3) Biolegend Cat:119738; RRID:AB_2810368
Anti-TCF1/7 (clone: S33-966) BD Cat:564217; RRID:AB_2687845
Anti-CD45 (clone: 30-F11) Biolegend Cat:103124; RRID:AB_493533
Anti-Eomes (clone: Dan11mag) Invitrogen Cat:53-4875-82; RRID:AB_10854265
Anti-Eomes (clone: Danllmag) Invitrogen Cat:15-4875-82; RRID:AB_2802207
Anti-KLRG1(clone: 2F1) Invitrogen Cat:48-5893-82; RRID:AB_10852843
Anti-CD223(LAG-3) (clone: C9B7W) Biolegend Cat:125224; RRID:AB_2572082
Anti-TNFa (clone: MP6-XT22) Biolegend Cat:506339; RRID:AB_2563127
Anti-IL-2 (clone: JES6-5H4) BD Cat: 566363; RRID:AB_2739711
Anti-IFNg (clone: XMG1.2) Biolegend Cat: 505838; RRID:AB_2629667
TB10.4 Tetramer NIH N/A

32ATetramer NIH N/A

Bacterial and virus strains

Erdman Grew up in house N/A

H37Rv Grew up in house N/A

CDC1551 Dr. Christopher Sassetti  N/A

Chemicals, peptides, and recombinant proteins
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNAprotect Cell reagent QIAGEN Cat:76526
Critical commercial assays

Foxp3/transcription factor staining buffer set Invitrogen Cat:00-5523-00
CD8 T cell isolation kit Miltenyi Cat:130-117-044
LEGENDplex™ Biolegend Customized item
RNeasy mini kit QIAGEN Cat:74104
Zombie Aqua fixable viability kit Biolegend Cat: 423102
Zombie UV fixable viability kit Biolegend Cat: 423017
Deposited data

Comparison of WT versus MHCII KO CD8 T cell This paper GEO: GSE167439

transcriptomes from lungs of Mycobacterium tuberculosis
infected mice

Experimental models: Organisms/strains

P25 TCRtg Bred in house Stock# 011005
MHCII KO The Jackson Laboratory ~ Stock# 003584
TCRa KO The Jackson Laboratory ~ Stock# 002116
KbDb Dr. Kenneth Rock Stock# 019995
C57BL/6J The Jackson Laboratory ~ Stock# 000664
Software and algorithms

FlowJo v10.7.1 Flowjo N/A

GraphPad Prism GraphPad N/A

GSEA
clusterProfiler (v3.14.3)

Pheatmap

The Broad Institute

Bioconductor

CRAN

https://www.gsea-msigdb.org/gsea/index.jsp

https://bioconductor.org/packages/release/bioc/
html/clusterProfiler.html

https://cran.r-project.org/web/packages/pheatmap/
index.html
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