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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 differ-
ences between helped and helpless CD8 T cells, as well as dif-
ferences 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 (“1”;
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
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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 intrave-
nously 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 statisti-
cally. Bars, mean + SD.

(A-E) Representative data of two independent ex-
periments, 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.

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 model, 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 ex-
hausted CD8 T cells (WT vs. helped, p = 0.0011). Helpless
CD8 T cells were also 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 ex-
hausted 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
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Figure 6. CD4 T cell help enhances CD8
T cell cytokine productions upon recogni-
tion of infected macrophages
(A-F) Purified CD8 T cells from WT or MHCIl 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
ns CD8:macrophage ratio = 1:1. IFNy (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;
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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.

CD4 T cell help promotes IFNy and IL-2 production by

CDS8 T cells that recognize Mtbh-infected macrophages

To gain insight into the functional differences between “helped”
and “helpless” CD8 T cells, we measured their ability to pro-
duce cytokines when stimulated. We showed WT CD8 T cells
produced more IFNy 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 Mtb-specific CD8
T cells have not been addressed. We showed previously that
TB10.4,4.11-specific CD8 T cells did not efficiently recognize in-
fected 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

Infected Uninfected

demonstrated a reduction in IFNy-pro-
ducing 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 ex-
hausted 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 in 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 in 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 experi-
ments. Bacterial control was MHCI restricted since CD8 T cells
were able to restrict bacterial growth in infected WT macro-
phages, but not in infected KPDP KO macrophages (Figure 7B).
WT CD8 T cells inhibited Mtb 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
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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°D® 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 Mtb 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) ex-
periments. 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.

T cells was sometimes less than the input (i.e., day 1), suggesting
that CD8 T cells are capable of promoting killing of Mtb 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 (Fig-
ure 7D). The ability of CD8 T cells to control bacterial growth de-
pended on when they were isolated from mice. As MHCIl KO
mice survive longer after Mtb 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 MHCIl 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 differ-
ently, the growth from day 1 to endpoint was normalized, and the
percent inhibition by CD8 T cells was calculated. The 100% inhi-
bition indicated no Mtb growth, while 0% inhibition indicated Mtb
grew similarly as in macrophages without CD8 T cells (Figure 7F).
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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 in vitro stimulation
with exogenous antigen (e.g., purified protein derivative [PPD] or
Mtb lysate) biases the results toward CD4 T cells. Optimally stim-
ulating 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
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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
CD8T 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 Mtb-infected macro-
phages (Serbina et al., 2001). In contrast, helpless CD8 T cells
resembled exhausted cells. We measured cytokine productions
by CD8 T cells in response to Mtb-infected macrophages.
Helped CD8 T cells secreted more IFNy, 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
IFNYy (Bold and Ernst, 2012; Green et al., 2013), and our data sug-
gest 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 Mtb growth
more efficiently than did helpless CD8 T cells. Without CD4
T cells in vivo, mice succumb prematurely to TB despite lung
IFNvy levels remaining elevated (Caruso et al., 1999). Thus, it
is uncertain whether greater CD8 T cell production of IFNy
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 compro-
mised 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 ex-
press a unique transcriptional network that inhibits their differen-
tiation 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 fac-
tors downstream of TCR signaling—including IRF4, NFAT,
Nrd4al, Nr4a2, and Nr4a3—enhance exhaustion (Chen et al.,
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2019a; Man et al., 2017; Martinez et al., 2015). Alternatively, sub-
optimal 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 in 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 in vitro. While we cannot dissociate
the effects of CD4 help and lung CFUs, we suggest that chro-
nicity 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.

An area for further investigation is the molecular nature of help
signals during TB. When CD4 T cells recognize APCs, CD40/
CDA40L interaction—combined with innate signaling by pattern
recognition receptors—leads to dendritic cells (DC) activation,
cytokine production, and upregulation of co-stimulatory mole-
cules (Bennett et al., 1998; Schoenberger et al., 1998). Cytokines
including IL-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 indi-
rectly. 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
IL-21 to control chronic viral infection (Elsaesser et al., 2009;
Frohlich et al., 2009; Yi et al., 2009), and we showed previously
that IL-21 receptor deficiency impairs CD8 T cell responses dur-
ing TB and leads to increased Tim-3 and PD-1 expression (Booty
et al., 2016). Whether exhaustion of helpless CD8 T cells de-
velops 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 in vitro; however,
the function of helpless CD8 T cells obtained later during infec-
tion 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 Mtb. CD8 T cells were considered
to play a minor role compared to CD4 T cells based on only mod-
erate reduction in the survival of mice with defective CD8 T cell
responses compared to normal mice. Here, using a variety of ap-
proaches including two independent in vivo models, we unequiv-
ocally 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.
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