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Abstract

Tumor-infiltrating CD8 T cells are associated with improved patient survival and response to
immunotherapy in various cancers. Persistent antigen leads to CD8 T-cell exhaustion, where
proliferation/self-renewal and killing are divided within distinct subsets of CD8 T cells in the tumor.
CD8 T-cell responses in chronic antigen settings must be maintained for long periods of time,
suggesting that mechanisms that regulate chronic CD8 T-cell responses may differ from those in
acute settings. Currently, factors that regulate the maintenance of stem-like CD8 T cells in the tumor
or their differentiation into terminally differentiated cells are unknown. In this review, we discuss the
role of dendritic cells in the activation and differentiation of CD8 T-cell subsets within secondary
lymphoid tissue and tumors. In addition, we examine changes in CD4 T-cell differentiation in
response to chronic antigens and consider how subset-specific mechanisms could assist the stem-
like and terminally differentiated CD8 T-cell subsets. Finally, we highlight how tumor-infiltrating CD4
T cells and dendritic cells interact with CD8 T cells within organized lymphoid-like areas in the tumor
and propose a CD8 T-cell differentiation model that requires the collaboration of CD4 T cells and
dendritic cells. These organized interactions coordinate the anti-tumor response and control disease
progression by mechanisms that regulate CD8 T-cell differentiation, which permit the maintenance of
an effective balance of stem-like and terminally differentiated CD8 T cells.
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Introduction

Immune responses to pathogens are shaped by the coord-
inated ability of immune cells to discriminate between self
and non-self, providing a clear paradigm of when and how
to respond to exogenous antigens. An effective response
to cancer, however, deviates from this model as the tumor
antigens are self-derived. Cancer cells develop from the ac-
cumulation of mutations in oncogenes and tumor suppressor
genes that routinely regulate crucial cellular functions,
including growth rate and survival, leading to cell immortality
(1, 2). Although originally disputed, given that cancer cells
have self-origin, the immune system plays an indispensable
role in tumor control and rejection (1, 3-5).

An increasing number of studies report that CD8 T-cell in-
filtration in tumors is an independent predictor of favorable
patient prognosis and response to therapy across multiple
cancer types (6-10). Although their role in mediating the
anti-tumor response is clear, what regulates the CD8 T-cell
responses in the tumor is poorly understood.

Given that CD4 T cells are essential helpers for CD8 T-cell
responses during viral and bacterial infections, we examine
different CD4 T-cell phenotypes infiltrating tumors and discuss

how each CD4 subset-specific effector function assists in the
organization, maintenance and differentiation of CD8 T cells.
Additionally, we discuss the possibility of an organized model
that allows for CD4 T cells and dendritic cells (DCs) to collab-
orate and contribute to CD8 T-cell differentiation in the tumor.

Intratumoral CD8 T cells mediate tumor growth and
disease progression

CD8 T cells are critical for tumor control in various cancer
types. In fact, tumor-infiltrating CD8 T cells independently pre-
dict patients’ survival and response to checkpoint blockade
therapy (11-15). The evidence for a functional role of CD8 T
cells to control tumor growth is compelling, as multiple groups
report infiltrating activated CD8 T cells in the tumor prior to
treatment to be predictive of response to immunotherapy in
melanoma, non-small cell lung, renal cell and colorectal can-
cers (16-19). Effector CD8 T cells contribute to tumor control
via the cytolytic lysis of their target tumor cells; however, the
antigen specificity of these responsive cells in human tumors
remains poorly defined.
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T cells recognize self- and neo-antigens in cancer

The nature of the antigens recognized by tumor-specific T
cells was first reported in 1989, where mouse CD8 T cells
were responsive towards a self-peptide that had been mu-
tated in cancer cells (20, 21). This observation was followed
by a large number of studies that identified distinct classes of
tumor antigens on the basis of their tissue of origin that can
be presented to T cells via major histocompatibility complex
(MHC) molecules (22). Antigens that can induce T-cell re-
sponses in cancer can be broadly classified into those that
are tumor-specific (mutational and cancer-germline antigens),
also known as neoantigens, and those that are derived from
non-mutated self-proteins (differentiation and overexpressed
antigens) (21).

Although several groups have identified T cells specific
for mutational tumor antigens (23-28), significant challenges
remain for ‘necantigen’-targeted therapy, given that these
antigens make up a small percentage of the overall T-cell
response. The limitation of using neoantigens that can be
targeted by T cells is highlighted by recent studies in mel-
anoma, lung and colorectal tumors. CD8 T cells reacting
to neoantigen epitopes are predicted to be at a rate of less
than 0.5% of the total T-cell response in the tumor (24, 28).
A recent study screened ~1200 potential tumor neoantigens
with only 2 positive hits in a cohort of 24 patients, only ac-
counting for 0.2% of the CD8 T-cell response in the tumor
(25). Similarly, in a cohort of ~20 000 human cancer gen-
omes less than 0.005% of the CD8 T-cell response is directed
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towards neoantigens (29). These data suggest that the ma-
jority of the T-cell response targets non-mutated self-antigens
that vary across individual patients (5).

Thus, although antigen specificity may be limiting and vari-
able in the majority of cancers, the reliance on a CD8 anti-
tumor response for disease control is consistent across all
cancer types. Given the importance of having a CD8 T-cell
response in the tumor, irrespective of antigen specificity, it
is crucial to understand the phenotype of infiltrating CD8 T
cells, as well as the signals that sustain this long-term re-
sponse in the tumor.

Two subsets of exhausted CD8 T cells control the
response to chronic viral infections and cancer

During an acute infection, naive CD8 T cells undergo ef-
fector differentiation, followed by population contraction
and the formation of a minor population of memory cells
following antigen clearance (Fig. 1A). Tumors and chronic
viral infections, on the other hand, persist for long periods of
time. Chronic antigen exposure results in responsive (virus-
specific or tumor infiltrating) CD8 T cells to undergo sub-
stantial transcriptional and functional changes, leading them
into a state known as T-cell exhaustion (Fig. 1C). CD8 T-cell
exhaustion was first described in the chronic lymphocytic
choriomeningitis virus (LCMV) mouse model, where antigen-
specific CD8 T cells progressively lost the ability to proliferate
and kill target cells, while acquiring sustained expression of
inhibitory receptors (15, 30).
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Fig. 1. CD8 T-cell exhaustion model in chronic antigen stimulation. (A) At the peak of the T-cell response during acute antigen stimulation, re-
sponding CD8 T cells differentiate into a heterogenous effector pool composed of terminal effector and memory precursor cells. Upon antigen
clearance, terminal effectors undergo cell death, while memory precursors survive and become functional memory cells. (B) Under chronic
antigen stimulation, responding CD8 T cells differentiate into two subsets of PD-1-expressing exhausted CD8 T cells. The stem-like CD8 T-cell
(green) maintains self-renewal and proliferative potential helping to sustain the pool of antigen-specific CD8 T cells. Stem-like cells also give
rise to terminally differentiated (red) CD8 T cells which contribute to antigen (viral or tumor) control and progressively lose cytolytic function
resulting in cell death. (C) Responding CD8 T-cell populations differ in phenotype and function during acute and chronic antigen stimulation.



This homogenous model of CD8 T-cell exhaustion has re-
cently been challenged by several groups, where several
distinct subsets of exhausted CD8 T cells were described
in chronic LCMV, highlighting the heterogeneity that exists
within the virus-specific CD8 T-cell population (31-35).
Broadly, these subsets can be divided into stem-like cells
that are capable of self-renewal and further differentiation and
their progeny, terminally differentiated cells that retain some
cytolytic capacity (15, 31-34). Importantly, both the stem-like
and terminally differentiated CD8 T cells differ in transcription
and function from canonical effector and memory CD8 T cells
from acute viral infections (15, 36). Although both of these
subsets of exhausted cells express the checkpoint molecule
programmed cell death protein 1 (PD-1), they differ in pheno-
type and function during the response to chronic antigen.
The stem-like cells can be defined by their high expression
of co-stimulatory molecules, including CD28, and transcrip-
tion cell factor 1 (TCF1). TCF1 regulates the transcriptional
program of the stem-like CD8 T cells and is also shared with
hematopoietic stem cells, which are known for their ability to
be maintained in an undifferentiated state (37). In contrast,
the terminal differentiated cells have higher expression of
checkpoint molecules, including TIM3 and CD244, as well as
cytotoxic molecules, including granzyme B (GZMB), and per-
forin (15). These findings established a new model of T-cell
exhaustion, where proliferation/self-renewal and cytolytic
function are divided within distinct subsets of the responding
CD8T cells (Fig. 1B). It is important to point out that, although
T-cell exhaustion prevents optimal viral clearance or full eradi-
cation of tumors, the terminally differentiated cells retain some
cytolytic function. Thus, although these cells are considered
hypofunctional, they are crucial to control viral load without
severe immunopathology. Therefore, the stem-like CD8 T
cells sustain the CD8 response in chronic antigen settings
by self-renewal and by generating shorter-lived terminally
differentiated cytotoxic CD8 T cells. This elegant compart-
mentalization of roles allows for an organized and continuous
response of CD8 T cells in chronic antigen settings.

Given that chronic antigen exposure is one of the key drivers
of T-cell exhaustion, its understanding is also of particular
relevance in cancer. This model of CD8 T-cell exhaustion is
not restricted to chronic viral infections, as the stem-like and
terminally differentiated CD8 T-cell subsets were also found
to infiltrate tumors and their respective functions are critical
for tumor control and response to therapy in various cancers
(11, 14, 33, 37). Although the proportions of stem-like and ter-
minally differentiated CD8 T cells vary between patients and
cancer types, these cells make up the majority of the respon-
sive CD8 T-cell pool in human and mouse tumors (11, 38-40).
Several groups have now reported the frequency of stem-like
CD8 T cells within tumors to be associated with better clinical
outcomes in cancer patients (11, 38). In fact, the frequency
of stem-like CD8 T cells in the tumor is predictive of the mag-
nitude of the bulk-activated (PD-1*) CD8 T-cell response.
Stem-like CD8 T cells also provide the proliferative burst
after blockade of PD-1 (31), making their maintenance also
essential in the response to immunotherapy. The benefit of
having stem-like cells in the tumor has also been reported in
immunotherapy human clinical studies, where patients with
higher infiltration of TCF1-expressing CD8 T cells in the tumor
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had a better response to therapy in various cancer types (38,
41, 42). These observations suggest that the presence of the
stem-like CD8 T-cell population within the tumor is crucial for
(i) maintenance of the pool of responsive CD8 T cells to the
persistent tumor antigens, (ii) continued differentiation into
terminally differentiated cells that retain some cytolytic cap-
acity and (iii) response to immunotherapy. It is thus critical
that the CD8 T-cell terminal differentiation process continues
within the tumor without losing the stem-like CD8 T-cell popu-
lation. Therefore, understanding the cellular components and
signals required at each step (activation, maintenance and
terminal differentiation) of the CD8 T-cell response will have a
significant impact on patients’ survival and potential targets
for therapeutic interventions. This raises important questions
about the CD8 T-cell response in the tumor. What other cell
populations help the CD8 T-cell exhausted subsets in the
tumor? How can activated stem-like CD8 T cells endure con-
sistent antigen exposure and be maintained in a peripheral
tumor tissue? What signals drive stem-like CD8 T-cell differ-
entiation? What mechanisms regulate the balance of main-
tenance of stem-like CD8 T cells and terminally differentiated
cells in the tumor?

DCs support the CD8 T-cell response in the tumor

DCs are critical to induce effective CD8 T-cell effector re-
sponses during viral or bacterial infections, thus holding
great potential to also modulate CD8 T-cell responses in
tumors. DCs are known for their ability to interact with CD8
T cells in secondary lymphoid tissues and regulate their
antigen-specific activation and effector differentiation. Virus-
specific stem-like CD8 T cells in the chronic LCMV model are
preferentially located within splenic T-cell zones, where DCs
also reside in large numbers (31). The restricted presence of
stem-like CD8 T cells within secondary lymphoid tissues in
chronic viral infections makes the presence of stem-like CD8
T cells within tumors surprising. These data suggest that, in
order for these cells to be sustained in the tumor, other cells
normally present in secondary lymphoid tissues may be crit-
ical for their maintenance in peripheral tissues.

DCs, given their consistent presence in the tumor, repre-
sent a cell population that could support the CD8 T-cell re-
sponse. In support of this notion, various groups report that
DC infiltration correlates with the magnitude of CD8 T-cell
population in tumors (11, 43, 44). Additionally, our group re-
cently reported that DCs were the only myeloid population to
positively correlate with and predict the presence and mag-
nitude of stem-like CD8 T cells within prostate and kidney tu-
mors (11). In addition, the stem-like CD8 T cells were located
within immune cell rich structures in the tumor, which could
serve as a ‘niche’ that allows for organized interactions be-
tween T cells and DCs outside of lymphoid tissues (Fig. 2A).
Since tumors without immune niches have lower total T-cell
and DC infiltration, the interaction between these cells could
be crucial to maintain the stem-like CD8 T-cell population and
drive their terminal differentiation in the tumor (Fig. 2B).

The importance of DC populations both in mouse tumor
models and in human disease is evident, but how they help to
promote the T-cell response or maintain it within the tumor still
needs to be fully described. Understanding DC-CD8 T-cell
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Fig. 2. APC niches support the maintenance of stem-like CD8 T cells in the tumor. (A) Tumors with high T-cell infiltration have dense regions of
lymphoid-like niches rich in cDC2 and helper CD4 T cells that help to maintain stem-like CD8 T cells. The stem-like CD8 T cells preferentially
reside within these lymphoid-like niches while the terminally differentiated (TD) CD8 T cells migrate to the periphery away from the DC-rich
environment to undergo their cytolytic function. (B) Tumors with low T-cell infiltration lack dense regions of lymphoid-like structures in the tumor
and progressively lose the CD8 T-cell pool potentially because of a failure to maintain the stem-like CD8 T-cell subset.

interactions in tumors may therefore be critical to understand
all the components that contribute to an effective anti-tumor
response.

Roles of DC subsets in the anti-tumor response

DCs are composed of several subsets, including conven-
tional/classical dendritic (cDC) 1 cells (cDC1s), cDC2s
and plasmacytoid DCs. cDC1s have been extensively
studied in tumors because of their ability to cross-present
exogenous antigens and preferentially activate CD8 T cells
in secondary lymphoid tissues (45, 46). Their importance
has been reported in various tumor models, as their ab-
sence is associated with increased tumor burden and re-
duced T-cell responses (43, 44). It has also been shown
that cDC1s need the chemokine receptor CCR7 in order
to migrate into tumor-draining lymph nodes (TDLNs) to ac-
tivate tumor-specific CD8 T cells (47). These data are also
supported in human studies, where a higher cDC1 signa-
ture correlates with better overall survival of patients in a
wide range of cancers (43).

Activated CD8 T cells may also in turn recruit cDC1s in
the LN, as studies in viral models have shown that activated
CD8 T cells promote cDC1 aggregation by producing a var-
iety of chemokines, such as XCL1 (48). The recruitment of
cDC1s and the cytokines produced in response to viruses,
including type | interferons, leads to the up-regulation of
co-stimulatory molecules and pro-inflammatory cytokines
on DCs that induce a more potent CD8 T-cell activation (48).
In tumor models, the lack of type | interferon signaling on

cDC1s greatly reduced the CD8 T-cell anti-tumor response,
highlighting the importance of soluble factors that activate
DCs that then promote CD8 T-cell activation or differentiation
(49). Understanding signals that promote cDC1 activation in
tumors, how they activate tumor-specific CD8 T cells and how
this can be improved is crucial in the study of both T-cell and
DCs in tumors.

Even though cDC1s have been linked to tumor control and
better overall survival of patients, they are present in scarce
numbers among the DC populations within both murine and
human tumors (43, 50). cDC2s, instead, make up a large
proportion of the DCs that are resident within the tumor (43,
50). Conventionally, cDC2s present antigen on MHC class |l
(MHC-Il) and are thought to preferentially activate CD4 T
cells (46), but their role in the tumor response is a new area
of research. cDC2s are a heterogenous population and can
acquire different phenotypes, as was recently shown in
a study analyzing the cDC2 compartment in humans (51).
Subsets of cDC2s were found to express monocyte markers
(CD14 or CD163) and importantly these subsets were found
to produce more pro-inflammatory cytokines, than the con-
ventional cDC2s. The production of certain pro-inflammatory
cytokines, including type 1 interferons, could be important to
drive CD8 terminal differentiation in the tumor, mimicking the
environment that induces potent effector T-cell responses in
acute viral and bacterial infections. Recent work has shown in
breast cancer that CD14-expressing cDC2s are present within
the tumor and correlate with infiltration by tissue-resident CD8
cells, suggesting a potential connection of cDC2s and CD8 T
cells within tumors (52).



Table 1. Summary of the phenotype and function of cDCs found in human and mouse TDLNs and tumors: cDC1s, cDC2s and inflammatory cDC2s

Proposed function

Proposed function

TDLN

Phenotype

Phenotype

Conventional
DC subset

Tumor

Mouse

Human

CD11c*, MHC-II*,
XCR1+, CD8a*,

CD103+-

CD11c*, HLA-DR*, CD141+, CLEC9a*

cDC1

Migration from tumor to deliver
tumor antigens to TDLN

Priming/primary activation of CD8 T cells

Cross-presentation

Associated with tumor control
and better patient survival

Most abundant population

within tumors

Priming/activation of CD4 T cells

CD11c*, MHC-II*,
CD11b*, CD16-

CD11c*, HLA-DR*, CD1c*, CLEC10a*

pro-inflammatory subset:

CD14+ CD163*

cDC2

Lineage differentiation of CD4 T cells via

diverse cytokine secretion

Support stem-like CD8 T cells
within lymphoid-like niches in

the tumor

Pro-inflammatory cytokine

secretion from CD14* CD163*

cDC2s

The function and primary location of each of these DCs are expanded upon in the main text.
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Most studies have focused on the role of cDC1s and how
they can promote the CD8 T-cell anti-tumor response. This
population of DCs represents a small proportion of the DCs
infiltrating tumors, suggesting other DC subsets most likely
play a role in the T-cell response within the tumor. Although
more remains to be learned about pro-inflammatory cDC2s,
these cells have functional features that could promote CD8
T-cell differentiation in the tissue. Therefore, subsets of DCs
(cDC1s and cDC2s) potentially have different roles in the
activation and differentiation of tumor-specific CD8 T cells.
A plausible explanation may be that the cDC1 population
exerts their primary role in the TDLN, whereas the cDC2
population may play a larger role in maintaining the CD8
T-cell response within the tumor. The different subsets of con-
ventional DCs and their possible functional role in the anti-
tumor response are summarized in Table 1.

Niches rich in antigen-presenting cells support the
maintenance of stem-like CD8 T cells in the tumor

Given the compelling evidence that stem-like CD8 T cells
are one of the key components for a productive anti-tumor
response, it is important to understand how these cells are
maintained in the tumor. We can gain insight about mech-
anisms that help to maintain the stem-like CD8 T-cell subset
from the mouse model of chronic LCMV infection and, given
its similarities with cancer, we can use it to understand the
CD8 T-cell response in tumors.

Possible insights into mechanisms that sustain the stem-like
CD8 subset come from differences in location and positioning
between the stem-like cells and terminally differentiated
cells throughout the course of the infection. Stem-like CD8
T cells are almost exclusively positioned in lymphoid tissues,
whereas terminally differentiated cells are localized primarily
in non-lymphoid peripheral tissues (18, 25). Additionally,
the stem-like subset appears to preferentially reside within
the splenic white pulp in the presence of DCs, whereas ter-
minally differentiated cells migrate to the periphery or the
splenic red pulp where viral loads are highest (31, 53). Weak
co-stimulation and low antigen loads in the spleen have been
shown to protect stem-like CD8 T cells from terminal differ-
entiation (54); thus, the presence of antigen-presenting cell
(APC)-rich lymphoid structures may be key in sustaining
the T-cell response in chronic antigen settings. These data
suggest that stem-like CD8 T cells may need organized
structures to maintain the balance of self-renewal and their
terminal differentiation by restricting their exposure to high
levels of antigen.

A similar organization may exist within tumors to help
support the stem-like cells outside lymphoid tissues.
Recent work from our group in patients with kidney, pros-
tate or bladder cancer showed the positioning of stem-like
CD8 T cells to be restricted to organized secondary-
lymphoid-like zones within the tumors that were densely
populated by APCs and other lymphocyte populations (11).
Similarly, stem-like CD8 T cells have also been described
to primarily be located within tertiary lymphoid structures
in melanoma or lung cancer patients (55, 56). Importantly,
the presence of these ‘immune protective’ structures was
positively correlated with a benefit in patients’ survival, as
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without these immune-populated niches the stem-like and
total CD8 T-cell populations failed to be maintained and
patients rapidly progressed after surgery (Fig. 2). Given
that T-cell responses usually require complex and high
levels of organization within secondary lymphoid tissues,
the presence of lymphoid-like structures with a rich pres-
ence of APCs in the tumor suggests that these structures
could allow for the continued interaction of DCs and CD8
T cells within the tumor. Thus, the maintenance and con-
tinued differentiation of the stem-like CD8 T-cell population
in the tumor may be an organized and collaborative effort
between various immune cells as represented in Fig. 2(A)
and as further discussed in the following sections.

CD4 T-cell populations in chronic viral infections and
cancer—CD4 T-cell subsets take center stage

As discussed in previous sections, consistent differentiation
of stem-like CD8 T cells into terminally differentiated cells
without losing the stem population within tumors is essen-
tial to maintain an efficient anti-tumor response. In addition
to DCs, CD4 T cells play an important role in controlling the
CD8 response in chronic viral infections. Thus, examining the
functional relationship between CD4 T cells and the stem-like
CD8 T-cell subset in the tumor may help us better understand
what sustains and drives CD8 T-cell terminal differentiation in
the tumor.

CD4 T-cell help is essential for the survival and effector dif-
ferentiation of virus-specific CD8 T cells in chronic viral infec-
tions (39, 54, 57-60). CD8 T cells directly require CD4 T-cell
factors that sustain CD8 T-cell differentiation and effector ac-
tivity. Depletion of CD4 T cells during chronic LCMV infection
results in an inability to clear the infection, leading to lifelong

viremia (57). Similarly, the progression of human immunodefi-
ciency virus (61) infection to AIDS and the associated CD8
T-cell dysfunction is associated with the loss of CD4 T cells in
the periphery and secondary lymphoid organs (62).

Although CD4 T cells have been extensively studied in
cancer, their function in the tumor remains unclear given
that different subsets may play conflicting roles in the anti-
tumor response. When taken together, bulk-activated CD4
T cells infiltrating tumors appear to positively impact the
tumor response, as they enhance CD8 T-cell cytotoxicity
and reduce disease burden (10, 39, 63-67). Although CD4
T cells are not required for initial activation of CD8 T cells,
CD4 T-cell help appears to enhance the maintenance and
function of effector CD8 T cells in the tumors (68, 69). The
adoptive transfer of helper CD4 T cells in combination with
tumor-specific CD8 T cells was most effective in sustaining
CD8 effector functions and tumor regression in a melanoma
model (64). In agreement, recent studies found a critical role
for CD4 T-cell epitopes in enhancing the CD8 T-cell response
in human tumors (10, 68, 69). The expression of MHC-II re-
stricted antigens was essential to induce an effective CD8
T-cell response that resulted in tumor clearance, as well as
render a non-responsive tumor into a checkpoint therapy re-
sponsive cell line (69). Importantly, CD4 T cells alone were
not sufficient for tumor control, suggesting that they function
to enhance the CD8 response at the tumor site. These obser-
vations indicate that helper subsets of CD4 T cells may play
a functional role at the tumor site and positively contribute
to the CD8 T-cell anti-tumor response. In addition, CD4 T
cells appear to also be located within organized immune-rich
areas within tumors (Figs 2 and 3) where they could interact
with CD8 T cells and DCs to undertake their helper functions
(65, 66, 70).

@ CD4 and cDC “help”
Stem-like CD8 differentiation

Tfh-like helper
CDAT cells

o

CD40-CD40L
interaction

Stem-like CD8

Treg “suppression”
Maintenance of stem-like CD8s

Treg

Fig. 3. CD4 T cells relay help-signals via DCs that support CD8 T-cell differentiation in the tumor. (A) Within lymphoid-like niches in the tumor,
helper Tfh-like CD4 T cells (blue) which also reside within APC-rich zones in the tumor, can license cDC1 (black) or cDC2 (purple) via CD40-
CDA40L interactions and secrete soluble factors, such as IL-21 that can help drive terminal differentiation (TD) of stem-like CD8 T cells. (B) Treg
cells can secrete immunoregulatory cytokines, such as TGF-f to maintain the stem-like CD8 T-cell population in a quiescent state until the
differentiation signal is delivered. Tregs can also block the co-stimulatory signals delivered to the stem-like CD8 T cells via CTLA4 interacting
with CD80/86 on cDCs within the tumor. The combination of these signals may act to sustain a stem-like CD8 T-cell population that can be
maintained for long periods of time within the tumor while driving the production of terminally differentiated CD8 T cells that maintain cytolytic

capacity to control disease progression.



CD4 T-cell differentiation and the complete diversity of the
CD4 T-cell subsets generated in response to tumor antigens is
a growing area of study. Recent single-cell analysis from various
tumor types in human patients revealed a variety of CD4 T-cell
populations infiltrating the tumor (67, 71-73). In this section,
we summarize what is currently known about the role of each
subset of CD4 T cells in cancer and their potential role in requ-
lating the balance of stem-like and terminally differentiated CD8
T cells in the tumor. Given that data on the diversity and role of
helper CD4 T-cell populations in cancer are scarce, we can also
consider what we know about CD4 populations and their contri-
butions in other chronic antigen settings.

T-regulatory cells

Much of the CD4 T-cell research in cancer has been focused
on T-regulatory (Treg) cells, which are defined as the CD4
population that negatively impacts the anti-tumor immune
response in mouse tumor models and human patients (74,
75). As a prominent CD4 T-cell population in the tumor, Tregs
represent ~15-30% of the infiltrating CD4 T cells in human
patients (76, 77). Tregs generally hinder the anti-tumor re-
sponse, as these cells are associated with reduced CD8
T-cell function, greater tumor burden and poor clinical prog-
nosis. In fact, depletion of Tregs in vivo induces a more ef-
fective CD8 T-cell anti-tumor response, followed by rejection
of the tumor in various murine tumor models (78-81).

The suppressive nature of Tregs is attributed to the constitu-
tively high expression of the high-affinity IL-2 receptor (CD25),
and inhibitory CTLA4 and TIGIT molecules. Additionally, these
cells secrete high levels of immunoregulatory soluble factors
including IL-10 and transcription growth factor f§ (TGF-f) that
differentially regulate T cells and DCs in peripheral tissues
(74, 75). How these soluble factors regulate the maintenance
of stem-like CD8 T cells or their differentiation in cancer is not
completely understood. Thus, we can use what we know from
chronic viral infection models to speculate into how they may
regulate the anti-tumor response.

IL-10 is an immunoregulatory cytokine that promotes the
maintenance of CD8 T-cell exhaustion and attenuates effector
CD8 T-cell responses in chronic viral infections (82). Although
elevated levels of plasma/serum IL-10 are reported in cancer
patients, the role of this cytokine in tumors is still unclear as
both stimulatory and suppressive actions are reported, thus
requiring further examination (83-85).

TGF-p is a cytokine with diverse immunoregulatory homeo-
static functions (86); however the elevated blood levels
during chronic LCMV infection, as well as in HIV-infected (61)
or hepatitis C virus (HCV)-infected patients are associated
with weak T-cell responses and viral persistence (86-89).
TGF-B signaling via apoptosis-dependent pathways regu-
lates the magnitude of the virus-specific CD8 T-cell pool in
chronic LCMV infection (90). Although TGF-f regulates cell
death, consistent signaling via the TGF-p receptor was not
associated with further reduced function in the exhausted
CD8 T-cell populations (90, 91). Although the role of TGF-
B in chronic antigen settings is not fully understood, TGF-f
signaling may be an important component that controls the
CD8 effector response in cancer, thus preventing excessive
pathophysiology and burnout of responsive CD8 T cells.
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Recent data suggest that TGF-3, via its primary receptor
(TGFBRI), may serve to maintain CD8 T cells in a ‘quiescent’
state prior to receiving all the signals required for full CD8 T-cell
differentiation (92). Inhibitory TGF-p signaling is dominant
during CD8 T-cell activation to low-affinity antigens and, in en-
vironments of poor immunogenicity, TGFBRI down-regulation
does not occur, which prevents complete differentiation into
an effector state (92). This suppressive role of TGF-§ is par-
ticularly relevant in the tumor microenvironment, where TGF-f3
levels are elevated (93-95) and the majority of tumor antigens
are of medium-low affinity (4, 24, 28). The maintenance of CD8
T cells of medium to low affinity during chronic antigen ex-
posure is also common among viral infections in human and
mice, whereas high-affinity CD8 T cells are deleted from the
responsive pool (96, 97). In chronic LCMV and cytomegalo-
virus (CMV) infection, it was recently described that the TCR
repertoire is drastically curtailed compared to acute infection,
further showing that the repertoire is selected, and the diversity
is reduced during chronic antigen stimulation (98, 99). TGF-§3,
therefore, could be one of the signals that maintain stem-like
CD8 T cells in a quiescent state in the tumor, helping to sus-
tain the anti-tumor response for long periods of time. These
observations are supported by various cancer studies, where
expression of cytolytic molecules was noted after reduction of
the TGF-p signaling in CD8 T cells (95, 100, 101).

When attempting to promote effective anti-tumor immune
responses, we must consider how the balance of stem-like
and terminally differentiated CD8 T cells would be affected.
Treg cells suppressing CD8 T-cell differentiation via the se-
cretion of TGF-p suggests that their presence in the tumor
niche may be an important regulatory step to maintain the
balance of stem-like CD8 T cells and terminally differentiated
cells in the tumor (Fig. 3).

T-follicular-helper-like CD4 T cells

Naive CD4 T cells have the ability to differentiate into various
helper lineages with differing effector functions and the ability
to produce selective cytokines and chemokines (102). CD4
T-cell differentiation during chronic infections is diverted away
from the typical T-helper 1 (T, 1)-biased response to acute
viral infections and, instead, skews the response towards a
T-follicular-helper (Tfh) phenotype as the infection persists
(59, 103). Concomitantly, the majority of virus-specific CD4
T cells at late timepoints during chronic LCMV infection ex-
press CXCR5, produce high levels of IL-21 and have a re-
duced capacity for T, 1-associated cytokine production (103).
Tfh cells are known to express cellular factors or to secrete
selective cytokines, for example CD40 ligand (CD40L) or
IL-21, that are known to recruit CD8 T cells and enhance their
effector functions.

Although B-cell responses contribute to viral clearance, the
Tfh bias of CD4 T cells has been shown to be beneficial for
CD8 T-cell maintenance and effector functions. IL-21 has been
reported as one of the critical soluble factors that sustains the
CD8 T-cell response during chronic viral infections (39, 54,
58). Specifically, lack of IL-21 signaling in virus-specific CD8
T cells resulted in an accumulation of stem-like CD8 T cells
and prevented them from giving rise to the terminally differen-
tiated subset. Although stem-like cells are required to sustain
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the virus-specific CD8 response, their continued differen-
tiation into terminally differentiated TIM3* cells are needed
to control the virus. In addition to promoting stem-like differ-
entiation, IL-21 was reported to drive CD8 T cells to a more
functional and less ‘exhausted’ effector state, characterized
by expression of the chemokine receptor CX3CR1 and highly
associated with viral control (35, 39).

Additionally, it has been proposed that the Tfh CD4 lineage
bias may benefit the host by reduction of T, 1-dependent
immunopathology (59). These data are suggestive of a con-
nection between the lineage differentiation changes within
the CD4 T-cell compartment and the factors needed to both
sustain CD8 T-cell responses in chronic antigen settings and
promote differentiation of stem-like CD8 T cells. These ob-
servations can be related back to potential mechanisms of
tumor-infiltrating Tth-like CD4 cells that could benefit the CD8
T-cell tumor response.

Among the diverse populations infiltrating tumors, a Tth-
like cell with high expression of PD-1 and CXCL13 was found
within various human cancers (67, 71-73). Tfh-like cells ap-
pear to benefit the anti-tumor response, as high infiltration
of TCF1* CXCL13* CD4 T cells in melanoma or colorectal
cancer patients was associated with increased survival and
immunoprotective CD8 T-cell responses (104-106). Tth cells
are known for their role in synchronizing germinal-center re-
sponses for high-affinity antibody production (107) rendering
their presence in the tumor unexpected. However, given
that soluble factors known to be secreted by Tfh cells drive
stem-like CD8 T-cell differentiation in chronic viral infections,
it may suggest that a common Tfh differentiation program
exists that may benefit the CD8 T-cell response.

One possibility is that Tfh-like cells positively influence the anti-
tumor response by organizing lymphoid-like or tertiary lymphoid
structures in the tumor tissue that maintain the stem-like CD8
T cells in peripheral tissues. In support of this hypothesis, the
lymphoid-like structures reported by our group within kidney
and prostate tumors had high infiltration of TCF1-expressing
non-CD8 cells that could fit the CD4 Tfh-like phenotype within
these structures. Additionally, Tfh cells produce a variety of
chemokines, in particular CXCL13, which could recruit and or-
ganize CXCR5-expressing stem-like CD8 T cells in the tumor.

Another possibility includes the secretion of IL-21 to induce
terminal CD8 T-cell differentiation in the tertiary lymphoid-like
structures within the tumor (Fig. 3). Evidence in support of this
proposed mechanism in cancer comes from a recent paper
describing a critical role for IL-21 for CD8 T-cell differentiation
into a transitory (CX3CR1+*) exhausted population of termin-
ally differentiated cells expressing high levels of cytotoxic
molecules (39). Importantly, this population of terminally dif-
ferentiated cells was also critical for controlling tumor growth
in a murine melanoma model. IL-21 has also been described
as a potent inducer of tumor regression activity in adoptively
transferred human CD8 T cells (108). Differentiation biases,
as well as the presence of a Tth-like cell in tumors, suggests
that the signals and soluble factors needed to sustain an ef-
fective CD8 T-cell response in chronic antigen settings are
different from acute infections. Tfh-like dependent factors,
including IL-21 and CXCL13, may play a positive role in or-
ganizing stem-like CD8 T cells and driving their differenti-
ation in the tumor (Fig. 3). Although an interesting hypothesis,

much more remains to be learned about Tfh-like cells and
their role in cancer.

T,1 cells and other helper CD4 T-cell subsets in cancer

Recent single-cell analysis reported the infiltration of cyto-
toxic T, 1-like cells and T 1 cells expressing high levels of
checkpoint molecules in various human cancers (67, 71—
73). The presence of T 1 and T, 1-like cytotoxic CD4 T cells
is positively associated with improved outcomes in cancer
patients (67, 109). Although their lineage differentiation is
still unclear, some evidence indicates that cytolytic T, 1-like
cells are driven by the transcription factors eomesodermin
(Eomes) and/or T-box expressed in T cells (Tbet) and have
anti-tumor activity via the production of IFN-y and secretion of
granzyme and perforin molecules.

In addition to T,1 cells and cytotoxic CD4 T cells, T,17
cells have also been suggested to be beneficial in tumor re-
sponses. Although their presence in tumors is rare, in vitro
polarized T, 17 cells can outperform T 1 and naive cells in
adoptive cell therapy, as they exhibit a stem-like phenotype
and enhanced cytotoxicity (110, 111).

Overall, these data suggest that various CD4 helper
subsets help to support the CD8 response in the tumor either
via direct mechanisms or indirectly via the production of sol-
uble factors. Further research must be conducted to deter-
mine the differentiation bias of CD4 T cells in cancer and the
mechanisms by which each subset helps to support CD8 T
cells and their differentiation in cancer.

CDAT cells relay help-signals via DCs that support
CD8 T-cell differentiation in the tumor

In addition to soluble factors secreted by CD4 T cells to en-
hance the CD8 T-cell response, DC ‘licensing’ has been pro-
posed as an alternative mechanism to enhance CD8 T-cell
function and promote their differentiation. In the absence of
innate pathogen-derived signals, an antigen-specific contact
between DCs and CD4 T cells may be needed to enhance the
antigen presentation and co-stimulatory signals from DCs that
will be relayed to CD8 T cells for their full activation/differenti-
ation (65). Intravital imaging revealed that this form of CD4 T-cell
help is delivered via cell-cell contact through CD40-CD40L
interactions, where CD4 and CD8 T cells interact with the same
DC after their initial independent activation (112). These sec-
ondary signals up-regulate the expression of co-stimulatory lig-
ands CD80/CD86 and CD70 on the DC, as well as increasing
the production of stimulating cytokines (65, 113).

In support of this mechanism, various studies have shown
that CD70 and CD80/CD86 up-regulation via CD40 or Toll-
like receptor (TLR) stimulation on DCs is sufficient to induce
potent CD8 T-cell effector responses in the absence of CD4
T cells during viral infections (112, 114). This can also be re-
capitulated in a therapeutic tumor-vaccination model, where
CD4 T-cell help contributed to CD70 expression on DCs and
optimized CD8 T-cell effector and cytolytic functions (63).
In cancer, the absence of pathogen-derived signals and
the suppressive nature of the tumor microenvironment re-
duce the antigen-presenting and co-stimulatory capacities
of DCs (115).



In the tumor lymphoid-like structures, DC licensing could be a
critical mechanism that promotes up-regulation of co-stimulatory
molecules on DCs, rendering CD4 T-cell help as a potential
mechanism for effective CD8 terminal differentiation in the tumor.
Tfh-like cells express high levels of CD40L and could serve as
the helper CD4 T-cell to deliver this signal in the tumor. In this
differentiation model, effective CD8 anti-tumor responses are
therefore dependent on signals received at a second step in the
tumor where CD4 T-cell help is needed for DC licensing or for se-
cretion of soluble factors that promote the transition of stem-like
to terminally differentiated CD8 T cells (Fig. 3). CD4 ‘help’ in
cancer would thus require DCs, CD4 T cells and CD8 T cells
to interact in an organized manner in the tumor. As previously
mentioned, intravital microscopy and immune profiling of various
tumors have described APCs and activated populations of
CD8 and CD4 T-cell residing in structured lymphoid-like struc-
tures that could serve as the ideal location for the delivery of
these secondary signals that drive terminal differentiation of the
stem-like CD8 T cells.

Taken together, the tumor and chronic viral infection data pro-
vide a basis for the hypothesis that CD4 T-cell subsets may play
a broader and positive role to support the anti-tumor response.

Conclusion—CD8 T-cell differentiation occurs in
the tumor

The CD8 T-cell response is critical to disease control and to re-
sponses to checkpoint blockade therapy. On the basis of the
data examined, we discuss the possibility of a tumor CD8 T-cell
differentiation model that incorporates the help of DCs, CD4 T
cells and organized lymphoid-like structures in tumors. The
stem-like CD8 T-cell population must continuously proliferate and
give rise to terminally differentiated cells to sustain an efficient
response in the tumor. The stem-like CD8 T-cell therefore acts
as an undifferentiated exhausted precursor and resides within
lymphoid-like structures in the tumor. We propose that stem-like
CD8 T cells are maintained in a quiescent state in a protective
lymphoid-like ‘niche’ within the tumor, similar to the splenic white
pulp waiting for secondary differentiation signals to be delivered.

In addition, we propose that stem-like CD8 T cells require a
secondary signal for effector differentiation in the tumor. This sec-
ondary differentiation signal may come from a collaborative effort
from CD4 and the DCs residing within the same ‘niche’. The lack
of innate signals and the immunosuppressive environment may
require DC licensing by helper CD4 T cells via CD40-CD40L
signaling within the tumor. Additionally, secretion of IL-21 from
helper CD4 T cells may further drive stem-like CD8 differentiation.
The combination of these signals may act to sustain a stem-like
CD8 T-cell population that can be maintained for long periods of
time within the tumor while driving the production of terminally dif-
ferentiated cells that are essential for disease and tumor control
(Fig. 3). Further investigation into these mechanisms is needed to
fully understand how the T-cell response in cancer.
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