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Abstract

Tumor-draining lymph nodes function paradoxically not only as key sites for the priming
and coordination of anti-tumor CD8+ T cell responses but also as regional hubs through
which invading tumor cells can seed distant metastases. The quality of tumor-specific CD8+
T cells elicited at this site is therefore a critical determinant of the outcome of anti-tumor
immunity and cancer progression. Recent studies have demonstrated the significance
of CD8+ T cell dysfunction within tumor-draining lymph nodes, highlighting it as an
important means of tumor immune escape that may arise early in the course of cancer
progression. This review aims to bring attention to emerging data on this topic, with
particular focus given to the implications that lymph-node-resident CD8+ T cell dysfunction
has both for cancer immunotherapy and for pre-metastatic niche formation during early
stages of cancer progression.
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1. Introduction
As critical effectors of both natural and therapy-associated anti-tumor immune re-

sponses, CD8+ T cells have been the subject of intense study in the field of cancer im-
munology for over two decades. Recognizing the significance of these cells to the overall
outcome of anti-tumor immune responses, in 2013, Chen and Mellman described the
Cancer-Immunity cycle, a step-wise sequence of events that are essential to achieving CD8+
T cell-mediated control of tumors [1]. Spanning everything from the initial release and cap-
ture of tumor antigen (Ag) by Ag-presenting cells (APC) to the elimination of cancer cells
by cytotoxic T lymphocytes (CTL) primed against said tumor Ag, the Cancer-Immunity
cycle encompasses a broad spectrum of events that are controlled at each step by a range
of competing immunoregulatory factors. Ultimately dictating whether any given step of
the cycle is propagated forward or halted from further amplification, it is the balance of
these regulatory factors that, in turn, determines whether successful anti-tumor immune
reactivity or, alternatively, tumor immune evasion is achieved.

One of the key rate-limiting steps of the Cancer-Immunity cycle that has garnered
significant attention over the last several years is the priming and activation of naïve
CD8+ T lymphocytes within tumor-draining lymph nodes (TDLNs). As principal sites
of anti-tumor T cell priming, TDLNs are also notably one of the first sites of tumor cell
metastasis during cancer progression, functioning as conduits for tumor cell access to
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lymph node blood vessels for subsequent spread to distant organs [2,3]. As such, TDLNs
can be viewed not only as key hubs for orchestrating anti-tumor immune responses that
limit cancer progression but, paradoxically, also as a gateway for the dissemination of
tumor cells that occurs during disease progression. Based on the significance of these
processes to overall disease outcome, it is critical that we improve our understanding of the
various factors that influence tumor cell invasion of regional lymph nodes (LNs) and the
quality of anti-tumor immune responses elicited at these sites. In this regard, we and others
have recently documented the induction of CD8+ T cell dysfunction within TDLNs as an
early event that may arise during the initial stages of T lymphocyte priming, even in the
absence of LN invasion by cancer cells. This review discusses these findings and related
work in the field, and it highlights the implications of various forms of TDLN-associated
immune dysfunction, both for immunotherapeutic strategies that aim to overcome LN-
resident CD8+ T cell dysfunction and for the potential role that early immune dysfunction
within TDLNs might play in establishing a pre-metastatic niche that supports eventual LN
invasion and cancer progression.

2. CD8+ T Cell Dysfunction Within Tumor-Draining Lymph Nodes
LN invasion and tumor burden within involved LNs are well-established as poor

prognostic factors for patient survival [4–11], and numerous reports have documented
LN involvement as a correlate of tumor-specific CD8+ T cell dysfunction [12–16]. As
described in many of these early studies, the recovery of tumor Ag-specific T cells from
lymphoid compartments, tumors, and peripheral blood of melanoma patients provided
some of the earliest evidence that CD8+ T cells could be engaged in anti-tumor immunity.
At the same time, though the elevated frequency of these cells in many cancer patients
reflected the potential of T lymphocytes to mount a proliferative response following tumor
Ag recognition, the routine absence of effector function in tumor-specific T cells pointed
early on to challenges in eliciting and maintaining robust anti-tumor immunity. Unclear
whether the T cell dysfunction observed in these clinical settings reflected suboptimal
stimulation of naïve T cells or active inhibition of once appropriately stimulated cells that
had fully differentiated but later become suppressed, in 2006 our group became one of
the first to describe incomplete differentiation as a novel form of tumor-specific CD8+ T
cell dysfunction [17]. Specifically, we found that incomplete differentiation arises shortly
after naïve T cell priming within TDLNs and is distinct from other forms of anti-tumor
T lymphocyte dysfunction such as anergy (a hyporesponsive state in which T cells also
exhibit diminished proliferative capacity) and exhaustion (an impaired state in which previ-
ously differentiated effector T cells exhibit reduced functionality over time). Using murine
melanomas engineered to express either the OVA257 epitope of cytoplasmic chicken oval-
bumin as a model neoAg or the Tyr369 epitope derived from the melanocyte differentiation
protein tyrosinase, we found that Ag-specific T cells primed within tumor-involved LNs
underwent robust proliferation but failed to acquire IFNγ-secreting or cytolytic effector
functions, regardless of whether tumor Ag was cross-presented by host APC or directly
presented by LN-infiltrating melanoma cells.

Because suppressive factors within the tumor microenvironment (TME) are known to
compromise the quality of T lymphocyte responses [18], we recently extended our earlier
work on incomplete differentiation to investigate whether its induction was dependent
on lymph node invasion by the tumor. In contrast to other forms of T cell dysfunction
that arise specifically within the context of tumor-involved LNs [19,20], we found that
incomplete differentiation may arise very early in the course of tumor progression, prior to
tumor cell invasion of regional LNs [21]. Employing a melanoma lung colonization model,
we examined the differentiation of OT-I cells in lung-draining paratracheal LNs following
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intravenous challenge with cytoplasmic ovalbumin-expressing variants of the LN-invasive
B16-F1 melanoma and the LN-non-invasive D5.1G4 melanoma. Although naive OT-I cells
differentiated into functional effectors within the paratracheal LNs following their transfer
into mice that had been challenged one day earlier with either melanoma cell line, they
failed to acquire effector function when transferred into mice bearing more established
tumors in the lung. Interestingly, this dysfunctional phenotype arose whether tumor Ag
was derived from the rapidly progressing B16-F1 melanoma or the more stable D5.1G4
melanoma, and it was observed whether OT-I cells encountered tumor Ag within the
context of tumor-free LNs (as existed in mice bearing 7-day old B16-F1 and 7-/14-day
old D5.1G4 tumors) or tumor-involved LNs (as existed in mice bearing 14-day-old B16-F1
tumors). Importantly, we note that the phenotype we describe did not arise from chronic
antigenic stimulation in our model but instead arose during the priming phase of the
anti-tumor T cell response. Indeed, though we monitored OT-I priming and differentiation
at various stages of tumor progression, we did so by transferring these cells into mice
bearing pre-established tumors, and we evaluated their effector function upon recovery
from paratracheal LNs five days post-transfer, regardless of the stage of tumor progression
at the time of transfer.

A failure of tumor-specific CD8+ T cells to fully differentiate into cytolytic effectors
within TDLNs has also been reported by Prokhnevaska et al., who recently demonstrated
that anti-tumor T cell activation occurs in two distinct stages: an initial priming phase that
takes place in TDLNs and a subsequent effector differentiation phase that occurs upon T
cell migration to the tumor [22]. Using various transplantable murine tumor models, they
found that LN-resident, tumor-specific CD8+ T cells acquire a stem-like TCF1+ phenotype
and undergo several rounds of division upon transfer into tumor-bearing mice, but these
cells do not acquire cytolytic effector function until transitioning to terminally differentiated
effectors in the tumor, where they receive additional costimulation from tumor-associated
APC. Similar observations were also made by Connolly et al. in the KP-NINJA inducible
model of lung cancer after evaluating T cell responses to programmable neoAgs. In this
model, it was demonstrated that TDLNs maintain a long-term reservoir of stem-like CD8+ T
cells that are clonally related to more terminally differentiated T cells within the tumor [23].
Although there are many similarities in the incompletely differentiated T cells described in
our various models, it is worth noting that, unlike in our system, the stem-like CD8+ T cells
recovered from TDLNs in these other studies did produce effector cytokines upon ex vivo
restimulation, highlighting their potential for responsiveness to subsequent Ag recognition.
Although the reason for the discrepant responses to restimulation in our models remains
unclear, it is possible that differences in the model Ags employed in our studies—and
thus the strength of TCR signaling that occurs during priming in our various experimental
systems—may account for this difference. Additionally, tumor model-specific variation
in the collective signals transmitted through costimulatory/co-inhibitory receptors and
cytokine receptors that also contribute to T lymphocyte programming and overall function-
ality might also contribute to these differences. Regardless, just as LN-resident stem-like T
cells retain the potential for effector differentiation and are not irreversibly suppressed in
the Prokhnevaska and Connolly studies, we found in our model that tumor-specific CD8+
T cells within the TDLN compartment are indeed capable of acquiring effector functionality,
as these cells do differentiate into IFNγ-secreting effectors when IL-12 is administered
during the course of their TDLN priming [24].

Though we cannot formally rule out the possibility that the incompletely differentiated
phenotype we have described represents an earlier precursor stage in a developmental
trajectory that would ultimately yield the stem-like pre-terminally differentiated phenotype
reported by Prokhnevaska et al. and Connolly et al., two pieces of evidence suggest that
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the tumor-reactive but IFNγ- and cytolytic-deficient CD8+ T cells we have observed arise
independent of this progressive differentiation program. First, if the CD8+ T cells in our
model represented an earlier stage of such a linear differentiation trajectory, we would
expect that they should be rescuable by the same interventions that drive effector activity
in their would-be stem-like descendants that have not yet progressed to a terminally dif-
ferentiated state. However, as discussed in more detail below, while checkpoint blockade
therapy promotes effector function in stem-like pre-terminally differentiated tumor-specific
CD8+ T cells, it does not induce effector activity in the highly proliferative but incompletely
differentiated T cells observed in our model [24]. Second, while Horton et al. have recently
described a phenotype similar to ours in CD8+ T cells responding to two different models of
lung cancer, they found that incomplete differentiation arose specifically in lung-draining
LNs of mice bearing orthotopic lung tumors and not in inguinal LN draining tumors
implanted in the flank, where T cell priming drove a distinct stem-like precursor-exhausted
phenotype more akin to that described in the Prokhnevaska et al. and Connolly et al.
studies [25]. Consistent with emerging data on the role of LN heterogeneity as a critical
determinant of T cell immunity [26], this same group has more recently demonstrated
that dysfunctional CD8+ T cell priming within lung-draining LNs arises from more po-
tent regulatory T cell (Treg)-mediated suppression of type 1 conventional DC within this
compartment as compared to flank-draining inguinal LNs [27]. Collectively, these data
highlight the role of LN-specific microenvironmental cues as a determinant of CD8+ T
cell differentiation outcome, and they suggest that there are indeed distinct trajectories
along which tumor-specific T cells may differentiate to yield unique forms of anti-tumor
immune dysfunction.

Further distinguishing incomplete differentiation from exhaustion as a form of antitu-
mor immune dysfunction is our formal demonstration that incomplete T cell differentiation
may arise within the context of both tumor-free and tumor-involved LNs, a finding that
is in contrast with other studies reporting LN-resident T cell exhaustion as a form of anti-
tumor immune dysfunction that arises specifically within tumor-involved LNs [20,28].
Such exhaustion is triggered by chronic antigenic stimulation, engagement of co-inhibitory
receptors, and immunosuppressive remodeling of LN tissue upon infiltration by the tumor.
In contrast to incomplete differentiation, which is associated with suboptimal stimulation
during naïve T lymphocyte priming, T cell exhaustion is a more challenging form of dys-
function to overcome due to the stability of the epigenetic reprogramming that occurs
during acquisition of the terminally exhausted phenotype [29]. As a result, although anti-
tumor T cell dysfunction may arise within TDLNs prior to metastatic infiltration by the
tumor, LN invasion presents an additional barrier to the maintenance of responses that
have already been initiated in these compartments, as discussed in more detail below.

3. Implications of Lymph-Node-Resident CD8+ T Cell Dysfunction for
Cancer Immunotherapy

As a key reservoir of CD8+ T cells capable of responding to tumors, TDLNs have
emerged as sites of significant relevance to cancer immunotherapy. In this regard, targeted
delivery of CTLA-4 and PD-1 checkpoint inhibitors to TDLNs improves the anti-tumor re-
sponse to these therapeutics [30], and the efficacy of PD-1/PD-L1 checkpoint blockade has
specifically been shown to depend on CD8+ T lymphocytes activated within TDLNs [31–33].
In particular, TDLN-resident tumor-specific memory (TTSM) CD8+ T cells and a differen-
tiated subset of this population characterized by Tcf1 expression and termed progenitor
exhausted T cells (Tpex) have both been shown to mediate immunotherapy-driven tumor
control [33–35]. This latter Tpex subset has also been shown to provide the proliferative
burst following checkpoint blockade therapy and is clonally related to more differenti-
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ated populations of intermediate exhausted cells (Tex-int) and terminally exhausted cells
(Tex-term) that accumulate over time in the tumor. As such, this population has garnered
significant interest for its potential to serve as a sustainable source of tumor-infiltrating
effectors that are capable of maintaining the anti-tumor immune response, especially as
those cells previously engaged in the response become terminally exhausted and lose effec-
tor function within the TME [20,23,36]. Consistent with recent reports that LN involvement
by cancer cells correlates negatively with patient response to immunotherapy [37,38], these
LN-resident Tpex, although found to be abundant in tumor-free LNs, were nearly absent
in metastatic LNs of head and neck squamous cell carcinoma (HNSCC) patients. Replaced
primarily by dysfunctional Tex-term cells, the few CD8+ T lymphocytes with Tpex and
Tex-int phenotypes that remained within remodeled tumor-involved LNs of these patients
were spatially localized to immunosuppressive niches enriched in tolerogenic DC and Treg
populations, further highlighting the potential of LN invasion by tumor cells to disrupt
TDLN-associated immune system dynamics [20].

Though the aforementioned studies document important immunologic consequences
of LN invasion by the tumor, our recent work demonstrates that CD8+ T cell dysfunc-
tion at this site does not necessarily depend on metastatic involvement of the TDLNs.
Indeed, while we have observed incomplete differentiation of CD8+ T cells shortly after
their priming within tumor-involved LNs, we also consistently observe this incompletely
differentiated phenotype when T cells respond within tumor-free LNs as well. We note
also that the phenotype we have described is not limited to T cells responding against
melanoma, as a similarly dysfunctional phenotype characterized by CD8+ T cell prolifera-
tion that is decoupled from acquisition of effector function has also been described in the
aforementioned Horton et al. study, both in a murine model of lung cancer and in patients
with non-small-cell lung cancer (NSCLC) [25]. Consistent with work in our melanoma
model [24], Horton et al. also found that incomplete T cell differentiation arose shortly
after tumor Ag recognition and was distinct from T cell exhaustion, as it could not be
prevented by checkpoint inhibition during T lymphocyte priming. Interestingly, however,
we both found that administration of exogenous IL-12 (or a combination of IL-12 and IL-2)
during the priming phase of the anti-tumor response led to functional CD8+ T cell effector
differentiation, suggesting that incomplete differentiation is a consequence of suboptimal
stimulation rather than active T cell suppression.

Having found that incomplete differentiation arises regardless of whether tumor
Ag is cross-presented by endogenous host APC or directly presented by LN-invading
tumor cells, and based on the observation that CD8+ T cells in our system were capable of
differentiating into functional effectors in both tumor-free and tumor-involved LNs when
IL-12 was administered or when Ag was presented by CD40L-activated bone marrow-
derived DC [17], we hypothesize that incomplete anti-tumor T cell differentiation arises
as a result of the poor immunogenicity of both tumor cells and tumor-associated APC.
With regard to the latter, we have previously shown that soluble melanoma-derived factors
alter the maturation and activation of DC [39,40], and although Horton et al. did not
observe any ex vivo defects in the T cell stimulatory capacity of cross-presenting DC that
had acquired tumor Ag in their model, a more recent follow-up study from the Spranger
group found that the T cell stimulatory capacity of these DC was indeed restrained when
Tregs harvested from LN draining tumor-bearing lung tissue were also included in ex vivo
cultures. Importantly, this priming defect was DC-dependent and not the result of direct
Treg-mediated suppression of CD8+ T cells, as Tregs from this compartment did not inhibit
CD8+ T cell effector differentiation when these cells were stimulated with plate-bound anti-
CD3/anti-CD28 in place of cross-presenting TDLN-derived DC. Also of note, the inability
of Treg-restrained DC from lung-draining LNs to prime effector T cell differentiation was
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not due to an inability of these cells to acquire or present tumor Ag but instead could
be attributed to insufficient accessory signaling from these cells, a defect that could be
overcome by providing artificial anti-CD28 costimulation and supplemental IL-12 [27].
Together, these data provide compelling evidence that the poor immunogenicity of TDLN-
resident DC is responsible for the induction of incomplete CD8+ T cell differentiation.

Though we posit that the incompletely differentiated CD8+ T cells described by the
Spranger group and our own are distinct from the stem-like Tpex reported by others, it
is worth noting that this latter population is also known to arise from aberrant stimula-
tion during priming. Indeed, in their recent study of patients with LN-invasive HNSCC,
Rahim et al. found that while most CD8+ T cells had been driven toward a terminally
exhausted state of differentiation within metastatic LN, the remaining Tpex in this com-
partment were cells that had actually failed to differentiate and that were localized near
DC with a tolerogenic phenotype [20]. Though such Tpex might still have the potential
to become effectors should they receive subsequent costimulation after infiltrating the
primary tumor [22], it is just as likely that the immunosuppressive nature of the TME will
often preclude the additional costimulation needed for complete effector differentiation.
In light of this possibility, interventions that improve the anti-tumor immunogenicity of
DC, such as therapeutic vaccination with exogenously stimulated DC or treatment with
agents that expand and activate endogenous tumor-associated DC, hold great potential
for enhancing the quality of tumor-specific CD8+ T cell responses, particularly as they can
support not only the effector differentiation of these cells but also their responsiveness
to checkpoint inhibitors whose ability to maintain T cell functionality relies on interfer-
ence with inhibitory receptors expressed primarily on activated T lymphocytes. In this
regard, DC that have been expanded intratumorally with the growth factor Flt3L have
been successfully activated in preclinical settings using various strategies, including locally
delivered anti-CD40 [36], poly I:C [41], and oncolytic virus therapy [42], with each leading
to augmented effector CD8+ T cell activation in TDLN. Such localized approaches to boost
anti-tumor immunity are especially attractive as they: (1) overcome toxicity-related issues
that otherwise arise from systemic delivery of immunostimulatory cytokines like IL-12 that
are needed to support effector CD8+ T cell differentiation but which also have deleterious
consequences when administered more broadly; and (2) have potential to bypass the need
for CD40L-mediated licensing of DC by CD4+ T cells, an interaction that is critical for
optimal priming of anti-tumor CD8+ T cells [43] but which can itself also be compromised
within the hostile confines of the TME. The challenge going forward will be to identify
biomarkers predictive of the various forms of T cell dysfunction described herein so that
these therapeutic interventions can be appropriately leveraged not only in patients with
advanced disease but also in early-stage, pre-metastatic patients whose TDLN-resident
T cells could still be prone to dysfunctional states that might permit disease progression
or recurrence after initial treatment. Though such interventions would not be feasible or
even recommended in all cases, they might prove beneficial for patients whose primary
tumors display histologic features or molecular signatures/biomarkers associated with
aggressive disease.

Finally, it should be noted that although defective CD8+ T cell priming has been
reported in multiple cancer types, with both tumor- and context-dependent influences
impacting the specific nature of the ensuing T cell differentiation program, such defective
priming has not to date been linked with T cell exclusion from tumor tissue. Indeed,
Horton et al. found in their model that lung tumors were well-infiltrated by incompletely
differentiated CD8+ T cells, and to a significantly greater extent than flank tumors, even
though the latter were associated with the activation of a more potent, ICB-responsive T
cell differentiation program in cells primed within the skin-draining inguinal LNs [25]. In
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contrast to the dysfunctional T cell responses that arise from suboptimal priming in TDLNs,
T cell exclusion from “immune cold” tumors is most often a consequence of: (1) a lack of
tumor immunogenicity altogether or (2) a failure of primed T cells to be recruited into tumor
tissue. Because both of these limitations have also been attributed to tumor-associated influ-
ences on DC [44,45], interventions such as those discussed above that expand and activate
tumor-infiltrating DC also have the potential to transform immunologically “cold” tumors
into immunologically “hot” ones that are more responsive to T cell-based immunotherapy.

4. Lymph-Node-Resident CD8+ T Cell Dysfunction as an Early Factor in
the Establishment of a Pre-Metastatic Niche That Supports
Tumor Progression

It has become widely appreciated that one of the key factors contributing to cancer
progression is the formation, often early in the course of tumor development, of a pre-
metastatic niche in sites distant from the primary tumor. First recognized by Stephen
Paget in 1889 when he proposed his “seed and soil” hypothesis after observing nonrandom
patterns of metastasis in patients with breast cancer [46], the idea that developing tumors
prepare regional and distant tissues to become favorable sites for subsequent metastatic
invasion has received considerable attention in the current era of cellular and molecular
oncology [47]. Based on the potential of TDLNs to foster more widespread metastasis [2,3],
understanding the factors that support pre-metastatic niche formation at these sites has
become a particularly relevant area of investigation in recent years.

One mechanism of pre-metastatic niche formation that has been found to condition
TDLNs for cancer cell invasion involves the release of exosomes or other small extracellular
vesicles from the primary tumor. As carriers of a diverse range of tumor-derived cargo,
such vesicles are capable of remodeling TDLNs in a number of ways that ultimately favor
LN invasion. Independent of tumor immunity, these vesicles have been shown to activate
cell signaling pathways that support tumor cell migration/recruitment, extracellular matrix
deposition, and vascular growth within LN tissue [48]. Additionally, others have reported
immunologic consequences of extracellular vesicle-mediated LN conditioning that favor
tumor cell invasion and growth within these immune-rich environments. In the Lewis
lung carcinoma model, Morrissey et al. found that tumor-derived exosomes reprogram
macrophages from oxidative toward glycolytic metabolism, a shift that was driven by
exosome-induced GLUT1 expression and increased glucose uptake. This metabolic shift in
turn promoted the release of lactic acid that polarized macrophages toward an immuno-
suppressive phenotype characterized by high expression of PD-L1. Though work in this
murine model focused on the role of these macrophages in establishing a pre-metastatic
niche within lung tissue rather than LNs, analyses of tumor-free TDLNs of NSCLC patients
also revealed elevated M2-like macrophages when compared to LNs obtained from healthy
donors, and the frequency of this LN-resident immunosuppressive macrophage population
across cancer patients indeed correlated with expression of the exosome-release gene YKT6
in the primary lung tumor, suggesting that this mechanism may promote LN metastasis
in patients as well [49]. More direct evidence for this type of TDLN pre-conditioning has
come from studies in melanoma, where small tumor-derived extracellular vesicles have
likewise been shown to induce immune suppression in TDLNs prior to LN metastasis.
In addition to exhibiting nerve growth factor receptor (NGFR)-dependent effects on LN
stromal cells that augment lymphangiogenesis and tumor cell adhesion [50], these vesicles
have also been found to shuttle tumor Ag to cross-presenting LN endothelial cells that
induce apoptosis in Ag-specific CD8+ T cells [51].

Though we have not yet evaluated the role of exosomes in the induction of incomplete
CD8+ T cell differentiation in our model, we argue that the suboptimal T cell stimulation
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that leads to this dysfunctional phenotype may also contribute to pre-metastatic niche
formation within TDLNs, setting the stage for invading tumor cells to escape attack by
functional effectors. As discussed above, our ability to induce effector T cell differentiation
within TDLNs through the administration of exogenous IL-12 or immunization with acti-
vated bone marrow-derived DC demonstrates that LN-resident CD8+ T cells are indeed
capable of responding to tumor Ag in this compartment, and our findings thus point to the
poor immunogenicity of endogenous tumor-associated APC as the root cause of incomplete
differentiation. Importantly, we note also that the dysfunctional phenotype we describe is
restricted to T lymphocytes responding within TDLNs, as T cells in non-draining LNs of
tumor-bearing animals fully differentiate into functional effectors when primed against an
irrelevant Ag not expressed by the tumor at the same time that said Ag still fails to elicit
effector differentiation by CD8+ T cells within TDLNs [17]. That this non-tumor-associated
Ag also induces complete effector differentiation in lung-draining LNs of tumor-free mice
indicates that LN heterogeneity alone cannot account for the differential LN-associated
responses in our model. Collectively, our data suggest that tumor-associated factors specif-
ically within the TDLNs may preclude immunogenic Ag presentation at this site, and it
therefore remains possible in our model that exosome-associated cargo contributes to an
overall tolerogenic microenvironment that is overcome only by provision of exogenous
immunostimulatory agents. In the absence of such agents, however, the lack of effector
function that arises in Ag-specific CD8+ T cells in the early stages of tumor progression
might indeed render TDLNs susceptible to successful infiltration by cancer cells that even-
tually acquire the migratory, invasive, and metabolic properties needed to seed these
compartments. Future experiments will be necessary to determine whether interventions
that support complete CD8+ T cell differentiation in pre-metastatic LNs specifically pre-
clude LN metastasis or limit tumor burden within involved LNs, either of which outcomes
would add support to the hypothesis that induction of T cell dysfunction within TDLNs
prior to LN invasion contributes to pre-metastatic niche formation in this compartment.

Finally, in addition to the previously described mechanisms by which LN-extrinsic
factors may pre-condition TDLNs for metastatic invasion, it has been shown that LN-
intrinsic factors independent of the primary tumor also support metastasis to this site by
creating an immunologically favorable environment for infiltrating tumor cells. Specifically,
Kahn et al. recently found the following: (1) LN-resident Tregs facilitate tumor growth
and survival within TDLNs by locally suppressing tumor-specific CD8+ T cells via IL-2
restriction; and (2) local depletion of Tregs from TDLNs in turn dramatically reduces LN
metastasis [52]. Of note, the Treg-mediated immune suppression described in this study did
not involve pre-conditioning of the TDLNs by the primary tumor, as Ag-experienced CD8+
T cells within the non-draining contralateral LNs likewise failed to acquire cytolytic effector
function. These data thus highlight the LN-intrinsic nature of this immune dysfunction
as an inherent barrier to anti-tumor immunity, one that renders LN tissue an immune-
privileged site for tumor cells with invasive potential. Together with the studies discussed
above, these findings reveal also that there are likely a combination of LN-intrinsic and
-extrinsic factors that limit the generation of functional anti-tumor CD8+ T cell responses in
TDLNs and that ultimately foster formation of a pre-metastatic niche permissive for tumor
engraftment and growth at these sites.

5. Conclusions
The induction and maintenance of anti-tumor CD8+ T cell responses within TDLNs

is a critical aspect of the Cancer-Immunity cycle that is necessary for both endogenous
and therapy-mediated tumor control. Importantly, T cell dysfunction that arises from
sub-optimal priming, chronic antigenic stimulation, or local immunosuppression at this
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site not only has consequences for the immunologic control of primary tumors and the
responsiveness of these cells to immunotherapy, but it also contributes to formation of
a pre-metastatic niche in what is often the first site of metastasis from a primary tumor,
enabling growth of cancerous cells in a compartment that frequently serves as a conduit for
more distant dissemination (Figure 1) [21,29,43,45,46].

 

Figure 1. CD8+ T cell dysfunction within tumor-draining lymph nodes. Various forms of CD8+
T cell dysfunction have been described in the context of tumor-free and tumor-involved lymph
nodes. Incomplete T cell differentiation, characterized by robust proliferation but a failure to acquire
IFNγ-secreting or cytolytic effector activity, may arise during early stages of tumor progression
and has been associated with suboptimal stimulation by both cross-presenting APC and directly
presenting tumor cells in both tumor-free and tumor-involved lymph nodes. T cell exhaustion,
typically within the context of tumor-involved lymph nodes, arises later during the course of tumor
progression as a result of chronic antigenic stimulation and engagement of co-inhibitory receptors.
Non-exhausted forms of anti-tumor T lymphocyte dysfunction may also be induced as a result
of immunosuppressive remodeling of lymph nodes by tumor cells, tumor-derived factors, and
tumor-associated immunoregulatory cells. Created in BioRender [53].

While anti-tumor CD8+ T cell dysfunction has long been appreciated as a byproduct
of the immunologically hostile TME and is well-recognized as a phenomenon associated
with tumor immune escape, emerging evidence has revealed that such dysfunction is not
necessarily restricted to the confines of a tumor or even to late stages of tumor progression.
Our work and that of others has indeed highlighted the significance of CD8+ T cell dysfunc-
tion within TDLNs as a means of immune escape that may arise very early in the course
of tumor development, prior to any metastatic spread from the primary tumor. Based
on these findings, and as highlighted in some of the preclinical studies discussed herein,
LN-targeted immunomodulation is thus emerging as a promising therapeutic approach to
render this critical compartment conducive to the activation and maintenance of functional
anti-tumor CD8+ T cell effectors. Going forward, insights that inform the most appropriate
type and timing of these and related interventions will be key to maximizing the anti-tumor
potential of CD8+ T cell responses elicited within TDLNs.
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