l" frontiers
in Immunology

MINI REVIEW
published: 01 March 2021
doi: 10.3389/fimmu.2021.643291

OPEN ACCESS

Edited by:
Sjoerd H. Van Der Burg,
Leiden University, Netherlands

Reviewed by:

Praveen Bommareddy,

Rutgers, The State University of New
Jersey, United States

Howard L. Kaufman,

Massachusetts General Court,
United States

Daniel Sterman,

New York University, United States

*Correspondence:
Tanja D. de Gruijl
td.degruijl@amsterdamumc.nl

Specialty section:

This article was submitted to

Cancer Immunity and Immunotherapy,
a section of the journal

Frontiers in Immunology

Received: 17 December 2020
Accepted: 09 February 2021
Published: 01 March 2021

Citation:

van Pul KM, Fransen MF,

van de Ven R and de Gruijl TD (2021)
Immunotherapy Goes Local: The
Central Role of Lymph Nodes in
Driving Tumor Infiltration and Efficacy.
Front. Immunol. 12:643291.

doi: 10.3389/fimmu.2021.643291

Check for
updates

Immunotherapy Goes Local: The
Central Role of Lymph Nodes in
Driving Tumor Infiltration and
Efficacy

Kim M. van Pul’, Marieke F. Fransen?, Rieneke van de Ven® and Tanja D. de Gruijl™

" Department of Medical Oncology, Amsterdam University Medical Centers, Cancer Center Amsterdam, Amsterdam Infection
and Immunity Institute, Vrije Universiteit Amsterdam, Amsterdam, Netherlands, ? Deparment of Pulmonary Diseases
Amsterdam University Medical Centers, Cancer Center Amsterdam, Amsterdam Infection and Immunity Institute, Vrije
Universiteit Amsterdam, Amsterdam, Netherlands, ° Department of Otolaryngology/Head-Neck Surgery, Amsterdam
University Medical Centers, Cancer Center Amsterdam, Amsterdam Infection and Immunity Institute, Vrije Universiteit
Amsterdam, Amsterdam, Netherlands

Immune checkpoint blockade (ICB) has changed the therapeutic landscape of oncology
but its impact is limited by primary or secondary resistance. ICB resistance has been
related to a lack of T cells infiltrating into the tumor. Strategies to overcome this hurdle
have so far focused on the tumor microenvironment, but have mostly overlooked the
role of tumor-draining lymph nodes (TDLN). Whereas for CTLA-4 blockade TDLN have
long since been implicated due to its perceived mechanism-of-action involving T cell
priming, only recently has evidence been emerging showing TDLN to be vital for the
efficacy of PD-1 blockade as well. TDLN are targeted by developing tumors to create
an immune suppressed pre-metastatic niche which can lead to priming of dysfunctional
antitumor T cells. In this review, we will discuss the evidence that therapeutic targeting of
TDLN may ensure sufficient antitumor T cell activation and subsequent tumor infiltration
to facilitate effective ICB. Indeed, waves of tumor-specific, proliferating stem cell-like, or
progenitor exhausted T cells, either newly primed or reinvigorated in TDLN, are vital for
PD-1 blockade efficacy. Both tumor-derived migratory dendritic cell (DC) subsets and
DC subsets residing in TDLN, and an interplay between them, have been implicated in
the induction of these T cells, their imprinting for homing and subsequent tumor control.
We propose that therapeutic approaches, involving local delivery of immune modulatory
agents for optimal access to TDLN, aimed at overcoming hampered DC activation, will
enable ICB by promoting T cell recruitment to the tumor, both in early and in advanced
stages of cancer.

Keywords: cancer, tumor draining lymph node, dendritic cell, immune check point, immune exclusion, t cell
exhaustion, CTLA-4, PD-1

INTRODUCTION

Over the past decade, it has become clear that for immune checkpoint blockade (ICB) to work,
tumors need to contain sufficient numbers of infiltrating T cells (1, 2). Particularly in view of the
perceived mechanism-of-action of PD-1 inhibitors this would make sense, since it is supposed to
entail the release of cancer-imposed brakes from tumor-infiltrating cytotoxic effector T cells. An
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intense research effort has therefore been ongoing to characterize
the tumor microenvironment (TME) and find ways to ensure
T-cell infiltration (3, 4). New insights point to the need for
therapeutic targeting of tumor-draining lymph nodes (TDLN),
rather than of the TME, to secure proper antitumor T-cell
generation and at the same time brisk tumor infiltration (5-
8). TDLN can either be more proximal or more distal from
the tumor, but they are all part of the lymph catchment area
of the tumor. As a result of this definition, non-TDLN may
sometimes be more proximal to the tumor than TDLN, but
due to the fact that tumor-derived factors will diffuse through
the lymph basin, be less affected by the tumor, e.g., in terms
of immune suppression (9). A growing number of studies
are exploring the use of systemically administered immune
checkpoint inhibitors (ICI) as neo-adjuvant therapy for patients
in earlier (i.e., resectable) cancer stages (10-13). As in this setting
both the primary tumor and TDLN are still in place (rather
than surgically removed in the adjuvant setting) this approach
will enable simultaneous immune modulation of the TME and
of TDLN. As a result, these studies are generating a renewed
interest in the contribution of TDLN to the efficacy of ICB.
We and others have shown in pre-clinical models that TDLN
play a pivotal role in PD-1/PD-L1 blocking antibody therapy,
and that surgical resection of TDLN prior to treatment hampers
therapeutic outcome (5, 14). In pre-clinical models, lymphatic
drainage has also been shown to facilitate the priming of anti-
tumor T-cell immunity (15, 16). Indeed, recent evidence points
to the need for the recruitment to the tumor of newly primed and
peripherally (e.g., in TDLN) expanded effector T cells to ensure
efficacy of ICB (17). Clinical efficacy and durability of antitumor
immunity appears to be associated with elevated frequencies
of central-memory or early-effector T cells with the ability
to home to lymph nodes (18-20). More in-depth knowledge
on the exact nature of the T cells amenable to ICB and the
underlying molecular mechanisms that control their activation,
point to the importance of Dendritic Cells (DC) in driving
waves of newly primed or reinvigorated early-effector T cells to
facilitate effective ICB (7, 21-23). In this review we will discuss
mechanisms underlying tumor-associated immune suppression
of TDLN and how we can use this knowledge to devise new
local intervention strategies aimed at harnessing TDLN to secure
efficacy of cancer immunotherapy, both in early and in advanced
stages of cancer development.

IMMUNE SUPPRESSION OF DENDRITIC
CELLS IN TDLN: EARLY IMMUNE ESCAPE

TDLN represent the site where T cells will first be primed
against tumor-associated (neo)antigens. In order to escape the
immune response, it is vital for tumors to nip this induction
of tumor reactive T cells in the bud. The more immunogenic
the tumor, the more pressing this matter becomes. With a high
mutational burden, melanoma is the most immunogenic tumor
type identified to date (24). As tumors develop, the cellular
content of their TDLN shifts (Figure 1A). In breast, melanoma
and cervical TDLN shifts in CD4/CD8 T cell ratios and elevated

Treg rates were observed prior to metastatic involvement, but
even more pronounced after (28-30). As metastases in the TDLN
grow, memory T cell rates grow and myeloid regulatory cells
are recruited (29, 30). Already at early stages of melanoma
development, the primary tumor exerts an immunosuppressive
effect on its TDLN through the release of immune modulatory
exosomes and soluble mediators, which can ultimately lead to
a “tumor-supportive” microenvironment, i.e., the pre-metastatic
niche (31). In the first-line draining TDLN, the so-called sentinel
lymph node (SLN), we have found clear evidence of early
suppression of DC (28, 29). DC subsets in TDLN encompass
migratory conventional DC (cDC) subsets (marked by CDla
expression in human epithelium draining lymph nodes) as
well as lymph node-resident cDC (LNR-cDC, marked by high
CDl11c levels, various CDlc, CDI141, and CD14 expression
patterns, and absence of CDla) and plasmacytoid DC (pDC;
CD11c~ CD123MCD303%). Recent studies have shown the in-
vivo exchange of antigens between migratory ¢cDC and LNR-
c¢DC and have demonstrated their concerted and coordinated
activities to lead to optimal priming of an effective antitumor
T-cell response (32-34). Whereas significantly lower levels of
maturation and co-stimulatory markers were found in migratory
cDC subsets already in Stage-2 melanoma, expression of these
markers dropped profoundly in LNR-cDC only by Stage-3 (28).
A significant negative correlation between the frequency and
activation state of migratory ¢cDC subsets in melanoma SLN
and primary tumor size (Breslow thickness), suggested that the
developing primary melanoma created a pre-metastatic niche
in the TDLN by suppressing the migration of antigen-carrying
cDC from the tumor to the TDLN. This early reduction in
frequency of migratory cDC is consistent with observations made
in murine models by Binnewies et al. (35) who reported that
cDC2 migration from the tumor to TDLN was constrained by
regulatory T cells (Tregs) in the tumor, resulting in suboptimal
priming of Th cells and their failure to migrate to the tumor
in sufficient numbers to support an anti-tumor response. In
human melanoma SLN, metastasis size was inversely correlated
with the frequency and activation state of LNR-cDC in SLN
(28). Remarkably, whereas reduced frequencies of migratory
cDC subsets was related to decreased local recurrence-free
survival (RFS), reduced activation of LNR-cDC was related to
decreased distant RES (28). This suggests differential imprinting
for homing properties of tumor-specific T cells by specific cDC
subsets, and indicates an essential role for LNR-cDC in the
induction of effective systemic antitumor immunity. In breast
cancer SLN a similar progressive reduction in the activation
state of LNR-cDC was observed, which was most pronounced
upon metastatic involvement and then coincided with increased
Treg rates, high co-expression levels of CTLA-4 and PD-1, and
profoundly suppressed effector-T cell activity in the SLN (29).
A possible role for LNR-cDC in keeping PD-1+ T cells in
check was suggested by our finding that LNR-cDC in early-
stage melanoma SLN expressed relatively higher PD-L1 levels as
compared to CD80 (36). This indicates an inability of CD80 to
keep PD-L1 from interacting with PD-1 on T cells through in-
cis interactions (23, 37) and would fit with LNR-cDC subsets
restraining antitumor T cells in early stages of cancer in a
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PD-1 dependent manner as recently reported (22). Dammeijer
et al. (7) showed an association between poor RFS with high
frequencies of PD-1/PD-L1 interactions between T cells and
c¢DCs in SLN from Stage-2 melanoma patients. In addition,
we found a strong inverse correlation between the activation
state of LNR-cDC and Treg rates in melanoma SLN (28). This
increase of Tregs accompanying decreased LNR-cDC activation
may be responsible for subsequent T-cell anergy induction and
the conversion of Ag-specific naive T cells into Tregs in TDLN,
as described by Alonso et al. (38) in a lung adenocarcinoma
mouse model. Polychromatic FACS analysis showed CLEC9A+
LNR-cDC to consist mostly of cDC2 expressing both CD1c and
intermediate levels of CD141 and of a minority of CD141hi cDC1
(39, 40). Their superior cross-presentation and -priming ability
and their apparent relationship to the generalized immune state
of the SLN and distant RFS, make LNR-cDC attractive targets
for early therapeutic intervention to curb metastatic spread and
outgrowth (36).

THERAPEUTIC TARGETING OF
EARLY-STAGE TDLN: “THINK GLOBAL,
ACT LOCAL”

We have obtained clinical evidence that local administration (i.e.,
intradermal injection around the primary tumor excision site)
of immune modulatory agents in early-stage melanoma, aimed
at TDLN immune potentiation, leads to systemic antitumor
immune activation and increased RFS. In two randomized Phase-
II trials in clinical stage-1/2 melanoma patients, we have shown
that this intradermal administration of one or two doses of
the TLRY agonist CPG7909 (CpG-B), with or without GM-
CSE in the week leading up to the SLN procedure, resulted in
enhanced LNR-cDC activation and melanoma antigen-specific
T-cell responses in both the SLN and in peripheral blood
(39, 41-43). Clinical analysis of the 52 patients participating
in these trials showed a significantly and profoundly lower
number of tumor positive SLN and (at a median follow-
up of 88.8 months) a significantly increased RFS in patients
receiving CpG-B as compared to patients receiving a saline
placebo (44). In vitro, cultures of single-cell suspensions of
breast cancer SLN with CpG-B similarly showed enhanced
LNR-cDC activation and increased expression of effector T-
cell-recruiting chemokines and cytokines associated with a
Thl response (40). The addition of a JAK2/STAT3 inhibitor
interfered with negative feedback loops activated by CpG-B,
resulting in further enhanced DC activation, down-regulated Th2
rates, and constrained Treg expansion (40). Altogether, these
observations are consistent with the reinvigoration and boosting
of pre-existent but dysfunctional T cells in TDLN, through the
activation of LNR-cDC, providing protection against metastatic
spread and outgrowth (see Figure 1). This is consistent with
findings from a previous study by Schietinger et al. (25)
showing that in-vivo antigen-driven T-cell dysfunction in early
developing tumors is reversible. These clinical studies have
clearly demonstrated the systemic immune activating effects of
locally administered immune modulatory agents, resulting in

long-term protection against loco-regional as well as distant
metastases. Moreover, they have delivered important proof-of-
concept that in the absence of the primary tumor (but presence
of TDLN), direct immune modulation of the TDLN can lead to
effective systemic antitumor immunity.

OVERCOMING IMMUNE EXCLUSION BY
TARGETING DC IN TDLN:
REINVIGORATION OF EXHAUSTED T
CELLS

While reinvigoration of suppressed T cells in early tumor
stages may only require the “pushing of the gas pedal” by
delivering DC-activating agents to TDLN, in more advanced
stages simultaneous “lifting of the brakes” may be required by
immune checkpoint blockade (Figure 1B). Recent insights hold
that effective ICB would require the reinvigoration of so-called
exhausted CD8+ T cells (7, 26, 45), which are regarded as a
T-cell lineage that usually arises through chronic stimulation
with high antigen doses (18). Exhausted T cells display loss
of effector functions, accompanied by high expression levels
of PD-1 in concert with multiple immune checkpoints. This
exhausted phenotype has been linked to the activation of specific
epigenetic regulatory programs (46). In cancer, exhausted T cells
have been identified, which are replenished from a proliferative
pool of so-called stem cell-like or progenitor-exhausted T cells:
these progenitors are typified by intermediate surface levels
of PD-1 and their expression of TCF-1 and SLAMF6. Recent
findings show that in contrast to terminally exhausted T cells,
these progenitor-exhausted T cells are still amenable to PD-
1 blockade and as such may represent the prime targets for
PD-(L)1 checkpoint inhibition (26). Other studies have pointed
to CD8+ stem cell-like T cells or early-effector T cells as
the foremost targets for effective PD-1 blockade (26, 45, 47-
49). These populations, which may in part overlap, have been
characterized as having a preserved capacity for proliferation
and the ability to exert polyfunctional effector functions (26).
Importantly, they are also commonly distinguished by their
expression of CD28. Indeed, CD28 was shown to be required
for effective PD-1 inhibition (48, 50). This is remarkable and
points to the need for CD80/CD86 co-stimulation in addition
to the “mere” interruption of PD-1 binding to its ligands
PD-L1 and PD-L2 in order to unleash the full force of an
antitumor effector T-cell response. This is in keeping with the
observation of proliferative tumor-infiltrating CD8+ T cells
upon clinical PD-1 blockade (1, 45). These proliferating T cells
have a stem-cell phenotype and are found in niches with ¢cDCs
(51), which can provide CD80/CD86 co-stimulation. A recent
study by Oh and colleagues showed that rather than tumor-
expressed PD-L1, PD-L1 expression by infiltrating and cross-
presenting DCs dictated PD-1 blockade efficacy (23). Similarly,
Garris et al. (21) demonstrated that full-fledged activation of
antitumor T cells by anti-PD-1 involved T-cell-DC crosstalk and
was licensed by IFNy and IL-12. This is all the more remarkable
since macrophages by far outnumber DCs in tumors, and may
be due to the fact that DCs, in contrast to tumor-associated
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FIGURE 1 | A proposed model of tumor-induced immune suppression of draining lymph nodes and local therapeutic intervention opportunities to overcome T cell
dysfunction and exclusion in early- and late-stage cancer development. (A) Schematic representation of how tumors, at early (left) and late stage (right), suppress the
loco-regional immune response in the tumor as well as in the tumor-draining lymph nodes (TDLN). In early-stage disease, migratory DCs are hampered in their
migration and activation [through release of suppressive factors in the tumor microenvironment (TME) and interactions with Tregs], resulting in suboptimal T cell
priming and activation in the TDLN (generating dysfunctional T cells), conversion of Th cells to Tregs (see arrow), and reduced recruitment of Teff cells to the tumor. In
late-stage disease, upon metastatic spread to the TDLN, LNR-cDC are profoundly suppressed, leading to the priming and expansion of dysfunctional progenitor
exhausted T cells and Tregs in TDLN and poor recruitment of Teff to the tumor. Active suppression in the TME (with accumulating myeloid regulatory cells like M2
macrophages and a lack of mature DCs) contributes to the differentiation of terminally exhausted T cells and Treg recruitment with possible immune exclusion. (B)
Suboptimal priming in the TDLN due to suppression of cDC, accompanied by excess PD-L1 surface expression, results in restrained T cell priming and deviated
CD8+ T cell differentiation, marked by a reversibly dysfunctional state in early cancer development. Chronic high-dose (neo)-antigen stimulation in later stages of
cancer development and progression will lead to the development of progenitor-exhausted and, ultimately, terminally exhausted T cells, marked by progressively
higher PD-1 expression levels and the co-expression of other immune checkpoints, like LAG3, TIM3, and TIGIT. Typical markers for the different stages of
dysfunction/exhaustion are listed (25-27). Whereas progenitor exhausted T cells can be rescued by immune checkpoint blockade, terminal exhaustion is an
irreversible state due to epigenetic programming. Local immunotherapy, targeted at TDLN conditioning, can restore the anti-tumor T cell response by promoting DC
activation (e.g., through local injection of TLR-L): in early cancer stages without tumor involvement of TDLN this may suffice to reverse T cell dysfunction and kick-start
effective systemic antitumor immunity. In advanced cancer additional immune checkpoint blockade in the TDLN will enable reinvigoration of progenitor exhausted T
cells, which can then home to the tumor and populate the TME, thus overcoming immune exclusion. This image was created using Biorender.com.
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macrophages (TAMs), express CD80. CD80 interacts with PD-
L1 in-cis (37), resulting in a block of PD-1 binding to PD-L1 with
maintained CD80 co-stimulatory activity through interactions
with CD28 on progenitor-exhausted, early-effector or stem-cell
like T cells. Indeed, the importance of DCs for PD-1 inhibition
efficacy in vivo was recently linked to the relative expression
levels of PD-L1 and CD80, which were shown to dictate T-
cell priming efficacy of DCs (22). This finding was confirmed
by relatively high levels of PD-L1 on DC from patients with
renal cell cancer, in line with their compromised T-cell induction
ability (22). In particular tumor-infiltrating DCs expressing
CCR?7, indicative of their ability to migrate to TDLN, have been
pinpointed as essential for effective PD-1 inhibition (33). Of note,
increased PD-1/PD-L1 interactions in TDLN were identified
as restraining antitumor T-cell immunity through increased
PD-L1 levels on tumor-conditioned DCs (7); PD-L1 blockade
resulted in DC-mediated expansion of progenitor-exhausted
T cells, which, upon making their way to the tumor, could
expand, and differentiate further to mediate antitumor effector
functions. These observations provide a compelling argument for
combining immune adjuvants, aimed at DC activation and T cell
priming, with PD-1 blocking antibodies.

We propose that the lifting of immune suppressive barriers
specifically in TDLN may increase the efficacy of ICB through
facilitation of the priming and recruitment of new waves of
tumor-specific T cells derived from progenitor-exhausted T
cells. Indeed, our studies of local intradermal injections in
patients with early-stage melanoma, where the primary tumor
was removed but TDLN were still accessible to the locally
injected immune stimulatory agents, have revealed the singular
capacity of TDLN to prime and modulate the systemic antitumor
T-cell response (39, 41-43). For CTLA-4 blockade this may
entail both increased antitumor effector T-cell activation in
the TDLN through CD28-mediated co-stimulation or Treg
depletion or inhibition (52-54). In mouse models, we have
demonstrated TDLN to also be vital in the efficacy of PD-1
blockade, regardless of local or systemic delivery of therapeutic
antibodies (5). Egress of CD8+ effector T cells from TDLN
proved vital for subsequent T-cell homing to the tumor and
hence for PD-1 blockade efficacy. This finding echoes data
we recently obtained from patients with cervical cancer (55):
in patients with adenocarcinoma of the cervix there was an
apparent accumulation of effector T cells in TDLN, coinciding
with decreased frequencies of T cells infiltrating the primary
tumor, indicative of faulty egress from the TDLN and homing
to the tumor (55). These observations were related to a
decreased cDCl-related transcriptional signature in the tumor
and an increased Wnt/B-catenin response signature, similar to
observations previously reported by Spranger and colleagues
in melanoma, showing that p-catenin-mediated restriction in
¢DCI1 recruitment to the tumor stood in the way of effective
PD-1 blockade (56). The importance of T-cell trafficking from
TDLN to tumor was further underscored by findings from
Salmon et al. (8), showing that the absence of cDCs, presenting
antigen in TDLN, resulted in a failure of CD8+ T cells
to enter the tumor parenchyma after anti-PD-1 treatment,
suggesting that increased T-cell infiltration was due to trafficking

of T cells previously activated in TDLN. Thus, a picture is
emerging of therapeutic PD-1 blockade involving the CD28-
mediated expansion of tumor reactive T-cell clones by DCs in
TDLN, rather than just the reversal of T-cell exhaustion in the
TME. This is consistent with our own observation of superior
effects of in-vitro PD-1 blockade on HPV16 E6-specific T-cell
responses in cervical TDLN over tumors, which was related to
the presence of CD8+FoxP3+ T cells with intermediate PD-
1 expression levels (30), also previously described by others
as prognostically favorable early effectors (18, 57). Such early-
effector or progenitor-exhausted T cells can persist for long
times in the TDLN in the absence of antigen, are polyfunctional,
display a high proliferative capacity and share phenotypic traits
with central-memory T cells (58). Upon PD-1 blockade they
can efficiently home to the TME and there expand further and
differentiate into effector T cells (6, 26). In keeping with this,
Chow et al. showed that expression of CXCR3, required for tumor
rejection after PD-1 blockade in the MC38 mouse model, was
expressed at high levels by progenitor-exhausted or early-effector
T cells, whereas it was hardly expressed by terminally exhausted
T cells (59).

In conclusion, PD-1 blockade in TDLN can lead to efficient
and DC-dependent tumor infiltration by reinvigorated
progenitor-exhausted T cells, thus overcoming immune
exclusion. In light of these observations, there is a clear rationale
for intra- or even peri-tumoral delivery of ICI for optimal access
to TDLN (see Figure 1B). Indeed, peritumoral administration
ensures optimal access to the tumor’s entire and exact catchment
area and consequently the most efficient delivery to the greatest
number of progenitor-exhausted T cells.

IN CONCLUSION: THE RISE OF LOCAL
IMMUNOTHERAPY

Local administration of ICI has been described in pre-clinical
models and tested in several types of cancer in clinical trials by
us and others, with positive results (42, 59-70). We reported that
peritumoral delivery of anti-CTLA-4 in mouse models resulted in
an equally efficient antitumor response as observed after systemic
administration, without the usually associated inflammatory side
effects (65). A recent report from Francis et al. (6) elegantly
showed in tumor models that intratumoral administration of
CTLA-4 and/or PD-1 blocking antibodies ensured optimal access
to TDLN (in contrast to systemic administration) and, moreover,
that ipsilateral administration on a site different from the tumor
but with lymph drainage to the same lymph node stations
afforded equal tumor protection. This is in line with our own
observations of the induction of systemic and protective anti-
melanoma immunity in early-stage melanoma through local
immune modulation of the SLN after surgical removal of the
primary tumor, either by CpG-B (44) or by anti-CTLA-4 (71).
Of note, systemic treatment with ICI, particularly in early
stages of cancer, can result in unacceptably high toxicity. Local
administration of lower doses may prove instrumental in limiting
this toxicity, while maintaining efficacy by directly targeting the
TME and, more importantly, TDLN. Both in breast cancer and

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 643291


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

van Pul et al.

Immunotherapy Goes Local

melanoma patients it has been well-established that completion
lymphadenectomy in case of metastatic involvement of the SLN
does not offer any prognostic benefits (72, 73). This notion,
together with the recently developed insights that TDLN might
be vital for ensuring effective anti-tumor immunity would argue
for a neo-adjuvant ICB (or other immunomodulatory) strategy
where the lymph nodes in the tumor draining basin are kept
in place, possibly even in case of clinically detected lymph node
involvement. Our approach of local administration of CpG-B to
raise the DC activation state in TDLN and thereby systemic anti-
melanoma T-cell immunity, might be used in concert with locally
applied ICB to ensure DC-mediated T-cell activation in the
TDLN, leading to systemic immunity, allowing new waves of T
cells to be recruited to tumors. Indeed, recent reports have shown
in patients with advanced melanoma that i.t. administration
of CpG (likely ensuring optimal access to TDLN) can lead
to increased T-cell infiltration (also of distant non-injected
metastases) and even overcome prior resistance to PD-1 blockade
(74). Oncolytic virus therapies, such as local treatment with
the oncolytic Herpes Simplex virus Talimogene laherperepvec
(T-VEC) are, similarly to local injection with TLR agonists,
described as belonging to the category of so-called human
intratumoral immunotherapy (HIT-IT). T-VEC is an engineered
virus, that only replicates in tumor cells and induces secretion
of the cytokine GM-CSF from its transgene. Oncolytic viruses
can induce local and systemic anti-tumor immune responses
through immunogenic cell death induction (75). The local release
of GM-CSF results in recruitment and activation of DCs, but
likely will also drains to nearby TDLN to activate lymph node
resident (LNR)-DCs and promote T cell priming and activation.
Moreover, the viral particles contain multiple TLR-ligands, which

REFERENCES

1. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Emma J, Taylor M, et al.
PD-1 blockade induces responses by inhibiting adaptive immune resistance.
Nature. (2015) 515:568-71. doi: 10.1038/nature13954

2. Kiimpers C, Jokic M, Haase O, Offermann A, Vogel W, Gritz V, et al. Immune
cell infiltration of the primary tumor, not PD-L1 status, is associated with
improved response to checkpoint inhibition in metastatic melanoma. Front
Med. (2019) 6:27. doi: 10.3389/fmed.2019.00027

3. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DE, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective
therapy. Nat Med. (2018) 24:541-50. doi: 10.1038/s41591-018-0014-x

4. Cloughesy TE, Mochizuki AY, Orpilla JR, Hugo W, Lee AH, Davidson TB,
etal. Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit with
intratumoral and systemic immune responses in recurrent glioblastoma. Nat
Med. (2019) 25:477-86. doi: 10.1038/s41591-018-0337-7

5. Fransen ME Schoonderwoerd M, Knopf P, Camps MG, Hawinkels LJ,
Kneilling M, et al. Tumor-draining lymph nodes are pivotal in PD-1/PD-L1
checkpoint therapy. JCI Insight. (2018) 3:1-6. doi: 10.1172/jci.insight.124507

6. Francis DM, Manspeaker MP, Schudel A, Sestito LF, O’Melia MJ, Kissick HT,
et al. Blockade of immune checkpoints in lymph nodes through locoregional
delivery augments cancer immunotherapy. Sci Transl Med. (2020) 12:1-
12. doi: 10.1126/scitranslmed.aay3575

7. Dammeijer F van Gulijk M, Mulder EE, Lukkes M, Klaase L, van
den Bosch T, et al. The PD-1/PD-Ll-checkpoint restrains T cell
immunity in tumor-draining lymph nodes. Cancer Cell. (2020)
38:685-700.e8. doi: 10.1016/j.ccell.2020.09.001

can directly activate DCs within the TME, but also, when
produced and released by dying tumor cells [which in turn will
also release damage-associated molecular patterns (DAMPs)],
will drain, together with released DAMPs through the lymphatics
and activate DCs in TDLN. The OPTiM phase 3 trial, that lead to
the approval of T-VEC, compared local T-VEC treatment with
systemic GM-CSF treatment and reported improved response
rate and also showed signs of enhanced systemic immune
responses by tumor regression in non-injected lesions (76).
Moreover, enhanced immune cell infiltration upon local T-VEC
treatment has been reported in non-injected lesions (77, 78).
Combination treatment of local T-VEC with systemic anti-PD-1
therapy was shown to induce high response rates in metastatic
melanoma patients (79). Altogether these observations clearly
stress the importance of TDLN in immunotherapy efficacy and
support the rationale for local delivery of ICI to ensure optimal
access to, and modulation of, dysfunctional tumor-specific T
cells “lying in wait” in the TDLN, which will subsequently
provide systemic tumor control. These considerations have led
to a remarkable surge in clinical studies exploring local or i.t.
immunotherapy and the publication of a consensus statement on
the standardization of terminology and methodologies used in
their reporting (80). In time, increased knowledge on the role
of TDLN in immunotherapy of cancer will lead to even more
rational local therapy strategies in terms of dosing, timing in
relation to surgery, and treatment combinations.

AUTHOR CONTRIBUTIONS

KP, ME RV, and TG co-wrote the paper. All authors contributed
to the article and approved the submitted version.

8. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al.
Expansion and activation of CD103 + dendritic cell progenitors at the tumor
site enhances tumor responses to therapeutic PD-L1 and BRAF inhibition.
Immunity. (2016) 44:924-38. doi: 10.1016/j.immuni.2016.03.012

9. Cochran AJ, Huang R-R, Lee J, Itakura E, Leong SPL, Essner R. Tumour-
induced immune modulation of sentinel lymph nodes. Nat Rev Immunol.
(2006) 6:659-70. doi: 10.1038/nri1919

10. Rozeman EA, Menzies AM, van Akkooi AC]J, Adhikari C, Bierman C, van de
Wiel BA, et al. Identification of the optimal combination dosing schedule of
neoadjuvant ipilimumab plus nivolumab in macroscopic stage III melanoma
(OpACIN-neo): a multicentre, phase 2, randomised, controlled trial. Lancet
Oncol. (2019) 20:948-60. doi: 10.1016/S1470-2045(19)30151-2

11. Amaria RN, Reddy SM, Tawbi HA, Davies MA, Ross MI, Glitza IC, et al.
Neoadjuvant immune checkpoint blockade in high-risk resectable melanoma.
Nat Med. (2018) 24:1649-54. doi: 10.1038/541591-018-0197-1

12. Blank CU, Reijers ILM, Pennington T, Versluis JM, Saw RPM, Rozeman
EA, et al. First safety and efficacy results of PRADO: a phase II study of
personalized response-driven surgery and adjuvant therapy after neoadjuvant
ipilimumab (IPI) and nivolumab (NIVO) in resectable stage III melanoma. J
Clin Oncol. (2020) 38:10002. doi: 10.1200/JC0O.2020.38.15_suppl.10002

13. Forde PM, Chaft JE, Smith KN, Anagnostou V, Cottrell TR, Hellmann MD,
et al. Neoadjuvant PD-1 blockade in resectable lung cancer. N Engl ] Med.
(2018) 378:1976-86. doi: 10.1056/NEJMoal716078

14. Chamoto K, Chowdhury PS, Kumar A, Sonomura K, Matsuda F, Fagarasan S,
et al. Mitochondrial activation chemicals synergize with surface receptor PD-
1 blockade for T cell-dependent antitumor activity. Proc Natl Acad Sci U S A.
(2017) 114:E761-E70. doi: 10.1073/pnas.1620433114

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 643291


https://doi.org/10.1038/nature13954
https://doi.org/10.3389/fmed.2019.00027
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1038/s41591-018-0337-7
https://doi.org/10.1172/jci.insight.124507
https://doi.org/10.1126/scitranslmed.aay3575
https://doi.org/10.1016/j.ccell.2020.09.001
https://doi.org/10.1016/j.immuni.2016.03.012
https://doi.org/10.1038/nri1919
https://doi.org/10.1016/S1470-2045(19)30151-2
https://doi.org/10.1038/s41591-018-0197-1
https://doi.org/10.1200/JCO.2020.38.15_suppl.10002
https://doi.org/10.1056/NEJMoa1716078
https://doi.org/10.1073/pnas.1620433114
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

van Pul et al.

Immunotherapy Goes Local

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Fankhauser M, Broggi MAS, Potin L, Bordry N, Jeanbart L, Lund
AW, et al. Tumor lymphangiogenesis promotes T cell infiltration and
potentiates immunotherapy in melanoma. Sci Transl Med. (2017) 9:1-
12. doi: 10.1126/scitranslmed.aal4712

Muchowicz A, Wachowska M, Stachura J, Tonecka K, Gabrysiak M, Wolosz
D, et al. Inhibition of lymphangiogenesis impairs antitumour effects of
photodynamic therapy and checkpoint inhibitors in mice. Eur ] Cancer. (2017)
83:19-27. doi: 10.1016/j.€jca.2017.06.004

Wu TD, Madireddi S, de Almeida PE, Banchereau R, Chen YJJ, Chitre AS,
et al. Peripheral T cell expansion predicts tumour infiltration and clinical
response. Nature. (2020) 579:274-8. doi: 10.1038/s41586-020-2056-8

Im SJ, Hashimoto M, Gerner MY, Lee J, Kissick HT, Burger MC, et al. Defining
CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature.
(2016) 537:417-21. doi: 10.1038/nature19330

Wieland A, Kamphorst AO, Adsay NV, Masor J], Sarmiento J, Nasti TH, et al.
T cell receptor sequencing of activated CD8T cells in the blood identifies
tumor-infiltrating clones that expand after PD-1 therapy and radiation
in a melanoma patient. Cancer Immunol Immunother. (2018) 67:1767-
76. doi: 10.1007/500262-018-2228-7

Kamphorst AO, Pillai RN, Yang S, Nasti TH, Akondy RS, Wieland A.
Proliferation of PD-14 CD8 T cells in peripheral blood after PD-1 - targeted
therapy in lung cancer patients. Proc Natl Acad Sci U S A. (2020) 114:4993-
8. doi: 10.1073/pnas.1705327114

Garris CS, Arlauckas SP, Kohler RH, Trefny MP, Garren S, Piot C, et al.
Successful anti-PD-1 cancer immunotherapy requires T cell-dendritic cell
crosstalk involving the cytokines IFN-y and IL-12. Immunity. (2018) 49:1148-
61.e7. doi: 10.1016/j.immuni.2018.09.024

Mayoux M, Roller A, Pulko V, Sammicheli S, Chen S, Sum E, et al. Dendritic
cells dictate responses to PD-L1 blockade cancer immunotherapy. Sci Transl
Med. (2020) 12:1-12. doi: 10.1126/scitranslmed.aav7431

Oh SA, Wu D-C, Cheung J, Navarro A, Xiong H, Cubas R, et al. PD-L1
expression by dendritic cells is a key regulator of T-cell immunity in cancer.
Nat Cancer. (2020) 1:681-91. doi: 10.1038/s43018-020-0075-x

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin
AV, et al. Signatures of mutational processes in human cancer. Nature. (2013)
500:415-21. doi: 10.1038/nature12477

Schietinger A, Philip M, Krisnawan VE, Chiu EY, Delrow JJ, Basom RS, et al.
Tumor-specific T cell dysfunction is a dynamic antigen-driven differentiation
program initiated early during tumorigenesis. Immunity. (2016) 45:389-
401. doi: 10.1016/j.immuni.2016.07.011

Miller BC, Sen DR, Al Abosy R, Bi K, Virkud Y V, LaFleur MW,
et al. Subsets of exhausted CD8+ T cells differentially mediate tumor
control and respond to checkpoint blockade. Nat Immunol. (2019) 20:326-
36. doi: 10.1038/541590-019-0312-6

Busselaar ], Tian S, van Eenennaam H, Borst J. Helpless priming
sends CD8+ T cells on the road to exhaustion. Front Immunol. (2020)
11:592569. doi: 10.3389/fimmu.2020.592569

van den Hout MFCM, Koster BD, Sluijter BJR, Molenkamp BG, van
de Ven R, van den Eertwegh AJM V, et al. Melanoma sequentially
suppresses different DC subsets in the sentinel lymph node, affecting
disease spread and recurrence. Cancer Immunol Res. (2017) 5:969-
77. doi: 10.1158/2326-6066.CIR-17-0110

van Pul KM, Vuylsteke RJCLM, Van De Ven R, Te Velde EA, Rutgers EJT,
Van Den Tol PM, et al. Selectively hampered activation of lymph node-
resident dendritic cells precedes profound T cell suppression and metastatic
spread in the breast cancer sentinel lymph node. ] Immunother Cancer. (2019)
7:1-14. doi: 10.1186/540425-019-0605-1

Heeren AM, Rotman J, Stam AGM, Pocorni N, Gassama AA, Samuels
S, et al. Efficacy of PD-1 blockade in cervical cancer is related to a
CD8+FoxP3+CD25+ T-cell subset with operational effector functions
despite high immune checkpoint levels. ] Immunother Cancer. (2019) 1-
14. doi: 10.1186/540425-019-0526-z

Jones D, Pereira ER, Padera TP. Growth and immune evasion of lymph node
metastasis. Front Oncol. (2018) 8:36. doi: 10.3389/fonc.2018.00036

Ruhland MK, Roberts EW, Cai E, Mujal AM, Marchuk K, Beppler C, et al.
Visualizing synaptic transfer of tumor antigens among dendritic cells. Cancer
Cell. (2020) 37:786-799.e5. doi: 10.1016/j.ccell.2020.05.002

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Roberts EW, Broz ML, Binnewies M, Bogunovic D, Bhardwaj N, Krummel
ME et al. Critical role for CD103 + / CD141 + dendritic cells bearing CCR7
for tumor antigen trafficking and priming of T cell immunity in melanoma.
Cancer Cell. (2016) 30:324-36. doi: 10.1016/j.ccell.2016.06.003

Borst J, Ahrends T, Babala N, Melief CJM, Kastenmiiller W. CD4(+) T cell
help in cancer immunology and immunotherapy. Nat Rev Immunol. (2018)
18:635-47. doi: 10.1038/s41577-018-0044-0

Binnewies M, Mujal AM, Pollack JL, Combes AJ, Hardison EA, Barry KC, et al.
Unleashing Type-2 dendritic cells to drive protective antitumor CD4+ T cell
immunity. Cell. (2019) 177:556-71.e16. doi: 10.1016/j.cell.2019.02.005

van de Ven R, Hout MFCM Van Den, Lindenberg J], Sluijter BJR, Paul a M,
Leeuwen V, et al. Characterization of four conventional dendritic cell subsets
in human skin-draining lymph nodes in relation to T-cell activation. Blood.
(2011) 118:2502-10. doi: 10.1182/blood-2011-03-344838

Zhao Y, Harrison DL, Zhao Y, Harrison DL, Song Y, JiJ, et al. PD-1 Neutralizes
PD-L1 in cis to attenuate PD-1 signaling in T cells. Cell Rep. (2018) 24:379-
90. doi: 10.1016/j.celrep.2018.06.054

Alonso R, Flament H, Lemoine S, Sedlik C, Bottasso E, Péguillet
I, et al. Induction of anergic or regulatory tumor-specific CD4+
T cells in the tumor-draining lymph node. Nat Commun. (2018)
9:2113. doi: 10.1038/541467-018-04524-x

Sluijter BJ, van den Hout ME, Koster BD, van Leeuwen PA, Schneiders FL,
van de Ven R, et al. Arming the melanoma sentinel lymph node through
local administration of CpG-B and GM-CSF: recruitment and activation
of BDCA3/CD141(+) dendritic cells and enhanced cross-presentation.
Cancer Immunol Res. (2015) 3:495-505. doi: 10.1158/2326-6066.CIR-1
4-0165

van Pul KM, Vuylsteke RJCLM, de Beijer MTA, van de Ven R, van den Tol
MP, Stockmann HBAG, et al. Breast cancer-induced immune suppression in
the sentinel lymph node B in is effectively countered by CpG-B in conjunction
with inhibition of the JAK2/STAT3 pathway. ] Immunother cancer. (2020)
2: doi: 10.1136/jitc-2020-000761

Molenkamp BG, Van Leeuwen PAM, Meijer S, Sluijter BJR, Wijnands PGJTB,
Baars A, et al. Intradermal CpG-B activates both plasmacytoid and myeloid
dendritic cells in the sentinel lymph node of melanoma patients. Clin Cancer
Res. (2007) 13:2961-9. doi: 10.1158/1078-0432.CCR-07-0050

Molenkamp BG, Sluijter BJR, Leeuwen PAM Van, Santegoets SJAM, Meijer S,
Wijnands PGJTB, et al. Cancer therapy : clinical local administration of PF-
3512676 CpG-B Instigates T CD8 T-cell reactivity in melanoma patients. Clin
Cancer Res. (2008) 14:4532-43. doi: 10.1158/1078-0432.CCR-07-4711

van den Hout ME Sluijter B], Santegoets S], van Leeuwen PA, van den
Tol MP, van den Eertwegh AJ, et al. Local delivery of CpG-B and GM-
CSF induces concerted activation of effector and regulatory T cells in the
human melanoma sentinel lymph node. Cancer Immunol Immunother. (2016)
65:405-15. doi: 10.1007/500262-016-1811-z

Koster BD, Van Den Hout MFCM, Sluijter BJR, Molenkamp BG, Vuylsteke
RJCLM, Baars A, et al. Local adjuvant treatment with low-dose CpG-B offers
durable protection against disease recurrence in clinical stage I-II melanoma:
data from two randomized phase II trials. Clin Cancer Res. (2017) 23:5679-
86. doi: 10.1158/1078-0432.CCR-17-0944

Sade-Feldman M, Yizhak K, Bjorgaard SL, Ray JP, de Boer
CG, Jenkins RW, et al. Defining T cell states associated with
response to checkpoint immunotherapy in melanoma. Cell. (2018)

175:998-1013.€20. doi: 10.1016/j.cell.2018.10.038

Ghoneim HE, Fan Y, Moustaki A, Abdelsamed HA, Dash P, Dogra P,
et al. De novo epigenetic programs inhibit PD-1 blockade-mediated T cell
rejuvenation. Cell. (2017) 170:142-57.e19. doi: 10.1016/j.cell.2017.06.007
Siddiqui I, Schaeuble K, Chennupati V, Fuertes Marraco SA, Calderon-
Copete S, Pais Ferreira D, et al. Intratumoral Tcfl(4)PD-1(+)CD8(+)
T cells with stem-like properties promote tumor control in response to
vaccination and checkpoint blockade immunotherapy. Immunity. (2019)
50:195-211.e10. doi: 10.1016/j.immuni.2018.12.021

Kamphorst AO, Wieland A, Nasti T, Yang S, Zhang R, Barber DL, et al. Rescue
of exhausted CD8T cells by PD-1-targeted therapies is CD28-dependent.
Science. (2017) 355:1423-7. doi: 10.1126/science.aaf0683

Galletti G, De Simone G, Mazza EMC, Puccio S, Mezzanotte C, Bi TM,
et al. Two subsets of stem-like CD8+ memory T cell progenitors with

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 643291


https://doi.org/10.1126/scitranslmed.aal4712
https://doi.org/10.1016/j.ejca.2017.06.004
https://doi.org/10.1038/s41586-020-2056-8
https://doi.org/10.1038/nature19330
https://doi.org/10.1007/s00262-018-2228-7
https://doi.org/10.1073/pnas.1705327114
https://doi.org/10.1016/j.immuni.2018.09.024
https://doi.org/10.1126/scitranslmed.aav7431
https://doi.org/10.1038/s43018-020-0075-x
https://doi.org/10.1038/nature12477
https://doi.org/10.1016/j.immuni.2016.07.011
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.3389/fimmu.2020.592569~
https://doi.org/10.1158/2326-6066.CIR-17-0110
https://doi.org/10.1186/s40425-019-0605-1
https://doi.org/10.1186/s40425-019-0526-z
https://doi.org/10.3389/fonc.2018.00036
https://doi.org/10.1016/j.ccell.2020.05.002
https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1016/j.cell.2019.02.005
https://doi.org/10.1182/blood-2011-03-344838
https://doi.org/10.1016/j.celrep.2018.06.054
https://doi.org/10.1038/s41467-018-04524-x
https://doi.org/10.1158/2326-6066.CIR-14-0165
https://doi.org/10.1136/jitc-2020-000761
https://doi.org/10.1158/1078-0432.CCR-07-0050
https://doi.org/10.1158/1078-0432.CCR-07-4711
https://doi.org/10.1007/s00262-016-1811-z
https://doi.org/10.1158/1078-0432.CCR-17-0944
https://doi.org/10.1016/j.cell.2018.10.038
https://doi.org/10.1016/j.cell.2017.06.007
https://doi.org/10.1016/j.immuni.2018.12.021
https://doi.org/10.1126/science.aaf0683
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

van Pul et al.

Immunotherapy Goes Local

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

distinct fate commitments in humans. Nat Immunol. (2020) 21:1552—
62. doi: 10.1038/s41590-020-0791-5

Hui E, Cheung J, Zhu J, Su X, Taylor MJ, Wallweber HA, et al. T
cell costimulatory receptor CD28 is a primary target for PD-1-mediated
inhibition. Science. (2017) 355:1428-33. doi: 10.1126/science.aaf1292

Jansen CS, Prokhnevska N, Master VA, Sanda MG, Carlisle JW, Bilen MA,
et al. An intra-tumoral niche maintains and differentiates stem-like CD8'T
cells. Nature. (2019) 576:465-70. doi: 10.1038/s41586-019-1836-5

Wei SC, Duffy CR, Allison JP. Fundamental mechanisms of
immune checkpoint blockade therapy. Cancer Discov. (2018)
8:1069-86. doi: 10.1158/2159-8290.CD-18-0367

Ovcinnikovs V, Ross EM, Petersone L, Edner NM, Heuts F, Ntavli E,
et al. CTLA-4-mediated transendocytosis of costimulatory molecules
primarily targets migratory dendritic cells. Sci Immunol. (2019)
4:eaaw0902. doi: 10.1126/sciimmunol.aaw0902

Vargas FA, Furness AJS, Litchfield K, Joshi K, Rosenthal R, Ghorani E, et al. Fc
effector function contributes to the activity of human anti-CTLA-4 antibodies.
Cancer Cell. (2018) 33:649-63.e4. doi: 10.1016/j.ccell.2018.02.010

Rotman ], Heeren AM, Gassama AA, Lougheed SM, Pocorni N, Stam
AGM, et al. Adenocarcinoma of the uterine cervix shows impaired
recruitment of cDC1 and CD8+ T cells and elevated B-catenin activation
compared with squamous cell carcinoma. Clin Cancer Res. (2020) 26:3791-
802. doi: 10.1158/1078-0432.CCR-19-3826

Spranger S, Bao R, Gajewski
signalling ~ prevents  anti-tumour
523:231-5. doi: 10.1038/nature14404
Anichini A, Molla A, Vegetti C, Bersani I, Zappasodi R, Arienti E
et al. Tumor-reactive CD8 + early effector T cells identified at tumor
site in primary and metastatic melanoma. Cancer Res. (2010) 70:8378-
88. doi: 10.1158/0008-5472.CAN-10-2028

Miron M, Kumar B V, Meng W, Granot T, Carpenter DJ, Senda T, et al.
Human lymph nodes maintain TCF-1hi memory T cells with high functional
potential and clonal diversity throughout life. J Immunol. (2018) 201:2132-
40. doi: 10.4049/jimmunol.1800716

Chow MT, Ozga AJ, Servis RL, Frederick DT, Lo JA, Fisher DE,
Intratumoral activity of the CXCR3 chemokine system is
required for the efficacy of anti-PD-1 therapy. Immunity. (2019)
50:1498-512.e5. doi: 10.1016/j.immuni.2019.04.010

Ellmark P, Mangsbo SM, Furebring C, Norlén P, Tétterman TH. Tumor-
directed immunotherapy can generate tumor-specific T cell responses
through localized co-stimulation. Cancer Immunol Immunother. (2017) 66:1-
7. doi: 10.1007/500262-016-1909-3

Sanchez-Paulete AR, Teijeira A, Quetglas JI, Rodriguez-Ruiz ME, Sénchez-
Arrdez A, Labiano S, et al. Intratumoral immunotherapy with XCL1 and
sFIt3L encoded in recombinant semliki forest virus-derived vectors fosters
dendritic cell-mediated T-cell cross-priming. Cancer Res. (2018) 78:6643—
54. doi: 10.1158/0008-5472.CAN-18-0933

Sandin LC, Orlova A, Gustafsson E, Ellmark P, Tolmachev V, Tétterman
TH, et al. Locally delivered CD40 agonist antibody accumulates in secondary
lymphoid organs and eradicates experimental disseminated bladder cancer.
Cancer Immunol Res. (2014) 2:80-90. doi: 10.1158/2326-6066.CIR-13-
0067

Sandin LC, Tétterman TH, Mangsbo SM. Local immunotherapy based on
agonistic CD40 antibodies effectively inhibits experimental bladder cancer.
Oncoimmunology. (2014) 3:¢27400. doi: 10.4161/0nci.27400

van Hooren L, Sandin LC, Moskalev I, Ellmark P, Dimberg A, Black P, et al.
Local checkpoint inhibition of CTLA-4 as a monotherapy or in combination
with anti-PD1 prevents the growth of murine bladder cancer. Eur ] Immunol.
(2017) 47:385-393. doi: 10.1002/¢ji.201646583

Fransen MEF, van der Sluis TC, Ossendorp F, Arens R, Melief CJ. Controlled
local delivery of CTLA-4 blocking antibody induces CD8+ T-cell-dependent
tumor eradication and decreases risk of toxic side effects. Clin Cancer Res.
(2013) 19:5381-9. doi: 10.1158/1078-0432.CCR-12-0781

Fransen ME Ossendorp F, Arens R, Melief CJM. Local immunomodulation
for cancer therapy: Providing treatment where needed. Oncoimmunology.
(2013) 2:10-12. doi: 10.4161/0nci.26493

Koster BD, Jong TD De, Hout MFCM Van Den, Sluijter BJR, Vuylsteke
RJCLM. In the mix : the potential benefits of adding GM-CSF to CpG-B in

TF. Melanoma-intrinsic
immunity.

B-catenin

Nature. (2015)

et al

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

the local treatment of patients with early-stage melanoma. Oncoimmunology.
(2019) 9:5-9. doi: 10.1080/2162402X.2019.1708066

Marabelle A, Kohrt H, Sagiv-Barfi I, Ajami B, Axtell RC, Zhou G, et al.
Depleting tumor-specific Tregs at a single site eradicates disseminated tumors.
J Clin Invest. (2013) 123:2447-63. doi: 10.1172/]JC164859

Marabelle A, Kohrt H, Caux C, Levy R. Intratumoral immunization:
a new paradigm for cancer therapy. Clin Cancer Res. (2014) 20:1747-
56. doi: 10.1158/1078-0432.CCR-13-2116

Rotman J, Mom CH, Jordanova ES, Gruijl TD De, Kenter GG. “DURVIT™:
a phase-I trial of single low-dose durvalumab (Medi4736) IntraTumourally
injected in cervical cancer : safety, toxicity and effect on the primary
tumour- and lymph node microenvironment. BMC Cancer. (2018)
18:888. doi: 10.1186/512885-018-4764-0

Notohardjo J, van Pul K, Stam A, Chondronasiou D, Lougheed S, van den
Tol P, et al. The role of tumor-draining lymph nodes in the tuning of
systemic T cell immunity by CTLA-4 blockade is revealed by local delivery
of tremelimumab in early-stage melanoma: data from a Phase-I trial. J
Immunother Cancer. (2020) 8:A336. doi: 10.1136/jitc-2020-SITC2020.0309
Faries MB, Thompson JE, Cochran AJ, Andtbacka RH, Mozzillo N, Zager JS,
et al. Completion dissection or observation for sentinel-node metastasis in
melanoma. N Engl ] Med. (2017) 376:2211-22. doi: 10.1056/NEJMoal613210
Donker M, van Tienhoven G, Straver ME, Meijnen P, van de Velde CJH,
Mansel RE, et al. Radiotherapy or surgery of the axilla after a positive sentinel
node in breast cancer (EORTC 10981-22023 AMAROS): A randomised,
multicentre, open-label, phase 3 non-inferiority trial. Lancet Oncol. (2014)
15:1303-10. doi: 10.1016/S1470-2045(14)70460-7

Wang S, Campos J, Gallotta M, Gong M, Crain C, Naik E, et al. Intratumoral
injection of a CpG oligonucleotide reverts resistance to PD-1 blockade by
expanding multifunctional CD8+ T cells. Proc Natl Acad Sci U S A. (2016)
113:E7240-E9. doi: 10.1073/pnas.1608555113

Middleton MR, Hoeller C, Michielin O, Robert C, Caramella C, Ohrling
K, et al. Intratumoural immunotherapies for unresectable and metastatic
melanoma: current status and future perspectives. Br ] Cancer. (2020)
123:885-97. doi: 10.1038/541416-020-0994-4

Andtbacka RHI, Ross M, Puzanov I, Milhem M, Collichio F Delman KA,
et al. Patterns of clinical response with talimogene laherparepvec (T-VEC) in
patients with melanoma treated in the OPTiM phase III clinical trial. Ann Surg
Oncol. (2016) 23:4169-77. doi: 10.1245/s10434-016-5286-0

Kaufman HL, Amatruda T, Reid T, Gonzalez R, Glaspy ], Whitman E, et al.
Systemic versus local responses in melanoma patients treated with talimogene
laherparepvec from a multi-institutional phase II study. ] Immunother Cancer.
(2016) 4:12. doi: 10.1186/s40425-016-0116-2

Gogas H, Samoylenko I, Schadendorf D, Gutzmer R, Grob J., Sacco J,
et al. Talimogene laherparepvec (T-VEC) treatment increases intratumoral
effector T-cell and natural killer (NK) cell density in noninjected tumors
in patients (pts) with stage IIIB-IVMIlc melanoma: Evidence for systemic
effects in a phase II, single-arm study. Ann Oncol. (2018) 29(Suppl
8):viii443. doi: 10.1093/annonc/mdy289.002

Ribas A, Dummer R, Puzanov I, VanderWalde A, Andtbacka RHI,
Michielin O, et al. Oncolytic virotherapy promotes intratumoral T cell
infiltration and improves anti-PD-1 immunotherapy. Cell. (2017) 170:1109-
19.e10. doi: 10.1016/j.cell.2017.08.027

Marabelle A, Andtbacka R, Harrington K, Melero I, Leidner R, de Baere
T, et al. Starting the fight in the tumor: expert recommendations for the
development of human intratumoral immunotherapy (HIT-IT). Ann Oncol
Off ] Eur Soc Med Oncol. (2018) 29:2163-74. doi: 10.1093/annonc/mdy423

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 van Pul, Fransen, van de Ven and de Gruijl. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 643291


https://doi.org/10.1038/s41590-020-0791-5
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1038/s41586-019-1836-5
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1126/sciimmunol.aaw0902
https://doi.org/10.1016/j.ccell.2018.02.010
https://doi.org/10.1158/1078-0432.CCR-19-3826
https://doi.org/10.1038/nature14404
https://doi.org/10.1158/0008-5472.CAN-10-2028
https://doi.org/10.4049/jimmunol.1800716
https://doi.org/10.1016/j.immuni.2019.04.010
https://doi.org/10.1007/s00262-016-1909-3
https://doi.org/10.1158/0008-5472.CAN-18-0933
https://doi.org/10.1158/2326-6066.CIR-13-0067
https://doi.org/10.4161/onci.27400
https://doi.org/10.1002/eji.201646583
https://doi.org/10.1158/1078-0432.CCR-12-0781
https://doi.org/10.4161/onci.26493
https://doi.org/10.1080/2162402X.2019.1708066
https://doi.org/10.1172/JCI64859
https://doi.org/10.1158/1078-0432.CCR-13-2116
https://doi.org/10.1186/s12885-018-4764-0
https://doi.org/10.1136/jitc-2020-SITC2020.0309
https://doi.org/10.1056/NEJMoa1613210
https://doi.org/10.1016/S1470-2045(14)70460-7
https://doi.org/10.1073/pnas.1608555113
https://doi.org/10.1038/s41416-020-0994-4
https://doi.org/10.1245/s10434-016-5286-0
https://doi.org/10.1186/s40425-016-0116-2
https://doi.org/10.1093/annonc/mdy289.002
https://doi.org/10.1016/j.cell.2017.08.027
https://doi.org/10.1093/annonc/mdy423
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Immunotherapy Goes Local: The Central Role of Lymph Nodes in Driving Tumor Infiltration and Efficacy
	Introduction
	Immune Suppression of Dendritic Cells in TDLN: Early Immune Escape
	Therapeutic Targeting of Early-Stage TDLN: ``Think Global, Act Local''
	Overcoming Immune Exclusion by Targeting DC in TDLN: Reinvigoration of Exhausted T Cells
	In Conclusion: The Rise of Local Immunotherapy
	Author Contributions
	References


