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CCL21 Programs Immune Activity
in Tumor Microenvironment
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Abstract

CCL21 promotes immune activity in the
tumor microenvironment (TME) by colocal-
izing dendritic cells (DC) and T cells pro-
graming ectopic lymph node architectural
structures that correlate with cancer progno-
sis. Innovative strategies to deliver CCL21 in
cancer patients will reactivate the downregu-
lated immune activity in the TME. Immune
escape mechanisms are upregulated in the
TME that promote tumor immune evasion.
CCL21 combined with inhibition of dominant
pathways of immune evasion will aid in the
development of effective immunotherapy for
cancer.
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7.1 Introduction

Lung cancer remains a challenging health problem
with more than 1.1 million deaths worldwide
annually. With current therapy, the long-term sur-
vival for the majority of lung cancer patients
remains low, and thus new therapeutic strategies
are needed. One such strategy would be to develop
immune therapy for lung cancer. Immune
approaches remain attractive because although
surgery, chemotherapy, and radiotherapy alone or
in combination produce response rates in all histo-
logical types of lung cancer, relapse is frequent.
Strategies that harness the immune system to react
against tumors can be integrated with existing
forms of therapy for optimal responses toward this
devastating disease. Antigen-presenting cell
(APC) and T cell activities are reduced in the lung
tumor microenvironment (TME). In this review
we discuss our experience with efforts to restore
host APC and T cell activities in lung cancer
microenvironment by intratumoral administration
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of dendritic cells (DC) expressing the CCR7
receptor ligand CCL21 (secondary lymphoid che-
mokine, SLC). Based on the results demonstrating
that CCL21 is an effective anticancer agent in the
preclinical lung tumor model systems, a phase I
clinical trial was initiated using intratumoral injec-
tion of CCL21 gene-modified autologous DC in
lung cancer. Results from the trial reveal tolerabil-
ity, immune enhancement, and tumor shrinkage
via this approach. Although CCL21 induces
immune responses, an immune-tolerant TME pro-
motes immune evasion. Combining CCL21 and
downregulating immune evasion pathways will
program durable antitumor immune responses.
One immune escape mechanism is dependent on
immune inhibitory molecules that are upregulated
on T cells in tumors causing a downregulation of
antitumor activity. The programmed cell death
protein 1 (PD-1, also known as CD279) is an
inhibitory receptor that regulates immune
responses. The PD-1 receptor interaction with the
PD-L1 and PD-L2 ligands deliver inhibitory sig-
nals that regulate the balance between T cell acti-
vation and tolerance. We recently completed the
first-in-man phase I clinical trial with CCL21 in
which patients with advanced stage NSCLC
received intratumoral administration of autolo-
gous DC overexpressing CCL21 (CCL21-DC).
We observed CDS8 T cell infiltration of the tumor
and induction of systemic immune responses as
evidenced by PBL IFNy production in response to
autologous tumor antigens [1]. However, our
observation of T cell immune regulatory check-
point expression in the TME of these patients sug-
gests that tumor-mediated impairment of T cell
function may be forestalling a more robust CCL21-
mediated antitumor response. Combining CCL21
with PD-1 inhibition can augment host antitumor
immunity and capture more NSCLC patients to be
responsive to PD-1 checkpoint blockade therapy.

7.2  Requirements for Effective

Antitumor Immune Activity

One of the challenges in developing immunother-
apy for cancer is enlisting the host response to
recognize poorly immunogenic tumors. Effective

antitumor responses require antigen-presenting
cells (APC), lymphocytes, and natural killer
(NK) effectors. Although Iung cancer -cells
express tumor antigens, limited expression of
MHC antigens, defective transporters associated
with antigen processing, and lack of co-
stimulatory molecules make them ineffective
APC. Both APC and T cell activities are reduced
in lung cancer [2, 3], and intratumoral infiltration
by relatively high numbers of activated T lym-
phocytes [4, 5] and APC [6] leads to better prog-
nosis in lung cancer patients. Utilizing preclinical
models of lung cancer, we are evaluating intratu-
moral delivery of immune-potentiating CCL21
chemokine via DC and stromal cell-based
approaches for effective recruitment and activa-
tion of APC and T cells for the promotion of anti-
tumor activity in lung cancer. The preclinical
findings demonstrate that effective anticancer
immunity can be achieved by CCL21-mediated
recruitment of professional host APC for tumor
antigen presentation to promote specific T cell
activation [7-10]. Results from a phase I trial of
intratumoral administration of autologous DC
expressing CCL21 to lung cancer patients meets
the objectives of the study in terms of safety and
the induction of antitumor immune responses [1].

Rationale for CCL21
Chemokine in Cancer
Therapy

7.3

Chemokines, a group of homologous, yet func-
tionally divergent proteins, directly mediate leu-
kocyte migration and activation and play a role in
regulating angiogenesis. They also function in
maintaining immune homeostasis and secondary
lymphoid organ architecture. CCL21 has been
identified as a lymphoid chemokine that is pre-
dominantly and constitutively expressed by high
endothelial venules in lymph nodes and Peyer’s
patches, lymphatic vessels and stromal cells in
spleen and appendix [11]. CCL21 binds to the
chemokine receptor CCR7 and is a chemoattrac-
tant for mature DC and naive and memory T
cells. Acting through the G-protein-coupled
CCR7 transmembrane receptor, CCL21 mediates
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the recruitment and colocalization of naive lym-
phocytes and antigen stimulated DC into T cell
zones of secondary lymphoid organs, facilitating
T cell activation. T cell activation in vivo occurs
in a lymphoid milieu that presents chemotactic
and T cell receptor signals concurrently. The T
cell zone chemokines such as CCL21 are bound
to the surface of lymph node DC. Contact with
antigen-presenting cells bearing CCL21 chemo-
kine co-stimulates T cells by a two-step contact
mechanism. T cells initially form an antigen-
independent “tethered” adhesion on CCL21-
bearing antigen-presenting cells. The formation
of these tethers supersedes T cell receptor signal-
ing and immunological synapse formation.
However, chemokine-tethered T cells are hyper-
responsive to subsequent contacts with antigen-
presenting cells. Thus, T cells are co-stimulated
“in trans” and sequentially after initial engage-
ment with their CCL21-rich environment [12].
This chemokine, along with CCL19, is required
for normal lymphoid tissue organization that is
ultimately essential for effective T cell-DC inter-
actions. DC are uniquely potent APCs involved
in the initiation of immune responses. Serving as
immune system sentinels, DC are responsible for
Ag acquisition in the periphery and subsequent
transport to T cell areas in lymphoid organs
where they prime specific immune responses.
Thus, chemokines that attract both DC and lym-
phocyte effectors into the tumor can serve as
potent agents in immunotherapy. In addition to
inducing chemotactic migration, CCL21 co-
stimulates expansion of CD4+ and CD8+ T cells
and induces Thl polarization. The immune sup-
pressor cell population, CD4+CD25+ regulatory
T cells are hyporesponsive to CCL21-induced
migration and unresponsive to CCL21 co-
stimulation [13]. These functions of CCL21 to
both attract naive T cells and co-stimulate their
proliferation, differentiation, and activation sug-
gest that CCL21 is a pivotal molecule for priming
T cell responses and has therapeutic implications
for local delivery of CCL21. The antitumor effec-
tors NK and NKT cell subsets also express the
CCR7 receptor and are chemoattracted by
CCL21. The recruitment of NK and NKT cells is
advantageous because these effectors can recog-

nize tumor targets in the absence of MHC expres-
sion. The use of chemokines to attract DC,
lymphocyte, NK, and NKT effectors into tumors
can serve as an effective antitumor strategy. In
addition, CCL21 has potent angiostatic effects,
thus adding further support for its use in cancer
therapy. CCL21 priority ranking is 13 among the
list of 20 National Cancer Institute ranked bio-
logical agents with high potential for use in can-
cer therapy. Generation of an antitumor immune
response requires the coordinate interaction of
NK, T, and DC effectors. There is a paucity of
these effectors in the tumor. One regimen to initi-
ate antitumor responses is through the use of che-
mokines that induce both efficient recruitment
and strong activation of effector cells in the tumor
mass. The rationale for the use of CCL21 for
immune therapy against solid tumors is that
CCL21 sculpts host immune responses by recruit-
ing and colocalizing NK, DC, and T cell effectors
to mediate potent antitumor activity.

7.4 CCL21 Induction
of Antitumor Immune

Responses

The development of intratumoral therapies to
effectively augment local and systemic antitumor
immunity in lung cancer can lead to a paradigm
shift in the current forms of therapy. In preclini-
cal model systems, intratumoral administration
of DC led to both local and systemic antitumor
responses [14]. This form of therapy can be aug-
mented by utilizing intratumoral administration
of genetically modified DC overexpressing cer-
tain cytokine genes [15]. Congruent with this
overall concept, the intratumoral administration
of recombinant CCL21 mediated T cell-
dependent antitumor responses [7]. In immune
competent mice, intratumoral CCL21 injection
led to a significant increase in CD4 and CD8 T
lymphocytes and DC infiltrating both the tumor
and draining lymph nodes. Studies performed in
CD4 and CD8 T cell knockout mice revealed a
direct therapeutic requirement for both CD4 and
CDS8 T cell subsets for CCL21-mediated tumor
regression. These findings were the first demon-
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stration of effective antitumor responses medi-
ated by CCL21 [7]. CCL21-mediated antitumor
responses exhibited an increased influx of CD4
and CDS8 T cell subsets as well as DC at the tumor
sites. Accompanying this cell infiltrates were
increases in IFNy, MIG/CXCL9, IP-10/CXCL10,
GM-CSF, and IL-12, but a concomitant decrease
in the immunosuppressive molecules PGE-2 and
TGFp. Lymphocytes from CCL21-treated tumor-
bearing mice demonstrated enhanced specific
responses against autologous tumors suggesting
the generation of systemic immune responses [7,
9]. The importance of IFNy, MIG/CXCL9, and
IP-10/CXCL10 in CCL21 therapy was assessed.
In vivo depletion of IP-10/CXCL10, MIG/
CXCL9, or IFNy indicates that the full potency
of CCL19 or CCL21-mediated antitumor
responses requires the induction of IFNy, MIG/
CXCL9, and IP-10/CXCLI10 in concert in this
model. Neutralization of any one of these cyto-
kines led to a decrease in the frequency of
CXCR3+ve T cells and CDl1c+ve DC in the
tumor [9, 16]. Based on these results, experi-
ments were performed to evaluate the tumorige-
nicity of CCL21 gene-modified murine lung
cancer cells. In all three tumor models, subcuta-
neous implantation of retroviral-mediated CCL21
gene-modified lung cancer cells led to T cell-
mediated tumor eradication. Following our initial
description of the antitumor activities of CCL21,
several groups have reported that CCL21 has
potent antitumor properties in a variety of model
systems [17-21]. In all models, CCL21 demon-
strated potent regression of tumors, which was
shown to be dependent on host T cell immunity.
All these studies reaffirmed the antitumor effi-
cacy of CCL21, further supporting the rationale
to proceed with clinical investigations of this
chemokine.

7.5 CCL21 Gene-Modified DC
Therapy for Lung Cancer
Our studies demonstrate that intratumoral

administration of recombinant CCL21 reduced
tumor burden in murine lung cancer models [7].
However the antitumor activity induced by

recombinant CCL21 required high and frequent
dosing because proteins administered intratu-
morally are not retained locally for prolonged
periods. Although these studies delineated the
role of CCL21 as an effective antitumor agent,
frequent high dose intratumoral administration
in the lung is invasive and clinically limiting
with the potential of unnecessary systemic toxic-
ity. Based on the limitations of this approach, we
examined the use of DC for intratumoral CCL21
delivery [9, 10]. The intratumoral approach uti-
lizes in situ tumor as a source of antigen. In con-
trast to immunization with purified peptide Ag,
autologous tumor has the capacity to provide the
DC administered in the tumor site access to the
entire repertoire of available antigens in situ.
This increases the likelihood of a response and
reduces the potential for tumor resistance due to
phenotypic modulation. To achieve in situ tumor
antigen uptake and presentation, intratumoral
administration of ex vivo-generated CCL21
gene-modified murine bone marrow-derived DC
was utilized in a subcutaneous murine lung can-
cer model [9]. To determine if a cell type other
than DC expressing CCL21 could also induce
tumor reduction in this model, fibroblast cells
were also evaluated as a delivery vehicle. In
addition to fibroblast cells’ ability to process and
present antigens, the use of fibroblasts represents
a promising treatment approach for lung cancer.
These cells contribute to the formation of tumor-
associated stroma [22], and the tumor microen-
vironment  preferentially = promotes  their
engraftment as compared with other tissues [23],
making them an ideal system for tumor-selective
delivery. Our data also support that reprogram-
ming the TME with fibroblasts modified to
express CCL21 alters the inflammatory infil-
trates in the TME and promotes antitumor activ-
ity. The advantages of using transduced fibroblast
cells for paracrine secretion of CCL21 are that
fibroblasts (1) produce physiologically relevant
levels of CCL21 after transduction, (2) are read-
ily available for culture and expansion, (3) pro-
vide a platform for the development of
CCL21-based antitumor strategies, (4) can pro-
cess and present antigens to T cells, and (5)
potentiate the activities of immune and innate
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effectors in the TME. For translation to lung can-
cer patients we have the option of utilizing bone
marrow-derived MHC-matched GMP-grade
genetically modified donor stromal cells from a
tissue bank that will circumvent autologous DC
preparation, minimize batch-to-batch variability,
and allow for comparability and standardization.
DC or fibroblasts were transduced with an ade-
noviral vector expressing secondary lymphoid
tissue chemokine (CCL21/SLC) to attract mature
host DC and activated T cells in the tumor site.
Established palpable tumors were treated with
intratumoral DC-AdCCL21, Fib-AdCCL21, or
controls. Intratumoral therapy with 10°
DC-AdCCL21 (7-10 ng/ml/10° cells/24 h of
CCL21) at weekly intervals for 3 weeks showed
tumor eradication in 60% of the mice whereas
therapy with 10° fib-AdCCL21 had complete
resolution of tumors in 25% of mice because an
optimum dose of Fib-AdCCL21 may not have
been utilized for these studies [9]. Further inves-
tigation is required to determine the dose of fib-
AdCCL21 that will perform as effectively as
CCL21 gene-modified DC. In contrast, only
12% of the mice treated with unmodified or con-
trol vector modified DC (DCAdCV) showed
complete tumor eradication. Intratumoral injec-
tion of AACCL21 also led to tumor reduction,
though at the dose tested it was not as effective
as DC-AdCCL21 [9]. In addition, circulating
neutralizing antibodies against adenovirus in
patients will be a limiting factor for the use of
adenovirus-based vectors to deliver CCL21. In
the tumor model tested, intratumoral
DC-AdCCL21 administration led to increases in
the CD4+, CD8+, and CD3+CXCR3+ T cells as
well as DC expressing CD11c+ and DEC205+
but decreases in CD4+CD25+ T regulatory cells
infiltrating the tumors. Accompanying the tumor
cellular infiltrates were enhanced elaboration of
GM-CSF, IFNy, MIG/CXCL9, 1P-10/CXCL10,
and IL-12 but decreases in the immunosuppres-
sive mediators TGFf and PGE2. DC-AdCCL21-
treated tumor-bearing mice showed enhanced
frequency of tumor-specific T lymphocytes
secreting IFNy and induced protective immunity
[9]. The reduction in tumor growth may be
explained by an increase in the frequency of acti-

vated T effector cell-mediated tumor apoptosis
and/or T IFNy-mediated anti-angiogenesis. In
vivo depletion of IP-10/CXCL10, MIG/CXCL9,
or IFNy significantly reduced the antitumor effi-
cacy of DC-AdCCL21 [9]. Based on these obser-
vations, we determined the antitumor effects of
DC-AdCCL21 in a clinically relevant model of
lung cancer. We utilized transgenic mice in
which the adenocarcinomas develop in an organ-
specific manner and have an average life span of
4 months. DC AdCCL21 (10° cells) or controls
(diluent, DC (109 cells) and DC-AdCV (10°
cells), AACV (10° pfu) and AACCL21 (10° pfu))
were administered once into the lungs of
3-month-old transgenic mice. When evaluated at
4 months of age, there was reduced tumor bur-
den in DC-AdCCL21-treated CC-10 mice com-
pared with the control groups. Median survival
was 18 + 2 weeks for all control-treated mice. In
contrast, mice treated with DC-AdCCL21 had a
median survival of 24 + 1 weeks (p < 0.01 for
DC-AdCCL21 compared to controls). In addi-
tion to marked tumor reduction, histological
examination revealed areas of distinct mononu-
clear infiltration in remaining tumor [10].

Clinical Translation
of DC-AdCCL21 Therapy
to Lung Cancer Patients

7.6

Based on the results in the preclinical model sys-
tems, a clinical trial was initiated using intratu-
moral injection of CCL21 gene-modified
autologous DC in lung cancer. The intratumoral
route of DC administration is used to activate
specific immune responses within the TME and,
in addition, to generate systemic immunity.
Several studies reveal [14, 24] that intratumoral
DC administration may be particularly effective
as an antitumor strategy. Lung cancer patients
have decreased numbers of circulating compe-
tent DC; thus, injecting DC within the lung
tumor site may be a particularly effective
approach. A correlation exists between the num-
ber of tumor-infiltrating DC and survival in can-
cer patients. In fact, there is a relationship
between tumor-infiltrating DC aggregation and
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apoptosis in situ in human NSCLC. This is con-
sistent with recent studies indicating that attrac-
tion and activation of DC at the site of tumor
elicits potent antitumor immunity [25]. Dieu-
Nosjean et al. [6] have identified ectopic lymph
node or tertiary lymphoid structures within
human NSCLC specimens and demonstrated a
correlation of their cellular content with clinical
outcome. These structures have been referred to
as tumor-induced bronchus-associated lymphoid
tissue, which are follicle-like and contain germi-
nal centers, similar to those in secondary lym-
phoid follicles of lymph nodes. The density of
DC-Lamp, mature DC within these structures is
a predictor of long-term survival in lung cancer
patients [6]. These findings reveal that tumor-
induced bronchus-associated lymphoid tissues
have clinical relevance and participate in the
host’s antitumor immune response, and they are
consistent with previously reported preclinical
and clinical data [26, 27]. For example, in
murine tumor models, Mulé reported that DC
genetically modified to secrete CCL21 can pro-
duce lymphoid cell aggregates and, impor-
tantly, prime naive T cells extranodally within a
tumor mass, resulting in the generation of
tumor-specific T cells and subsequent tumor
regression [17, 27]. Thus, the intratumoral
approach may achieve tumor antigen presenta-
tion by using the tumor as an in vivo source of
antigens for DC. In contrast to immunization
with purified peptide antigen(s), autologous
tumor has the capacity to provide the activated
DC administered at the tumor site access to the
entire repertoire of available antigens in situ.
This increases the likelihood of a response and
reduces the potential for tumor resistance
because of phenotypic modulation. CCL21 is
distinctly advantageous because of its capacity
to elicit a type 1 cytokine response in vivo that
promotes antitumor activity. Intratumoral infil-
tration of T lymphocytes and DC in lung cancer
has been shown to be associated with a better
patient outcome. In accord with this observation
in lung cancer, a recent study demonstrates that
the presence of lymph node (LN)-like vascula-
ture in tumors, characterized by expression of

peripheral node addressin and chemokine
CCL21, is correlated with T cell infiltration and
positive prognosis in breast cancer and mela-
noma patients [28]. The authors further demon-
strated that LN-like vasculature is present in
murine models of melanoma and lung carci-
noma. LN-like vasculature enables infiltration
by naive T cells that significantly delay tumor
outgrowth after intratumoral activation. The
mechanisms contributing to the development of
this vasculature is attributed to effector CD8 T
cells and NK cells that secrete LTa3 and IFNYy.
LN-like vasculature is also associated with orga-
nized aggregates of B lymphocytes and gp38(+)
fibroblasts, which resemble tertiary lymphoid
organs that develop in models of chronic inflam-
mation. The results of this study establish that
LN-like vasculature as both a consequence of
and key contributor to antitumor immunity [28].
On the basis of preclinical results, a phase I clin-
ical evaluation was initiated at University of
California Los Angeles (in collaboration with
the National Cancer Institute—Rapid Access to
Intervention Development program now NCI
Experimental Therapeutics Program) in patients
with advanced stage NSCLC. The safety and
clinical activities of the intratumoral administra-
tion of autologous DC transduced with a replica-
tion deficient adenoviral vector to express
CCL21 in patients with pathologically confirmed
and radiographically measurable NSCLC (Stage
IMIB/IV) who have tumor accessible by
CT-guided or bronchoscopic intervention and
are refractory to standard therapy were selected.
A GMP-grade AdCCL21 replication-deficient
virus [29] was made available through the RAID
program to conduct the Phase I clinical trial.
Human DCs transduced with advenovirus-
CCL21 produce CCL21 to attract T cells and
DCs. Results demonstrate tumor-specific sys-
temic immune responses as assessed by the IFNy
T cell ELISPOT. Multiplex assessment of plasma
cytokines before and after therapy in these
patients revealed induction of IL-2, y, IFN IL-12,
and CXCL10. Immunohistochemistry of post-
tumor biopsies revealed an influx of CD4-
expressing  tumor-infiltrating ~ lymphocytes.
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Results indicate that vaccination is safe with no
associated adverse reactions at the DC-AdCCL21
(1x10%5x10°1x107, or3x10"DC-AdCCL21
cells/injection) doses administered (days O and 7)
and antitumor immune responses can be elicited
particularly in higher doses.

7.7  Polymer-Based CCL21

Delivery

The science of biomaterial engineering for drug
delivery has evolved considerably for the past 30
years. Novel technology allows to design func-
tional, biocompatible, and biodegradable poly-
mer vehicles, such as poly-e-caprolactone (PCL),
poly (lactide-co-glycolide) (PLG), as well as
alginate and fibrin hydrogel, for molecular and
cellular delivery in cancer immunotherapy [30].
Three-dimensional porous polymer scaffolds
exhibit great ability to deliver cytokine molecules
and immune cells with spatiotemporal specific-
ity, to promote cell-cell interaction in matrix, and
to direct cell function [30]. This ability forms the
rationale for polymer-based CCL21 cancer
immunotherapy for programming host immune
cells in vivo. These materials can be further inte-
grated with other anticancer treatments in the
design of next-generation therapy against cancer
[31]. PCL/PLCL copolymer loaded with
DC-CCL21 or chemotherapy drug cisplatin has
been tested in an animal model of head and neck
squamous cell carcinoma (HNSCC) to prevent
cancer recurrence [32, 33]. HNSCC is difficult to
resect completely by surgery due to complicated
context and therefore exhibits high recurrence
rate in the patients [34]. A drug delivery platform
with spatiotemporal specificity is in demand for
anti-recurrence therapy. In order to accomplish
these requirements, a polymer platform was
made from a mixture of a ratio of 70:30 of PCL
to PLCL with relevant amount of CCL21 and/or
cisplatin and was spread on a glass to form a thin
sheet. The final product is a flexible sheet that
exhibits nice drug release kinetics and can adhere
to the surgical resected tissue contours [32]. In
the initial animal study, cisplatin-loaded PCL/

PLCL polymer was applied intraoperatively to
the surgical bed after partial tumor resection, rep-
licating the difficult situation seen in patients.
The cisplatin-secreting polymer effectively
reduced tumors by over 16-fold as compared to
control plain polymer and intratumoral cisplatin
injection groups. When combined with radiation,
polymer therapy led to a statistically significant
lower tumor weight compared to the radiation
alone group and the control group [32]. Based on
the above data, the PCL/PLCL scaffold was later
tested for antitumor efficacy of DC-CCL21 ther-
apy. In order to improve DC culture condition for
immunotherapy, a thin layer of fibrin hydrogel
with 10° DCs seated inside was added to the sur-
face of PCL/PLCL polymer [33]. The component
of hydrogel and polymer was optimized for the
maximum production of bioactive CCL21. After
implantation to the partially resected tumor, the
gradient of local CCL21 that resulted from its
sustained and localized release led to the recruit-
ment of CD4+ T cells and CD11c+ DCs into the
tumor, while tumor-infiltrating Treg cells were
decreased. Overall, DC-CCL21 polymer treat-
ment significantly reduced tumor burden, com-
pared to control DC group or recombinant CCL21
injection group [33]. Currently, antitumor effi-
cacy of polymer loaded with recombinant CCL21
is being further evaluated with combination of
cisplatin chemotherapy, immune checkpoint
blockade, and radiation therapy. In addition to
cytokines and immune cells, tumor-associated
antigen can also be loaded in polymer to activate
DCs. Subcutaneous implantation of PLG poly-
mer loaded with cytokine GM-SCF, TLR agonist
CpG, and tumor lysate as antigen led to host DC
recruitment, activation, and subsequent homing
to lymph nodes [35]. This vaccine induced 90%
prophylactic tumor protection and therapeutic
protection. The polymer scaffold also displayed
long-term activity for months postimplantation,
which is superior to all soluble administration
methods to date [35]. Other biomaterials, such as
vault nanoparticles, were investigated for intratu-
moral CCL21 delivery. In a well-characterized
Lewis lung cancer model, CCL21-vault nanopar-
ticle system showed effective antitumor efficacy.
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A single intratumoral injection of CCL21-vault
nanoparticles was able to recruit antitumor effec-
tors that induced potent antitumor activity and
inhibit tumor growth [36]. The nanoparticle sys-
tem can be further designed for target delivery
and specific payloads to prime the immune
system.

7.8 Diagnostics and Prognostic
Monitoring of CCL21

and Effects

Diagnostic tests for CCL21 expression and pro-
tein concentrations in samples are performed by
RT-PCR and ELISA. Tissue expression of CCL21
is assessed by immunocytochemistry and flow
cytometry. Based on the preclinical data, high
levels of CCL21 expression in tumors may be
indicative of immune reactivity and serve as a
prognostic marker for patient survival. Immune
effects of CCL21 is monitored by antigen-
specific IFN-y T lymphocyte ELISPOTS, ELISA,
or RT-PCR for Thl cytokines and immunocyto-
chemistry for T lymphocytes, NK and DC effec-
tor cell infiltrates. CCL21-mediated T cell
activation can be monitored by immunocyto-
chemistry for perforin and granzyme B-secreted
activated T cells (Fig. 7.1).

7.9 Therapeutics

CCL21 is being developed as an anticancer thera-
peutic agent. The phase I clinical trials were in
lung cancer and melanoma, but as the preclinical
data warrants in other tumor models, this form of
therapy may be extended to include other solid
cancers. There is a strong rationale to combine
CCL21 with immune checkpoint blockade ther-
apy to increase T cell infiltrates in the tumor of
patients who have minimal response to immune
checkpoint blockade therapy. Recent ground-
breaking studies in lung cancer immunotherapy
reveal robust antitumor activity and durable
responses in previously treated patients with pro-
gressive locally advanced or metastatic

NSCLC. Immune inhibitory molecules are
upregulated on T cells in tumors causing a down-
regulation of antitumor activity. The programmed
cell death protein 1 (PD-1; also known as CD279)
is an inhibitory receptor that regulates immune
responses. The PD-1 receptor interaction with the
PD-L1 and PD-L2 ligands delivers inhibitory sig-
nals that regulate the balance between T cell acti-
vation and tolerance. Recent studies reveal
responses in approximately 20% of NSCLC
patients treated with inhibitors of the PD-1
checkpoint. This includes robust and durable
responses in previously treated patients with pro-
gressive locally advanced or metastatic NSCLC
[37-42]. Studies in NSCLC and melanoma
patient-derived tumor specimens reveal that
responses to checkpoint blockade rely on tumor
infiltration of activated T effector cells [38-41,
43]. It has been suggested that among patients
who are nonresponsive or respond poorly to
checkpoint blockade immunotherapies, there will
be individuals who lack preexisting antitumor T
cell responses [44]. This group appears to be
comprised of patients who have absent or very
limited immune responsiveness prior to initiation
of therapy, and thus have limited CD8 T cell infil-
tration of the tumor and/or PD-L1 expression by
tumor or TME. This situation appears to occur in
approximately 50-60% of NSCLC cases [45].
Thus, it has been suggested that this deficit could
be addressed with regimens that increase T cell
infiltration combined with checkpoint inhibitors.
Congruent with this concept, in a recent study,
CCL21 enhanced the antitumor activity of
PD-1 in a murine model of lung cancer [46].

7.10 Future Prospects

The results of the phase I studies in lung cancer
and melanoma are promising. CCL21 is impor-
tant in the formation of tertiary lymphoid struc-
tures and their presence in tumors is associated
with favorable immune responses. Immunogenic
tumors, with immune response positive gene sig-
natures and/or increased TIL, have a better prog-
nosis. Based on the findings on CCL21, it is
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Fig. 7.1 (a—d) CCL21 programs PD-1 blockade antitu-
mor activity. (a) CCL21-based strategies increase CD8 T
and dendritic cells (DC) in the TME. PD-1 expression is
increased on recruited T cells that makes them tolerant to
the tumor. CCL21 combined with PD-1 blockade induces
durable antitumor immunity leading to tumor regression/
eradication. (b) CCL21-DC peptide vaccine combined
with PD-1 blockade enhances activated T cells in the TME
resulting in lung tumor destruction. Blue arrows indicate

M

tumor and yellow immune infiltrates. Magnification 60x
objective. (¢) CCL21-DC peptide vaccine combined with
PD-1 blockade increases CD3 T cells in the TME. Brown
indicates CD3 T cells staining by immunohistochemistry.
Magnification 60x objective. (d) CCL21-DC peptide vac-
cine combined with PD-1 blockade enhances activated T
cells that secrete granzyme B in the TME resulting in lung
tumor destruction. Brown indicates granzyme B staining
by immunohistochemistry. Magnification 60x objective



76

S.Sharmaetal.

Control

Control

“?;
r

Moo

) .,1! 7\&

w.‘d Y lkm A
Fig. 7.1 (continued)

anticipated that the rational combination with
immune checkpoint blockade therapy will
improve the antitumor benefit of this chemokine
in a broad range of solid tumors with low TIL fre-
quency. Future studies could assess the combined
efficacy of CCL21-based regimens with immune
checkpoint blockade therapy in various solid
tumors. CCL21-based therapeutic vaccination
approaches will prove beneficial for tumors that
are not accessible to intratumoral administration
of CCL21 or that require multiple dosing.
CCL21 in combination with PD-1 inhibition will
capture more NSCLC patients that are not respon-
sive to PD-1 blockade monotherapy. Furthermore,

CCL21 DC Peptlde Vaccme +Ant| PD-1

material and nanoparticle engineering provide
several attractive strategies to design more potent
CCL21 immunotherapy for cancer.
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