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Abstract

Vaccine

Over the past decade, immunotherapy has become an increasingly fundamental modality in the treatment of cancer.
The positive impact of immune checkpoint inhibition, especially anti-programmed death (PD)-1/PD-ligand (L)1
blockade, in patients with different cancers has focused attention on the potential for other immunotherapeutic
approaches. These include inhibitors of additional immune checkpoints, adoptive cell transfer (ACT), and therapeutic
vaccines. Patients with advanced cancers who previously had limited treatment options available may now benefit
from immunotherapies that can offer durable responses and improved survival outcomes. However, despite this, a
significant proportion of patients fail to respond to immunotherapy, especially those with less immunoresponsive
cancer types, and there remains a need for new treatment strategies.

The virtual Immunotherapy Bridge (December 1st-2nd, 2021), organized by the Fondazione Melanoma Onlus, Naples,
[taly in collaboration with the Society for Immunotherapy of Cancer addressed several areas of current research in
immunotherapy, including lessons learned from cell therapies, drivers of immune response, and trends in immuno-
therapy across different cancers, and these are summarised here.
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Introduction

Immunotherapy has become an increasingly fundamen-
tal modality in the treatment of cancer since immune
checkpoint inhibitors were first approved for the treat-
ment of advanced melanoma in 2011. Durable responses
and improved survival can now be achieved with immune
checkpoint blockade, especially with anti-programmed
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death (PD)-1/PD-ligand (L)1 inhibitors, in patients with
many different cancers. However, while many patients
with advanced cancer who previously had limited treat-
ment options benefit from immunotherapy, a signifi-
cant proportion fail to respond, especially those with
less immunoresponsive cancer types. The need for new
treatment strategies for these patients has focused atten-
tion on the development of other immunotherapeutic
approaches, which include inhibitors of other immune
checkpoints, adoptive cell transfer (ACT), and thera-
peutic cancer vaccines, as well as different treatment
combinations.

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-8322-475X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-022-03471-y&domain=pdf

Ascierto et al. Journal of Translational Medicine (2022) 20:257

The virtual Immunotherapy Bridge (December 1st—
2nd, 2021), organized by the Fondazione Melanoma
Onlus, Naples, Italy in collaboration with the Society for
Immunotherapy of Cancer addressed several areas of
current research in immunotherapy, including lessons
learned from cell therapies, drivers of immune response,
and trends in immunotherapy across different cancers,
and these are summarised in this report.

Lessons learned from cell therapies

Enzyme CD26 activity augments CART cell therapy

CD26 is a surface glycoprotein expressed on various
cell types including T cells, with CD26+T cells associ-
ated with increased antitumor immunity. Three human
CD4+T cell subsets can be recognised based on their
CD26 expression: one with regulatory properties
(CD26"®%), one with a naive/central memory phenotype
(CD26™), and one with a durable stem memory profile
(CD26"8"). CD4+4 CD26M#" T cells have distinct antitu-
mor and molecular properties relative to other helper
subsets, producing increased levels of several cytokines
including interleukin (IL)-17A, interferon (IEN)-y, IL-22,
and IL-2, with these cytokines being co-secreted. These
properties suggest CD4+4 CD26"M" T cells may have
potential as an immunotherapeutic approach.

CD26"8" T cells mediate robust tumor immunity. In a
murine mesothelioma model, CD26"¢" T cells eradicated
tumors, while T helper (Th) 1 cells only regressed tumors
short-term. Mice treated with CD26"8" T cells survived
significantly longer and this was associated with higher
CD4+and CD8+ chimeric antigen receptor (CAR) T
cell engraftment and persistence compared with other T
cell subsets [1]. CD4+CD26"8" T cells redirected with
CAR had enhanced functional and antitumor activity
versus classic human subsets (Thl, Th2, and Th17) or
unselected CD4+ T cells.

Further evidence of a potential immunotherapeutic
role is provided by a strong trend towards more CD26"&"
tumor-infiltrating lymphocytes (TILs) being observed in
patients with oral cavity squamous cell carcinoma who
responded to neoadjuvant PD-1 therapy [2, 3]. Clini-
cal trials are now underway to evaluate the potential of
CD4+ CD26"8" T cells as next-generation ACT therapy
in patients non-responsive to checkpoint blockade.

Targeting solid malignancies with public
neoantigen-specific T cell receptors

Although most cancer neoantigens are patient-specific
with a high potential for both clonal heterogeneity and
immunologic selection pressure, some may be shared
across individuals. Oncogenic driver mutations can sys-
tematically reappear across patients, typically occurring
in tightly constrained ‘hotspot’ regions within a protein.
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Moreover, these driver mutations often occur early in
cellular transformation and contribute to maintaining
a malignant phenotype; consequently, they tend to be
clonally conserved both within a tumor mass and across
metastases. Thus, a peptide containing a hotspot muta-
tion bound by a relatively common human leukocyte
antigen (HLA) allele could result in a ‘public’ neoantigen
shared across many patients that is less susceptible to
selection pressure [4].

PIK3CA is among the most common mutated driver
oncogenes in human solid cancers [5]. PIK3CA substi-
tutions occur in a three sets of hotspot regions with the
most prevalent being in the protein’s kinase domain at
the H1047 position.

A functional immunopeptidomic screen using mono-
allelic cell lines expressing individual HLA-A alleles and
either mutant or wild-type PIK3CA was developed, with
peptide/HLA-I complexes undergoing immune precipi-
tation/liquid chromatography tandem mass-spectrom-
etry (MS/MS). Analysis revealed PI3Ka-derived amino
acid sequences exclusively from cells that co-express
HLA-A*03:01 and mutant PIK3CA. Deconvolution of the
MS/MS spectrum revealed a single nine amino acid pep-
tide with a leucine for histidine substitution at the second
position. This mutant peptide had a profoundly extended
half-life compared with the wild-type epitope at physi-
ological temperatures consistent with the substitution of
a preferred HLA anchor residue.

Immunogenicity of this PIK3CA mutation was assessed
in a subset of patients with cancer who express HLA-
A*03:01. This was enabled using the Memorial Sloan
Kettering-Integrated Mutation Profiling of Actionable
Cancer Targets (MSK-IMPACT) clinical next-generation
sequencing (NGS) platform which allows detection of
somatic tumor alterations and germline encoded HLA-I
alleles. Fourteen patients with different tumor types com-
monly associated with mutant PIK3CA were identified
and underwent immune monitoring. Circulating PIK3CA
public neoantigen-specific T cells were identified in four
of these patients, but in none of five concurrently tested
HLA-A*03:01 expressing healthy donors.

A series of unique T cell receptor (TCR) sequences
that recognize this PIK3CA public neoantigen were
cloned into retroviral expression vectors and used to
infect otherwise non-specific CD4" and CD8*" T cells.
In the context of HLA-A*03:01, all TCR members exhib-
ited absolute specificity for mutated PIK3CA with no
responses detected against wild-type PIK3CA. When
expressed in CD8™ T cells, two TCR sequences triggered
significantly greater mutant-specific cytokine production
and degranulation compared with two other TCRs. These
TCRs also triggered T cell function when transduced into
CD4*" T cells, indicating coreceptor independence. All
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four TCRs mediated cytolysis of mutant PIK3CA*/HLA-
A*03:017 target cells but not of wild-type PIK3CA/HLA-
A*03:01" cells. One TCR (TCR4) exhibited superior
cytolytic efficacy relative to all other TCR library mem-
bers. TCR4 contains a CDR3p loop that is significantly
extended and its unique structural properties allow it to
form an interface that extends across nearly the entire
peptide length. This configuration likely contributes to
the receptor’s relatively high affinity and specificity for
the PIK3CA public neoantigen.

Public neoantigens, including the newly described
PIK3CA public neoantigen [6], therefore represent an
innovative new translational platform to help develop
TCR immunotherapies for patients [7] (see Fig. 1).

Harnessing the power of a natural killer: bringing natural
killer cells to immuno-oncology

CAR T cell therapies have revolutionized immuno-
therapy but autologous approaches have a number of
challenges that hinder implementation, including inter-
patient variability, complex manufacturing processes,
and high costs. Allogeneic models use third-party cell
sources that are engineered to address the unique chal-
lenges of each cancer. Initial allogeneic strategies have
focused on overcoming T-cell alloreactivity to produce
universal CAR T cells. However, graft-versus-host dis-
ease (GvHD) and severe toxicities, namely cytokine
release syndrome (CRS) and immune effector cell-asso-
ciated neurotoxicity syndrome (ICANS) are concerns.
Other immune effector cells have also been considered
as potential candidates for cell therapy, including natu-
ral killer (NK) cells. Viable allogeneic NK cell sources

Page 3 of 19

include peripheral blood, umbilical cord blood, induced
pluripotent stem cells, hematopoietic stem/progeni-
tor cells and NK cell lines (NK-92). NK cell-focused
approaches offer HLA-independent antigen recogni-
tion, an ability to modulate immune response and high
cytotoxic potential, with a diverse cytotoxicity profile
and enhanced cytotoxicity through antibody-depend-
ent cellular cytotoxicity (ADCC). Moreover, NK cells
are amenable to genetic manipulation, allow enhanced
function by CAR expression, expand well in vitro, and
are associated with a low risk of GvHD with no CRS
or ICANS. In 11 patients with relapsed or refractory
CD19-positive non-Hodgkin’s lymphoma (NHL) or
chronic lymphocytic leukemia (CLL), NK cells modi-
fied to express an anti-CD19 CAR resulted in eight
responses [8]. Of these eight patients, seven had com-
plete remission. Administration was not associated
with the development of CRS, ICANS or graft-versus-
host disease. CAR NK cells expanded and persisted at
low levels for at least 12 months.

Cytokine-inducible SH2-containing protein (CIS),
encoded by CISH, is a critical negative regulator of
IL-15 signaling in NK cells and a potent checkpoint in
NK cell-mediated tumor immunity [9]. CISH-knockout
NK cells exhibit improved expansion and increased
anti-tumor cytotoxicity [10]. Loss of CISH expression
enhanced potency of cord-blood derived CAR-engi-
neered NK cells in a lymphoma mouse model. As such,
a strategy of CIS checkpoint deletion with CAR engi-
neering may promotes activity of NK cells in an other-
wise suppressive tumor microenvironment (TME) [11].

Fig. 1 «Private» versus «Public» neoantigens
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Understanding resistance to develop better CART
immunotherapies

Despite the success of CAR T therapies to treat B cell
hematological malignancies, over half of patients still
experience primary resistance or relapse [12]. Failures
of CAR T immunotherapy can involve pre-infusion bar-
riers, such as low lymphocyte counts, manufacturing
failure, or disease progression occurring in parallel with
the manufacturing process, as well as resistance related
to CAR T cell dysfunction, an immunosuppressive TME,
or tumor-intrinsic mechanisms [13]. CAR T cell dysfunc-
tion can include defective effector function due to an
exhausted T cell phenotype, lack of expansion, or lack of
persistence. Factors relating to the TME include impaired
trafficking, metabolism/hypoxia, and the presence of
immunosuppressive cells (stroma, myeloid cells, regula-
tory T cells) and cytokines (transforming growth factor
[TGF]-B, IL-10, IL-35). Tumor-intrinsic mechanisms
include loss of target antigen, expression of inhibitory
ligands (e.g., PD-L1), lack of costimulatory ligands (e.g.,
CD58 loss), and resistance to immune killing.

Loss of target antigen has been the most widely studied
mechanism of resistance [14]. In B cell acute lymphoblas-
tic leukemia (B-ALL), CD19 loss accounts for up to 75%
of relapses after CAR T cell therapy [15] while approxi-
mately a third of relapses in diffuse large B cell lymphoma
(DLBCL) show CD19 loss or downregulation [16]. Strat-
egies to overcome antigen loss are focused on targeting
multiple antigens, which can be achieved using pooled
CAR T cells, which involve different CAR T cells directed
against different antigens, or through single T cells with
multiple specificities (e.g., dual anti-CD19 and anti-CD22
CAR T cells). Fourth-generation CAR T cell have a sin-
gle CAR but also secrete bispecific antibodies that target
another antigen. In addition, CAR T cell therapy may be
combined with a separate bispecific antibody.

One example of dual CAR T therapy is the co-
administration of two humanized autologous CAR T
cell products, one targeted to CD19 (huCART19) and
the other to CD22 (CART22-65 s). In 13 patients with
relapsed/refractory ALL, treatment with huCART19
and CART22-65 s resulted in complete remissions in 11
evaluable patients with minimal residual disease at one
month [17]. Two patients developed toxicities before
the 28-day assessment; one died from therapy-related
complications, and one developed rapidly progressive
disease. Another study showed mosunetuzumab, a bispe-
cific antibody targeting CD20 and CD3, resulted in com-
plete responses in some patients with heavily pretreated
relapsed or refractory B-cell NHL and disease progres-
sion after CAR T cell therapy [18].

Lastly, Dr. Ruella discussed how the intestinal micro-
biome could modulate the anti-tumor immune response
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to ACT and, in particular, CART 19. In 228 patients with
ALL or NHL treated with CD19 CAR T cells, the use of
antibiotics, in particular piperacillin-tazobactam, imipe-
nem-cilastatin, or meropenem (P-I-M), in the 4 weeks
before therapy was associated with worse survival [19].
Moreover, the composition of the gut microbiota also
correlated with outcomes. Indeed, increased abundance
of Lachnospiraceae, Ruminococcaceae, and Bacteroi-
daceae spp. was observed in patients who achieved a
complete response and those who experienced CAR-
mediated toxicity.

In conclusion, resistance to CAR T immunotherapy
can be driven by multiple factors [13]. Several thera-
peutic approaches are now being explored to overcome
resistance, and, for example, initial results of targeting
both CD19 and CD22 in ALL or combining ibrutinib and
CAR T19 [20] are showing promising results.

Best of SITC 2021 for clinical development and trials
BO-112 is a double-stranded synthetic RNA formulated
polyethyleneimine that can mimic a viral infection and
induce an immune response. In patients with advanced
melanoma whose disease had progressed following anti-
PD-1-based therapy, intratumoral administration of
BO-112 in combination with pembrolizumab met the
primary endpoint of the phase II SPOTLIGHT-203/KEY-
NOTE-B77 trial, with an objective response rate (ORR)
of 27% in 37 evaluable patients [21]. Disease control rate
(DCR) was 65% and responses were durable. The combi-
nation had a manageable safety profile with no patients
discontinuing treatment due to adverse events. A further
trial is planned.

In the NIVIPIT trial, intratumoral low dose ipili-
mumab in combination with nivolumab was associated
with fewer grade>3 toxicities than intravenous (IV)
ipilimumab with nivolumab in 61 previously untreated
patients with metastatic melanoma [22]. Overall, 30%
of patients receiving intratumoral ipilimumab 0.3 mg/
kg had grade > 3 treatment related adverse events versus
57% in the IV ipilimumab 3 mg/kg arm. No procedure-
related > grade 3 adverse events were reported in the
intratumoral arm. ORR per Response Evaluation Cri-
teria in Solid Tumors (RECIST) 1.1 were observed in
50% of patients in the intratumoral arm compared with
65% in the IV arm; 65.7% of tumors injected with ipili-
mumab showed a complete or partial response. The high
response rate in injected lesions was associated with a
reduction in intratumoral CD25"8" CD39Meh activated
regulatory T cells (Tregs).

Vidutolimod is an immunostimulatory virus-like par-
ticle containing a CpG-A toll-like receptor 9 (TLR9)
agonist. Promising clinical activity was observed with
vidutolimod as monotherapy and in combination with
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pembrolizumab in patients with anti-PD-1-refrac-
tory melanoma in an open-label, phase Ib study [23].
Grade 3/4 treatment-related adverse events occurred
in 37% of patients treated with vidutolimod plus pem-
brolizumab and in 22.5% of patients treated with vid-
utolimod monotherapy. No treatment-related deaths
occurred. ORR was 23.5% with the combination, with
7.1% complete responses, and responses were durable
(median duration of response [DOR] of 25 months).
Vidutolimod also showed single agent activity, with an
ORR of 20%. Clinical trials to confirm the efficacy of
vidutolimod plus PD-1 blockade in patients with previ-
ously untreated unresectable/metastatic melanoma or
PD-1 blockade-refractory melanoma are ongoing.

Electroporated plasmid IL-12 (pIL-12-EP) induces
sustained intratumoral expression of IL-12, a cytokine
involved in response to anti-PD-1 therapy. In updated
data from the phase II KEYNOTE 695 trial of pIL-
12-EP in combination with pembrolizumab, durable
responses in both injected and non-injected lesions
were observed in patients with stage III-IV melanoma
with disease progression on anti-PD-1 therapy [24].
ORR per RECIST in 54 evaluable patients was 27.8%,
with four complete and 11 partial responses. Seven
patients had 100% reduction in target lesions, and
regression was observed in non-injected lesions. Treat-
ment was generally well tolerated, with minimal grade 3
and no grade 4-5 treatment-related adverse events.

Sotigalimab is a CD40 agonist antibody engineered to
have increased binding to FcyRIIb. In a phase II trial,
sotigalimab combined with nivolumab demonstrated
tumor responses or prolonged disease control in 33
anti-PD-1/PD-L1-refractory melanoma patients with a
favorable safety and tolerability profile [25]. Six patients
had a partial response for an ORR of 18% and median
DOR was 18.7 months. Three of the six respond-
ing patients remained off all therapy for >26 months.
Three additional patients had prolonged stable disease.
DCR was 48% and 33% of subjects experienced reduc-
tion in target lesions.

BNT111 is an RNA-lipoplex vaccine being assessed
in the Lipo-MERIT trial, an ongoing, first-in-human,
open-label, dose-escalation phase I study in pre-treated
patients with advanced melanoma. In this analysis,
promising signs of clinical activity were observed in
patients with no evidence of disease at trial inclu-
sion [26]. Median disease-free survival (DFS) was
34.8 months and T-cell immunity was induced irre-
spective of the presence of a clinically or radiologically
detectable tumor. Immunogenicity and safety pro-
files were comparable to those previously reported for
patients with evidence of disease at baseline.
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BNT211 is a CAR T cell product candidate that targets
the tumor-specific antigen Claudin-6 (CLDN6). Com-
bination with a CAR T cell Amplifying RNA Vaccine
(CARVac) leads to in vivo expansion of adoptively trans-
ferred CAR T cells, resulting in improved persistence
and functionality. In a first-in human trial, CLDN6 CAR
T cells with or without CARVac had a favorable safety
profile and encouraging signs of efficacy in eight patients
with advanced solid cancers [27]. No acute or dose-limit-
ing toxicities and no serious adverse events related to the
drug product were reported. Preliminary efficacy data
showed initial tumor shrinkage according to RECIST 1.1
in all of five patients.

Trends in immunotherapy

Integrating head and neck cancer immunotherapy

into locally advanced treatment

The first phase III study to show a benefit of immuno-
therapy in head and neck squamous-cell carcinoma
(HNSCC) of the was the CheckMate-141 trial, in which
treatment with nivolumab resulted in longer OS than
treatment with standard, single-agent chemotherapy in
patients with recurrent platinum-refractory disease [28,
29]. Subsequently, pembrolizumab improved overall sur-
vival (OS) as monotherapy versus cetuximab plus chem-
otherapy in patients with PD-L1-positive disease and in
combination with chemotherapy versus cetuximab plus
chemotherapy irrespective of PD-L1 status [30]. How-
ever, we still do not fully understand why some patients
do not benefit or how to integrate with other existing
modalities such as chemotherapy and radiotherapy.

In the locally advanced setting, avelumab plus concur-
rent chemoradiotherapy followed by avelumab mainte-
nance did not improve progression-free survival (PFS)
or OS versus chemoradiation alone in 697 patients with
HNSCC in the JAVELIN 100 trial [31]. Sequential chemo-
radiation followed by pembrolizumab is being compared
with concurrent chemoradiation and pembrolizumab in
an ongoing trial in intermediate or high-risk patients.
In another trial in intermediate-risk patients, pembroli-
zumab is being evaluated in combination with chemo-
radiotherapy and the ISA101b human papillomavirus
(HPV) peptide vaccine in HPV-positive patients.

Transoral surgery can provide better access and control
of surgical margins and selective neck dissection allows
nodal treatment without significant additional morbid-
ity. A recent trial investigated adjuvant de-escalated
radiation plus concurrent nivolumab in 42 patients with
intermediate-risk P16 4 oropharyngeal cancer after tran-
soral surgery and will report soon. Neoadjuvant immu-
notherapy is also being investigated in locally advanced
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HNSCC. In the CheckMate-358 trial, two doses of neo-
adjuvant nivolumab induced pathologic regressions in
HPV-positive (23.5%) and HPV-negative (5.9%) tumours
and was generally well tolerated with no unexpected
delays to surgery due to adverse events in 52 patients
with stage III-1V resectable HNSCC [32]. Survival is also
improved after a neoadjuvant response; in analysis of
data from two window trials in which patients received
cetuximab or anti-ErbB3 antibody, patients with patho-
logical downstaging migration had significantly improved
5-year OS and DFS compared to those without patholog-
ical downstaging [33].

The combination of neoadjuvant nivolumab plus ipili-
mumab has also been shown to be feasible, with higher
response rates than with nivolumab monotherapy [34].
Several other neoadjuvant and adjuvant trials are ongo-
ing, including the KEYNOTE-412 trial of pembrolizumab
administered as a priming dose, concomitant with chem-
oradiation, and as maintenance therapy, as well as the
KEYNOTE-689 trial of adjuvant and neoadjuvant pem-
brolizumab combined with chemoradiotherapy, and the
HCC 18-139 trial which will compare neoadjuvant anti-
PD-1 alone, anti-PD-1 plus anti-CTLA-4, and anti-PD-1
plus anti-lymphocyte activation gene (LAG)-3. Neoadju-
vant approaches may help inform biomarker identifica-
tion and more rational treatment combinations.

Kidney cancer

Renal cell carcinoma (RCC) consists of different settings
and subtypes with distinct molecular and histological
tumor heterogeneity. Treatment options consequently
range from an initial eventual possible observational
phase in few good-risk patients and tyrosine kinase
inhibitor (TKI) monotherapy or TKI/Immunotherapy
combinations in the others, to immunotherapy combina-
tions in intermediate/high-risk patients, especially those
with sarcomatoid features, with TKI alone as a further
treatment option.

In the CheckMate-214 trial of nivolumab plus ipili-
mumab versus sunitinib for first-line treatment of
advanced RCC, combination immunotherapy was associ-
ated with improved PFS and OS which was maintained
for up to 4 years, along with manageable safety [35]. OS
remained superior with nivolumab and ipilimumab at
4 years in intermediate/high-risk patients but was not
significantly improved in favorable-risk patients. These
benefits were also sustained at 5-year follow-up, with
5-year OS rates of 43% with nivolumab plus ipilimumab
versus 31% with sunitinib among intermediate/high-risk
patients [36].

Proangiogenic factors can have immunomodulatory
effects on the immune system, suggesting antiangiogenic
therapy with vascular endothelial growth factor (VEGF)
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inhibitors combined with checkpoint inhibitors may have
a synergistic effect. In the CheckMate-9ER trial, combi-
nation therapy with the multi-targeted TKI cabozantinib
and nivolumab was superior to sunitinib monotherapy as
first-line treatment for advanced RCC, with significantly
longer PFS and OS [37]. Patients receiving the combina-
tion also had higher response rates than those treated
with sunitinib monotherapy and health-related quality
of life was significantly improved. Similarly, in the KEY-
NOTE-426 trial, pembrolizumab plus axitinib resulted
in significantly longer PFS and OS as well as a higher
ORR than sunitinib monotherapy in treatment-naive
patients with RCC [38]. Extended follow-up (median
30.6 months) continued to show higher efficacy of pem-
brolizumab plus axitinib with a 42-month OS rate of
57.5% versus 48.5% with sunitinib, and 42-month PFS
rate of 25.1% versus 10.6% [39]. In a fourth trial, len-
vatinib plus pembrolizumab was associated with signifi-
cantly longer PFS and OS than sunitinib [40].

Partial or radical nephrectomy is frequently used for
locoregional RCC but patients with intermediate/high-
risk advanced disease are at risk of recurrence, and there
are no standard treatment options after surgery to pre-
vent relapse. However, adjuvant pembrolizumab fol-
lowing surgery significantly improved DEFS at 2 years
compared with placebo among patients with high-risk
RCC in the phase III KEYNOTE-564 (77.3% vs. 68.1%;
HR for recurrence or death, 0.68; 95% CI 0.53-0.87;
p=0.002) [41], Safety was consistent with that seen in
other trials with no new safety signals.

Gl cancer

Esophageal cancer can be classified by histology as
esophageal squamous cell carcinoma, which accounts for
around 85% of cases, and esophageal adenocarcinoma.
Therapeutic options are limited, independent of histolog-
ical subtype, and prognosis remains poor with 5-year sur-
vival rates around 10% in Western countries. Nivolumab
and pembrolizumab were first shown to improve OS with
a favourable safety profile compared with chemotherapy
as second-line treatment in heavily pretreated patients
with advanced esophageal squamous cell carcinoma [42,
43]. Pembrolizumab in combination with chemotherapy
also improved survival when given as a first-line option in
patients with advanced and metastatic esophageal cancer,
independent of histological subtype and PD-L1 status,
in the phase III KEYNOTE-590 trial [44]. In the Check-
Mate-648 trial, first-line treatment with nivolumab plus
chemotherapy or nivolumab plus ipilimumab improved
survival versus chemotherapy alone in 970 patients with
esophageal squamous cell carcinoma [45]. At a minimum
follow-up of 13 months, both nivolumab plus chemo-
therapy and nivolumab plus ipilimumab resulted in
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significant improvements in median OS compared with
chemotherapy alone in patients with tumor cell PD-L1
expression>1% and in all randomized patients. A sig-
nificant PFS benefit was also observed for nivolumab
plus chemotherapy versus chemotherapy in patients
with tumor cell PD-L1> 1%, although PFS benefit did
not meet the prespecified boundary for significance
with nivolumab plus ipilimumab versus chemother-
apy. Nivolumab-containing regimens had manageable
safety profiles with no new safety signals. Significantly
improved OS and PFS were also observed with the addi-
tion of the anti-PD-1 antibody camrelizumab to chemo-
therapy in 596 eligible patients with untreated advanced
or metastatic esophageal squamous cell carcinoma in the
ESCORT-1 trial [46].

In the CheckMate-649 trial, 1581 patients with pre-
viously untreated non-HER2-positive gastric, gastro-
oesophageal junction, or esophageal adenocarcinoma,
regardless of PD-L1 expression, were randomized
to chemotherapy with or without nivolumab [47].
Nivolumab plus chemotherapy resulted in significant
improvements in OS (hazard ratio [HR] 0.71; p <0.0001)
and PFS (HR 0.68; p<0.0001) versus chemotherapy alone
in patients with a PD-L1 combined positive score (CPS)
of > 5. OS and PFS benefit were also observed in all ran-
domized patients. In longer-term follow-up, the addition
of nivolumab to chemotherapy continued to produce a
significant improvement in OS, with the greatest magni-
tude seen in patients with high PD-L1-expressing tumors.
In contrast, the third arm of the study, in which patients
received nivolumab and ipilimumab, did not significantly
improve OS versus chemotherapy in patients with a
PD-L1 CPS>5 [48]. These data support nivolumab plus
chemotherapy as a new standard first-line treatment in
patients whose tumors express PD-L1 with a CPS > 5.

Immunotherapy is also being assessed in earlier settings
for esophageal cancer. In CheckMate-577, nivolumab sig-
nificantly improved DFS in patients with resected stage
II/III esophageal or gastroesophageal junction cancer
who had received neoadjuvant chemoradiotherapy and
had residual pathological disease [49]. Several ongo-
ing trials are also investigating PD-1/PD-L1 checkpoint
inhibitors in the preoperative setting of locally advanced
esophageal cancer.

In colorectal cancer, first-line therapy with pembroli-
zumab resulted in improved PFS versus chemotherapy
in microsatellite-instability-high ~ (MSI-H)-mismatch-
repair-deficient (dMMR) metastatic colorectal can-
cer, with fewer treatment-related adverse events [50].
Ongoing trials are assessing PD-1 blockade in combi-
nation with chemotherapy and a VEGF inhibitor, and
with ipilimumab. In the neoadjuvant setting, treatment
with nivolumab in 22 patients with early-stage colon
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cancer was feasible, did not compromise surgery and led
to an increase of TILs in the NICOLE trial [51]. Simi-
larly, nivolumab plus ipilimumab was well-tolerated and
all patients underwent surgery without delays in interim
data from the NICHE trial [52]. Pathological response,
complete or near complete, was observed in all 20
patients with dMMR tumors, while 4 of 15 patients with
mismatch-repair-proficient tumors (27%) had a complete
or near complete pathological response.

Implications of the tumor microenvironment for breast
cancer immunotherapy

In the phase III IMpassion 130 study, 902 patients with
untreated locally advanced or metastatic triple-negative
breast cancer (TNBC) were randomized to atezolizumab
plus nab-paclitaxel or placebo plus nab-paclitaxel until
disease progression or unacceptable toxicity. The addi-
tion of atezolizumab to nab-paclitaxel resulted in a sta-
tistically significant PFS benefit and clinically meaningful
OS benefit versus nab-paclitaxel with placebo in patients
who had PD-L1 immune cell-positive disease. At the
final analysis, the HR for OS was 0.67 but statistical sig-
nificance for OS was not formally tested as per the pre-
specified testing hierarchy [53]. Importantly, there was
no treatment effect in patients whose tumors were PD-L1
immune cell-negative.

In a phase I study of atezolizumab monotherapy,
improved clinical outcomes were observed in patients
with tumors that were PD-L1 immune -cell-positive,
contained high levels of stromal TILs, or were of the
basal-like immune-activated (BLIA) molecular subtype
of TNBC [54]. Building on this data, an exploratory bio-
marker analysis of IMpassion 130 evaluating the asso-
ciation of PD-L1 expression on immune cells and tumor
cells, intratumoral CDS8, and stromal TILs was under-
taken [55]. Intratumoral CD8 and stromal TIL positiv-
ity were associated with PD-L1 immune cell-positive
status and predicted clinical benefit only in patients who
were also PD-L1 immune cell-positive. In additional
exploratory analyses, improved PFS was observed in
patients with PD-L1 immune cell-positive disease with
an immune-inflamed phenotype or immune-excluded
phenotype, whereas improved OS was observed in only
in patients with PD-L1 immune cell-positive immune-
inflamed disease [56]. Improved PFS was also observed in
patients with PD-L1 immune cell-positive tumors of the
BLIA or basal-like immunosuppressed (BLIS) molecu-
lar subtype, whereas improved OS was observed only in
patients with PD-L1 immune cell-positive of the BLIA
molecular subtype. Potential mechanisms of resistance
to PFS benefit among patients with PD-L1 immune cell-
positive disease included LAR molecular subtype and
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tumors with increased angiogenesis, epithelial-mesen-
chymal transition signalling, hedgehog pathway signal-
ling, estrogen response and tumor necrosis factor (TNF)
pathway signalling. Potential mechanisms of resistance
limiting OS benefit for patients with PD-L1 immune cell-
positive disease included the BLIS and LAR molecular
subtypes. All of these observations are hypothesis-gener-
ating and require follow up in independent data sets.

Ovarian cancer

A meta-analysis of ten studies with 1815 ovarian cancer
patients confirmed that TILs are a robust predictor of
outcomes [57]. PD-L1 expression is associated with TILs
and a favorable prognosis in high-grade serous ovarian
cancer [58]. However, tumoral PD-L1 expression dif-
fers according to histologic type. BRCA 1/2 mutations
result in homologous recombination deficient tumors
and are associated with significantly higher CD8+/
CD4 + ratio of TILs and significantly higher peritumoral
T cells and may be more susceptible to PD-1/L1 inhibi-
tion. BRCA1 and BRCA2 mutations have different effects
on the TME and response to checkpoint immunotherapy.
Thus, ovarian cancer is not a single disease and differ-
ent immunophenotypes may require different treatment
strategies.

Single agent checkpoint inhibitor studies in ovarian
cancer have been generally disappointing, with response
rates of around 10-20%. In a phase III study in 316
patients with platinum-resistant advanced or recurrent
ovarian cancer, nivolumab did not improve OS compared
with gemcitabine or pegylated liposomal doxorubicin
[59]. PD-1 blockade in combination with chemother-
apy has also been shown to be ineffective. In the JAVE-
LIN Ovarian 200 trial, neither avelumab plus pegylated
liposomal doxorubicin nor avelumab alone signifi-
cantly improved PFS or OS versus pegylated liposomal
doxorubicin alone in patients with platinum-resistant
or refractory ovarian cancer [60]. Similarly, front-line
chemotherapy with or without avelumab followed by
avelumab maintenance did not improve outcomes versus
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chemotherapy alone in patients with previously untreated
epithelial ovarian cancer in the JAVELIN Ovarian 100
trial [61].

A lack of PFS benefit from immunotherapy was also
observed in the phase III IMagyn050 trial, in which
newly diagnosed stage III or IV ovarian cancer patients
were randomized to chemotherapy (paclitaxel plus
carboplatin) plus bevacizumab with or without ate-
zolizumab [62]. The addition of atezolizumab did not sig-
nificantly improve PES in the intent-to-treat population
or in the PD-L1-positive (immune cells > 1%) population.
PES benefits were seen with atezolizumab for patients
with tumors with>5% PD-L1-positive immune cells,
who represented approximately 20% of the overall study
population. These findings may warrant further evalu-
ation of atezolizumab in a population with high PD-L1
expression. There was also an improvement in PFS favor-
ing atezolizumab for those with tumors having>1%
PD-L1-positive tumor cells. Interim OS data showed no
significant benefit with atezolizumab.

Several trials are assessing combination strategies
including immunotherapy with poly(ADP-ribose) poly-
merase (PARP) inhibitors, which have shown particular
benefit in patients with BRCA-mutant or homologous
recombination-deficient ovarian tumors (see Figs. 2, 3).

Merkel cell carcinoma
Merkel cell carcinoma (MCC) is a rare cancer, mean-
ing large, randomized trials are difficult to conduct.
The disease is typically aggressive with poor survival
and responses to chemotherapy are not durable. An
early phase II trial with pembrolizumab suggested PD-1
blockade achieved clinical responses in advanced MCC
in patients with and without Merkel-cell polyomavi-
rus (MCPyV)-positive tumors [63]. A subsequent larger
phase II study reported durable tumor control and
favorable OS, with no significant correlation between OS
or PFS and MCPyV status [64].

The first approved treatment for patients with meta-
static MCC was the anti-PD-L1 antibody avelumab. In

Study/Author ?;::Y Agent Patient Population Overall Response Rate
Brahmer et al (2012) Phase | PD-L1 Advanced diagnosis; 6% (1/16)
multiple tumor types
Hamanashi et al (2015) Phase I PD-1 nivolumab Platinum resistant 15% (3/20)
JAVELIN, Disis et al (2019) Phase Ib PD-L1 avelumab Recurrent/refractory 10% (12/124)
Infante et al (2016) Phase la PD-L1 atezolizumab Recurrent/metastatic 22% (9/12)
KEYNOTE 28, Varga et al (2017) Phase Ib Pembrolizumab PD-L1* tumors 11.5% (3/26)
KEYNOTE 100, Matulonis et al (2018) Phase Il Pembrolizumab Recurrent diagnosis 9% (PD-L1+ CPS > 1 [8/59]; PD-L1+
CPS > 10 25% [5/201)
Fig. 2 Single-agent checkpoint inhibitor stuides in ovarian cancer. Levinson et al. ASCO Ed. Book (2019)
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PARPi + Immunotherapy
Javelin 100, PARP NCT03642132 First line Chemotherapy + PARP,, vs. Ongoing
chemotherapy/avelumab + PARP/
avelumaby, vs. chemotherapy/
bevicizumab + bevicizumab,
ENGOT-ov43, NCT03740165 First line Chemotherapy vs. chemotherapy/ Ongoing
olaparib/pembrolizumab
ENGOT-ov44 (FIRST), NCT03602859 First line Chemotherapy vs. chemotherapy/ Ongoing
niraparib/TSR-042
ATHENA (ENGOT-ov45), NCT03522246 First-line maintenance PARPi/nivolumab vs. PARPI vs. Ongoing
nivolumab vs. placebo
PARP + Antiangiogenesis + Immunotherapy
ENGOT-0ov46/DUO-O, NCT03737643 First line Chemo/bevacizumab/durvalumab + Ongoing

bevacizumab/olaparib/durvalumab,

Fig. 3 First line trials with combination strategies including PARPi+ 10 in ovarian cancer. Levinson et al. ASCO Ed. Book (2019)

the JAVELIN Merkel 200 trial, at a median follow-up of
40.8 months, the ORR was 33% (95% CI 23.3-43.8%),
including a complete response in 11.4% of patients)
[65]. Median DOR was 40.5 months. Median OS was
12.6 months and the 42-month OS rate was 31%. In an
updated analysis at a median follow-up of 65.1 months,
median OS was 12.6 months and 5-year OS rate was
26% [66]. There was a trend for a higher response rate in
patients with a high versus low tumor mutational burden
(TMB), with the highest ORRs in the high TMB sub-
group in patients with tumors that were also PD-L1-pos-
itive or MCPyV-negative [65]. First-line treatment with
avelumab has also been associated with good responses;
in 116 treatment-naive patients treated with avelumab,
the ORR was 39.7% and the durable response rate was
30.2% [67]. Avelumab was also associated with a clinically
meaningful survival benefit in this cohort.

In contrast with other cancers such as melanoma, sig-
nificant disease progression after cessation of PD-1/
PD-L1 blockade has been observed in patients with met-
astatic MCC. Among 40 checkpoint inhibitor-treated
patients, 14 (35%) progressed after a median follow up
of 12 months from discontinuation, including those with
complete responses [68]. Initial data on retreatment was
promising, however, with six of eight patients having a
partial or complete response.

Trials are also investigating PD-1 blockade in the neo-
adjuvant and adjuvant settings. In the CheckMate-358
trial, neoadjuvant nivolumab was generally tolerable and
induced pathologic complete responses and radiographic
tumor regressions in approximately one-half of treated
patients [69]. Responses were observed regardless of
tumor MCPyV, PD-L1, or TMB status. At a median fol-
low-up of 20.3 months, median recurrence-free survival
(RFS) and OS were not reached.

Treatment options are limited for patients who are
not eligible for PD-1/PD-L1 inhibitors, or whose disease
has progressed. Various novel strategies are being inves-
tigated for treatment of immune-checkpoint inhibitor
resistant MCC, including sequential immunotherapy, or
PD-1/PD-L1 blockade combined with the HDAC inhibi-
tor domatinostat, the IL-15 superagonist N-803, and
KRT-232, a murine double minute 2 inhibitor.

Drivers of immune responses

Biotechnology tricks to harness CD137 (4-1BB)
costimulation for cancer immunotherapy

CD137 (4-1BB) is a surface glycoprotein that belongs to
the tumour necrosis factor receptor family. CD137 ago-
nist antibodies can protect antigen-specific cytotoxic T
lymphocytes from apoptosis, enhance effector function
and favor persistence and memory differentiation and
exert potent anticancer effects in tumor models. Anti-
CD37 antibodies have also shown synergy with check-
point blockade and ACT in preclinical models.

Two anti-CD137 antibodies have been tested in the
clinical setting, urelumab and utolimumab. Initial phase
I and II trials of urelumab monotherapy showed clini-
cal activity in patients with advanced cancer but were
stopped because of severe treatment-related hepatotoxic-
ity, including two deaths [70]. Toxicity was shown to be
improved via dose reduction and low doses of urelumab
in combination with nivolumab have shown acceptable
tolerability and promising clinical responses in patients
with metastatic melanoma.

Novel strategies to revisit CD137 costimulation
without severe liver inflammation include bispecific
constructs designed to target CD137 costimulation spe-
cifically to the TME and direct intratumoral injection.
RO7122290 is a bispecific antibody-like fusion protein
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based on a trimeric CD137 ligand and a targeting Fab
moiety that recognizes fibroblast activation protein-a,
which is expressed by cancer-associated fibroblasts in
many tumors. In patients with advanced solid tumors,
RO7122290 had an acceptable safety profile as mono-
therapy and in combination with atezolizumab [71].
Most adverse events were of grade 1/2, with no apparent
dose-related pattern. Three dose-limiting toxicities were
reported (grade 3 febrile neutropenia, cytokine release
syndrome and pneumonitis). Preliminary antitumor
activity was also shown. In blood, expression of CD137
and release of soluble CD137 indicated T-cell activation
and CD137 targeting. Paired tumor biopsies revealed
strong accumulation of CD8 + Ki67 4 T-cells.

Another bispecific antibody, DuoBody-PD-L1 x 4-1BB
(GEN1046) also demonstrated promising early activity
and an acceptable safety profile in patients with advanced
solid tumors in a first-in-human phase 1/2a dose esca-
lation trial [72]. GEN1046 targets PD-L1 and CD137,
simultaneously blocking the PD-L1 axis and activat-
ing T cells through conditional CD137 co-stimulation.
GEN1046 demonstrated an acceptable safety profile,
with the most frequent treatment-related adverse events
transaminase elevations, hypothyroidism and fatigue.
Transaminase elevations occurred in 26.2% of patients,
with these grade 3 in 9.8% and none grade 4. Six patients
experienced dose-limiting toxicities. Disease control,
including stable disease at first assessment and partial
responses in triple-negative breast cancer, ovarian cancer,
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and immune checkpoint inhibitor-pretreated non-small-
cell lung cancer (NSCLC), occurred in 40 of 61 patients
(65.6%). Pharmacological activity was seen across a broad
range of dose levels, with increases in IFN-y and IFN-y—
inducible protein 10 (IP-10) levels and increased fre-
quency of proliferating total CD8 and effector memory
CD8+T cells.

Another approach is to use a CD137 agonist antibody
prodrug that is preferentially activated by tumor-associ-
ated proteases. A prodrug form of the anti-mouse CD137
agonist antibody 1D8 (1D8 Probody therapeutic, Pb-Tx)
exerted antitumor effects comparable to the unmodi-
fied antibody without liver inflammation in mouse mod-
els [73]. These and other strategies to specifically target
CD137 agonists to the TME are the focus of ongoing
research, alongside better tolerated combination strate-
gies, especially with checkpoint inhibitors (see Fig. 4).

Super CD8-T cells, a new tool in immunotherapy; T cell
reprogramming

Stem cell memory CD8+T cells are highly potent and
regenerative T cells. Understanding the signalling path-
ways that control the generation of these CD8+T cells
can provide insight into how to pharmacologically repro-
gram CD8+T cells into highly effective ‘super’ T cells,
thereby generating more effective immunoherapeu-
tic approaches. Activation of CD8 T cells via the T cell
receptor is usually accompanied by MEK pathway acti-
vation, which leads to persistent mitogenic stimulation,
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cell-cycle progression and, eventually, metabolic and
T cell exhaustion. Our aim was to target this pathway
to reduce T cell exhaustion, a major factor in immuno-
therapy failure. The addition of a MEK inhibitor to vac-
cination was shown to enhance antitumor response in
tumor-bearing mouse models, with increased T cell infil-
tration, including increased antigen-specific CD8+T
cells, reduced tumor burden, and improved survival
[74]. MEK inhibition prevented CD8 T cell exhaustion,
with reduced markers of inhibition (CTLA-4, TIM-3,
LAG-3) and increased markers of activation (CXCR3,
IL-2RB, OX40). Metabolic fitness was enhanced by
MEK inhibition, with increased mitochondrial mass in
CD8+T cells from the TME in mice. MEK inhibitor-
treated ex vivo pMEL-1 cells had increased numbers of
mitochondria, with higher oxygen consumption rates
and lower extracellular acidification rates, indicative of
enhanced mitochondrial fitness and respiratory capac-
ity. Glucose uptake did not change with MEK inhibi-
tion; however, fatty acid uptake and fatty acid-mediated
metabolism were increased. MEK inhibitor-treated T
cells had increased markers of memory generation with
populations of central memory-like (CD62L+ CD44+)
and naive-like (CD62L+ CD44-) CD8+T cells. In the
naive-like population, many cells expressed high levels
of memory markers, including CD95 and CCR?7, in line
with recent observations of a population of minimally
differentiated stem cell-like memory T cells. MEK inhi-
bition results in CD8+stem cell-like memory T cells
with a unique metabolic profile that are distinct from
naive and central memory T cells; these cells are naive-
like with lower mitochondrial potential, higher prolif-
erative capacity, higher expression of the stem cell/T cell
memory marker Scal, higher expression of activation
and memory markers, lower expression of effector and
exhaustion markers, and higher expression of KIf2, which
is associated with self-renewal, survival, and reduced
apoptosis. MEK activation commits CD8+T cells on
a pathway to exhaustion. However, inhibiting the MEK
pathway leads to CD8+T cell reprogramming into stem
cell-like memory T cells that act as a depot for effector
T cells with potent therapeutic characteristics. This could
be useful in enhancing CD8 + T cell products for ACT, as
MEK inhibitor-treated T cells were more effective against
tumors and prolonged survival in mice.

Immunotherapy for non-immunogenic tumors

Infiltration of dendritic cells (DCs) into the TME is a
key aspect of response to anti-PD-1 therapy. Overcom-
ing resistance to immune checkpoint inhibitor therapy
via DCs can involve in situ vaccination with immune
modulators, mobilizing DCs to improve efficacy of
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immunotherapy, or the identification of immunogenic
neoantigens to enhance immunity.

The TLR3 agonist poly-ICLC is an extrinsic immu-
nomodulatory factor that has an immune stimulatory
effect through activation of NK cells, macrophages
and DCs, resulting in the release of cytokines and
chemokines and T cell priming. In a phase I trial,
therapeutic vaccination of solid cancers with intratu-
moral Hiltonol poly-ICLC resulted in a response rate
of approximately 20%. Several trials are investigating
intratumoral poly-ICLC in combination with anti-
PD-1/PD-L1 antibodies.

Mobilizing and targeting DCs is another approach.
Pre-treatment enhancement of responses to DC-tar-
geted vaccination with the fms-like tyrosine kinase 3
ligand (FIt3L) was evaluated in 60 patients with high-
risk melanoma, who received poly-ICLC and anti-DEC-
205-NY-ESO-1 vaccine (CDX-1401), a fusion antibody
targeting CD205 linked to NY-ESO-1, with or without
FIt3L [75]. Antigen-specific (anti-NY-ESO-1) ex vivo T
cell responses were elicited earlier, were of greater mag-
nitude and were observed in more patients in the FIt3L
arm. The majority of patients in the FIt3L arm had a
positive CD8+ T cell response, while all patients with
or without FIt3L had a CD4 + T cell response. Humoral
immunity was of a higher magnitude and more consist-
ently induced in Flt3L-treated patients. No evidence
of epitope spreading was observed, and gene expres-
sion profiling revealed significant cell-type signatures
associated with FIt3L treatment. FIt3L is now being
assessed in several ongoing studies, including in combi-
nation with nivolumab in metastatic castration-resist-
ant prostate cancer and with neoadjuvant endocrine
therapy, radiation and anti-PD-1 therapy in estrogen
receptor-positive breast cancer.

A third approach to overcoming resistance involves
targeting immunogenic cancer neoantigens. OpenVax
is a computational platform for identifying somatic
variants, predicting neoantigens, and selecting the
contents of personalized cancer vaccines. PGV-001
is a phase I therapeutic peptide vaccine clinical trial
studying the safety and immunogenicity of a multipep-
tide personalized genomic vaccine for the treatment
of cancers [76]. A PGV dose consists of 10 synthetic
long peptides each targeting neoantigens identified
from patient tumor samples together with poly-ICLC.
Neoantigen selection has been feasible in all enrolled
patients with adequate tumour RNA, with successful
vaccine production for all these subjects. Treatment is
safe and well tolerated with early validation of immuno-
genicity shown by CD4+and CD84T cell responses.
However, this type of approach involves complex
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manufacturing and associated costs. A shared (public)
neoantigen approach may be more feasible. One exam-
ple of this is mutations in the calreticulin (CALR) gene
in patients with myeloproliferative neoplasms, with
mutant-CALR eliciting antigen-specific responses from
both CD4 +and CD8+T cells, suggesting potential as
a shared neoantigen [77].

Role of dendritic cells in immune response
Cross-presentation is crucial in improving anti-tumor
CD8 T cells [78]. In situ vaccination combining FIt3L,
poly-ICLC, and radiotherapy induced antitumor
CD8+T cell responses in patients with advanced stage
indolent NHL, some of whom had a heavy tumor burden
[79]. Systemic regression of 75% was observed in some
patients, with responses often durable. Systemic (absco-
pal) cancer remission was also observed. Non-respond-
ing patients developed a population of PD1+CD8+T
cells, and murine tumors became newly responsive to
PD-1 blockade, prompting a follow-up trial of the com-
bined therapy [NCT03789097].

However, if in situ vaccination targets major histocom-
patibility complex (MHC)-I presented tumor antigens
then it may be susceptible to antigen escape through
relative enrichment of MHC-class I-negative tumor cells.
Antigen loss is a common escape mechanism across
immunotherapies. One potential approach is to target
antigen-negative tumor cells via their geography and pre-
venting antigen escape by potentiating bystander tumor
killing. Using a CRISPR/Cas9 screen on a targeted library
of genes highly expressed by the A20 murine lymphoma
cell line identified the death receptor Fas as a critical T
cell effector molecule and crucial to on-target antican-
cer immunity. Fas also mediates geography-dependent
off-target bystander killing of antigen-negative tumor
cells by antigen-specific CD8 T cells. Tumor cells can be
sensitized to on-target and bystander killing by induced
upregulation of Fas or inhibition of downstream regula-
tors [80].

In murine models, CAR T induced fas-dependent
on-target and bystander killing in vitro and in vivo. Fas-
dependent bystander killing of antigen-negative tumors
by T cells may contribute to the high response rates of
antigen-directed immunotherapies despite tumoral het-
erogeneity. Small molecules that sensitize fas-mediated
cell death independent of antigen expression, e.g., his-
tone deacetylase (HDAC) inhibitors, may potentiate this
mechanism to prevent cancer relapse.

Pre-existing immune contexture for immunotherapy
response

The Immunoscore, a routine assay quantifying CD3 +and
CD8+cytotoxic T cells within the TME, was the first
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immune-based classification of the host immune response
[81]. It was first validated in patients with stage III colon
cancer [82] and has now been incorporated into several
cancer guidelines. Immunoscore might help to select
patients who are most likely to benefit from longer adju-
vant chemotherapy in stage III colon cancer. In patients
with metastatic stage IV colon cancer, a pathological score
combining clinicopathological factors for relapse with the
Immunoscore was significantly associated with time to
recurrence [83]. This immunopathoscore allows the strati-
fication of stage IV patients and identification of those at
higher risk of recurrence and death.

Beyond prognosis, the Immunoscore has predic-
tive value for response to chemotherapy [84, 85]. In 763
patients with stage III colon cancer, only patients with an
intermediate or high-Immunoscore responded to chemo-
therapy and had improved survival compared to patients
not receiving chemotherapy [86]. Patients with a low
Immunoscore did not significantly benefit from chemo-
therapy. In another study, intermediate or high Immu-
noscore significantly predicted benefit of six months
adjuvant treatment with FOLFOX chemotherapy in clini-
cal low-risk and high-risk stage III colon cancer [87].

In rectal cancer, a version of the Immunoscore per-
formed on initial diagnostic biopsies (ISy) before neoad-
juvant chemoradiotherapy can evaluate the effect of the
initial immune infiltrate on both response to therapy and
clinical outcome. The ISy was evaluated in 249 patients
with locally advanced renal cancer treated with neoadju-
vant chemoradiotherapy and radical surgery. IS; was pos-
itively correlated with the degree of histologic response
and gene expression levels for Thl orientation and cyto-
toxic immune response after neoadjuvant treatment. ISy
also predicted outcomes with significant differences in
DES between patients stratified by ISy [88]. Importantly,
ISy combined with post-neoadjuvant therapy imaging
was useful in identifying responders who might be candi-
dates for an organ-preserving watch-and-wait approach.
In a cohort of 73 watch-and-wait patients with complete
responses after neoadjuvant chemoradiotherapy, there
were no recurrence during the follow-up period in ISy
high patients.

Predicting and mapping tumor regression

following neoadjuvant immunotherapy

The next generation of tissue-based biomarkers will likely
include the identification and quantification of multiple
cell types and their spatial interaction, identified using
large well-curated datasets involving multiplex and mul-
timodal approaches. Early uses of multiplex immunofluo-
rescence typically assessed 5-10 high power fields, but
one tumor can be over 1000 fields and use over 300 GB
disk space. Pathology today has parallels with astronomy
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25 years ago in the need to scale and organize data, study
multicolor photometry, and perform image segmentation
and spatial statistics. To address these emerging pathol-
ogy needs the Sloan Digital Sky Survey, a major multi-
spectral imaging and spectroscopic astronomy tool, has
been modified and adapted to host tumor-immune maps.
The resultant AstroPath platform creates a framework
for multiplex immunofluorescence assays and associ-
ated image analysis [89]. Use of this platform facilitated
the robust assessment of the intensity of in situ PD-1 and
PD-L1 expression on different cell types within the mela-
noma TME, with 41 combinations of expression patterns
identified using six markers (PD-1, PD-L1, CD8, FoxP3,
CD163, and Sox10/S100). Relatively rare cells such as
CD8 + FoxP3 + cells, which represent around 2.5% of all
CD8+cells in the melanoma TME, were also mapped.
These cells were highly localized to the tumor-stroma
boundary and are thought to represent tumor-reactive T
lymphocytes at the earliest stage after priming.

These 41 different combinations of expression pat-
terns were next tested for an association with response
and survival after anti-PD-1 therapy. In a cohort of
patients with advanced, unresectable stage III/IV mela-
noma treated with anti-PD-1-based therapy, densities of
specificCD8 + cell phenotypes, including a high density of
early effector T cells characterized by CD8 + FoxP3 + PD-
1low/mid expression, showed strong predictive value for
response, whereas a CD163+ PD-L1 —myeloid pheno-
type was associated with non-response. These and other
key cell phenotype densities were used to develop a com-
posite biomarker, that was highly predictive of objective
response and stratified long-term patient outcomes after
anti-PD-1-based therapies in both a discovery cohort
and an independent validation cohort. The AstroPath
platform is now being expanded to use in numerous pre-
treatment and on-treatment tumor types, including in a
neoadjuvant setting, and represents a unique facility for
robust tissue imaging data.

The virtual molecular tumor board as a tool for the delivery
of precision oncology

Precision oncology, delivered via targeted and immune
oncology therapies and guided by insights derived from
tumor biomarkers, is significantly impacting patient
outcomes in oncology. The clinical delivery of precision
oncology is however still uneven, with evidence suggest-
ing that currently less than half of the targeted therapy
eligible patients are ever receiving a targeted therapy.
Challenges are complex and importantly include a still
limited use of comprehensive next generation sequencing
(NGS) diagnostics, with the lack of comprehensive tumor
biomarker diagnostics in the USA often associated with
marked racial and socioeconomical patient disparities
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[90]. Clinical trial awareness and participation are also
major issues.

Molecular tumor boards bring a multidisciplinary
approach to cancer care, combining expertise of oncol-
ogy, radiology and molecular pathology specialists
in decision-making and coordination of care. Virtual
molecular tumor boards take advantage of cloud-based
computing, mobile device engagement, and collabora-
tive platform software development. Software tools are
now available that combine patient imaging, pathology,
and automatically electronic medical record extracted
clinical history information with multiomics data and
treatment options, including biomarker driven clinical
trials. Providence Genomics (Portland, OR, USA) aims to
incorporate comprehensive genomic profiling, imaging,
electronic health record content and clinical trial match-
ing into a single data visualization and analysis software
platform using an interface tailored for virtual molecu-
lar tumor boards (myPatient360). This provides a com-
prehensive longitudinal patient clinical timeline linked
to clinical reports as well as to radiology and pathology
viewers and provides a summary of biomarkers, relevant
possible matched therapies and of histology stage and
biomarker driven matched clinical trials. There is also the
ability to search for patients with similar mutations and
to compare treatments and survival curves. The multi-
omics database backends support genomics, epigenom-
ics, transcriptomics, proteomics, and other data types
and also provide support for summary-level features.
The imaging data store combines sparse array storage
(segmentations, image backgrounds) with dense stor-
age methods and includes custom viewers for clinicians
and the ability to support web-based notebook interac-
tive computing interfaces for data analysis. This makes
for a highly performant and scalable data store that is
optimized for machine learning tasks. Lastly automated
extraction of stage and histology via nature language pro-
cessing enables biomarker-driven precise clinical trial
matching and provides detailed clinical trial data extrac-
tion for review, e.g., clinical trial eligibility criteria.

We expect that the virtual molecular tumor boards
based on the use of integrated data-rich patient reports
with interactive will facilitate collaborative and more
consistent decision-making, and also allow involvement
of a wider multidisciplinary team.

A new perspective on therapy-modulated tumor
antigenicity

Although a high TMB is associated with response to
immune checkpoint inhibition, of itself it is not suffi-
cient to realize a clinical benefit. To be recognized by
T cells, mutation-associated neoantigens must be syn-
thesized at sufficient levels to be represented in MHC-1
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molecules expressed on the surface of tumor cells. Radia-
tion can convert the irradiated tumor into a site for prim-
ing of tumor-specific T cells and can induce responses
in tumors that are otherwise resistant to immune check-
point blockade.

Radiation can upregulate the expression of genes that
are involved in the response to DNA damage and cellular
stress, thus potentially exposing immunogenic mutations
to the immune system. In a poorly immunogenic mouse
triple-negative breast cancer model, radiotherapy upreg-
ulated the expression of genes containing immunogenic
mutations [91]. Two MHC-I and one MHC-II immuno-
genic neoepitopes encoded by three genes upregulated
by radiotherapy were identified, DExH-box helicase 58
(Dhx58), cullin associated and neddylation dissociated 1
(Candl), and adhesion G protein—coupled receptor F5
(Adgrf5). Vaccination with these three neoepitopes elic-
ited polyfunctional T cell responses as well as CAND1-
directed CD8+cytotoxic T cells but did not prevent
tumor growth. However, the therapeutic efficacy of radi-
otherapy was improved. Radiation-induced neoantigen-
specific CD8 T cells preferentially killed irradiated tumor
cells. Neoantigen-specific CD4+T cells produced high
levels of IFN-y and displayed cytotoxic activity against
irradiated tumor cells, which expressed low but detecta-
ble MHC-II and upregulated the cell surface death recep-
tor Fas and DR5. These findings suggest that radiotherapy
upregulates neoantigens, MHC-I and MHC-II, and death
receptors, sensitizing cancer cells to killing by CD8 and
CD4 T cells. Vaccination with these radiation-induced
neoantigens improved control of the irradiated tumor
and non-irradiated lung metastases.

Multiple types of antigens are expressed by tumors
and the immunogenicity of radiation may depend on
generation of signals that attract and activate antigen-
presenting cells as well as diversification of the cancer
neoantigen repertoire [92].

Development of a cancer vaccine for hepatocellular
carcinoma

Hepatocellular carcinoma (HCC) is a moderately
mutated tumor, for which there may be immunogenic
neoantigens suitable for future use in personalized thera-
peutic vaccination. The HepaVac Consortium (funded
by EU under the FP7 program, contract nr. 602,893) has
developed an “off-the-shelf” vaccine comprising multiple
newly identified tumor-associated peptides naturally pre-
sented on the surface of primary HCC cells. IMA970 is a
multipeptide vaccine including 12 HLA class I peptides
and four HLA class II peptides combined with a novel
an RNA-based immunomodulator (RNAdjuvant®). The
safety, feasibility and immunogenicity of the vaccine has
been tested in the multicentre HepaVac-101 phase I/II
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clinical trial, in which patients received a single low-dose
of chemotherapy followed by nine intradermal vaccina-
tions. The vaccine has shown a good safety profile and
induction of immune responses against both class I and
II peptides in this trial [93] A new HEPAVAC-201 trial
protocol, including the anti-PD-L1 durvalumab, is now
under evaluation.

Further identification of novel shared HCC-specific
target antigens for the development of active vaccine
and/or passive ACT immunotherapy strategies for HCC
is ongoing. Strategies to improve antigenicity of tumor-
associated antigens is also being explored, for example,
through the use of heteroclitic peptides designed with
specific substitutions in the residue at position 4 bind-
ing to TCRs that have higher affinity to MHC-I molecules
[94, 95]

Viral infections elicit memory T-cells that may repre-
sent preventive anti-cancer vaccines. Homology between
published tumor-associated antigens and non-self-viral-
derived epitopes has been observed, with structural simi-
larities between paired tumor-associated antigens and
viral peptides as well as comparable patterns of contact
with HLA and TCR a and B chains [96]. As such, viral
antigens and tumor-associated antigens may elicit cross-
reacting CD8+T cell responses which could affect
cancer progression. Previous exposure to specific viral
epitopes may result in the establishment of a bispecific
antiviral/anticancer T cell memory which may represent
a relevant selective advantage for patients with cancer
and provide a totally new set of antigens for developing a
novel anticancer vaccine strategy [96].

PDL1 and IDO targeting vaccination for treatment
of metastatic cancer
Upregulation of the tryptophan-catabolizing enzyme,
indoleamine 2,3-dioxygenase (IDO), suppresses T cell
immunity and can be an immune escape mechanism
in patients resistant to immune-checkpoint blockade.
Hence, IDO represents a possible target for anticancer
therapy. In a phase I trial of 15 patients with stage III-IV
NSCLC treated with an IDO peptide vaccine after stand-
ard chemotherapy, median OS was 25.9 months [97].
Clinical benefit rate was 47%, with one partial response
and long-lasting stable disease of > 8.5 months in another
six patients. After longer-term follow-up, 6-year OS rate
was 20% and two of 15 patients are long-term respond-
ers with ongoing clinical responses [98]. Peripheral blood
mononuclear cells from the two long-term responders
showed stable CD8 + and CD4+ T-cell populations dur-
ing treatment and the presence of IDO-specific T-cells.
The combination of an anti-PD-1 antibody and IDO-
derived peptide vaccine could potentially increase
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clinical benefit, on the basis that vaccine-induced acti-
vated IDO-reactive T-cells may induce tumor PD-L1
upregulation. An ongoing randomized open-label trial is
investigating the safety and efficacy of the IDO vaccine
(I0102) in combination with pembrolizumab with or
without chemotherapy as first-line treatment for patients
with metastatic NSCLC.

In metastatic melanoma, an immune-modulatory vac-
cine (I0102/I10103) against IDO and PD-L1 has been
evaluated in combination with nivolumab in 30 previ-
ously untreated patients in a phase I/II trial [99]. ORR was
80%, which was significantly higher than in a matched
historical control group treated with anti-PD-1 mono-
therapy as standard of care, with 43% complete responses.
At a median follow-up of 22.9 months, median PFS was
26 months and median OS was not reached. The safety
profile was similar to that of nivolumab monotherapy. One
patient died due to multiorgan failure related to nivolumab
and two patients stopped vaccination due to injection-
site granuloma or pain. There was a significant increase in
vaccine-specific responses in blood detected in vitro with
vaccine-reactive T cells comprising CD4+and CD8+T
cells with activity against IDO- and PD-L1-expressing
cancer and immune cells. No correlation between clinical
response and vaccine induced responses were observed.
IDO/PD-L1 clones increased at the tumour site in 4 of 5
patients irrespective of response. This vaccine has been
granted Food and Drug Administration breakthrough
therapy designation in combination with anti-PD-1 in
unresectable/metastatic melanoma and a randomized trial
is planned.

Conclusions

Patients who previously had limited treatment options
are now benefiting from immunotherapies that offer
durable responses and improved survival. However,
many patients, fail to respond to immunotherapy, espe-
cially those with less immunoresponsive cancer types,
and there remains a need for new treatment strategies.

Various strategies to achieve this goal are being explored,
including the development of new treatments and the com-
bination of these and existing treatments in novel combina-
tion approaches. The efficacy of immunotherapy is largely
dependent on the existence of a baseline adaptive immune
response and efforts are focused on shifting the balance
from an immunosuppressive TME to an immuno-activated
contexture.

Immunotherapy has revolutionized the treatment of many
cancers and provides a long-term survival benefit for many
patients. Insights from ongoing research and further collab-
orative efforts, such as those summarized at this Immuno-
therapy Bridge, should help to continue this progress.
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