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Abstract 

The discovery and development of novel treatments that harness the patient’s immune system and prevent immune 
escape has dramatically improved outcomes for patients across cancer types. However, not all patients respond 
to immunotherapy, acquired resistance remains a challenge, and responses are poor in certain tumors which are 
considered to be immunologically cold. This has led to the need for new immunotherapy-based approaches, 
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including adoptive cell transfer (ACT), therapeutic vaccines, and novel immune checkpoint inhibitors. These new 
approaches are focused on patients with an inadequate response to current treatments, with emerging evidence 
of improved responses in various cancers with new immunotherapy agents, often in combinations with exist-
ing agents. The use of cell therapies, drivers of immune response, and trends in immunotherapy were the focus 
of the Immunotherapy Bridge (November 30th–December 1st, 2022), organized by the Fondazione Melanoma Onlus, 
Naples, Italy, in collaboration with the Society for Immunotherapy of Cancer.

Keywords  Immunotherapy, Checkpoint inhibitors, Combination therapy, Biomarkers, Tumor microenvironment, 
Vaccine

Introduction

The past decade has seen the discovery and development 
of novel treatments that harness the patient’s immune 
system and prevent immune escape due to increased 
understanding of the tumor immune environment. The 
clinical success of immune checkpoint inhibitors has 
dramatically changed outcomes for patients across can-
cer types. However, not all patients respond to immu-
notherapy, acquired resistance remains a challenge, 
and responses are poor in certain immunologically cold 
tumor types. This has resulted in the development of 
additional immunotherapy-based approaches, including 
adoptive cell transfer (ACT), therapeutic vaccines, and 
inhibitors of other immune checkpoints. Numerous clini-
cal trials and real-world experience provide evidence of 
improved response and survival outcomes with multiple 
immunotherapy agents and different combinations in 
various cancers.

The use of cell therapies, drivers of immune response, 
and trends in immunotherapy were the focus of the 
Immunotherapy Bridge (November 30th–December 1st, 
2022).

Cell therapies
TCR‑T, TILs and CAR‑T
There are number of potential advantages to ACT ther-
apy compared with other immunotherapies. One is the 
ability to administer large numbers of highly selected 
cells with high avidity for tumor antigens that can recog-
nize shared and patient-specific mutated (neo) antigens. 
These cells can be activated ex  vivo to exhibit a potent 
antitumor effector function. The study and/or manipula-
tion of administered cells can potentially result in iden-
tification of the exact cell subpopulations and effector 
functions required for cancer regression in vivo. In addi-
tion, ACT provides an opportunity to manipulate the 
host before cell transfer to provide a more favorable envi-
ronment for the transferred cells.

Tumor regression after administration of endogenous 
tumor-infiltrating lymphocytes (TILs) can be achieved, 
such as the durable complete responses observed in 
heavily pretreated patients with metastatic melanoma [1]. 

Clinical activity of TIL therapy has also been reported 
in other cancer types, including human papillomavirus-
associated cancers, cholangiocarcinoma, non-small-cell 
lung cancer (NSCLC), and triple-negative breast cancer 
(TNBC). Successful TIL therapy starts with the identifi-
cation, enrichment, stimulation, and expansion of potent 
tumor-reactive T cells. After their infusion, persistence 
of the tumor antigen-specific T cells is correlated with 
objective clinical response [2]. Transferred T cells that 
persist in the blood and form memory have a phenotype 
consistent with a less differentiated state (CD27/CD28/
IL-7 receptor-α) [3]. Less differentiated features (stem-
like CD39-negative phenotype, CD27/CD28 expression 
and longer telomere length) by transferred TILs are also 
associated with persistence and response [4]. In clinical 
practice, a key challenge for generating TIL products is 
the accessibility, quantity, and quality of tumor tissue in 
the era of neo-adjuvant therapy. Other hurdles include 
the need for more efficient methods of reactive TIL 
enrichment/selection, especially for weakly immuno-
genic cancers, and closed chamber methods of expansion 
without exhaustion. There is also a need for rational com-
binations beyond interleukin (IL)-2 and programmed 
death (PD)-1/ cytotoxic T-lymphocyte-associated anti-
gen (CTLA)-4 immune checkpoint blockade and to com-
bat exhaustion and restore costimulatory functions, e.g., 
with gene-engineered or pharmacologic agent-treated 
TILs. Cost and patient accessibility to therapy will need 
to be addressed, as will the need for training of staff (e.g., 
in sample transport, practical aspects of cell administra-
tion, management of toxicities).

T cell receptor (TCR) gene transfer provides some 
advantages relative to TIL therapy. It allows more rapid, 
‘off-the-shelf ’ generation of antigen-specific T cells. Most 
patients have T cells of suitable quantity and quality in 
peripheral blood which are easily accessible, so the pro-
cedure is less invasive without the need for surgery. It can 
involve the introduction of novel antigen specificities not 
found naturally in patients and there is the potential to 
engineer cells to be more effective than natural cytotoxic 
T lymphocytes or TILs. Also, with known antigen speci-
ficity, vaccination after infusion is possible. However, 



Page 3 of 21Ascierto et al. Journal of Translational Medicine          (2023) 21:488 	

many targets of TCR gene therapy have been tumor-
associated self-antigens expressed at low levels by healthy 
tissues. For example, TCR-transduced T cells targeting 
carcinoembryonic antigen can mediate the regression 
of colorectal cancer but also induce transient but severe 
colitis [5]. To limit normal tissue toxicities, investigators 
have targeted the cancer-testis class of tumor-associated 
antigens (e.g., MAGE, NY-ESO-1). Targeting mutated 
proteins—neoantigens—may also limit off-tumor toxicity 
and is being widely investigated. Despite this, TCRs may 
possess cross-reactivity for other self-proteins which is 
sometimes difficult to predict. Other challenges include 
identifying what is “good” starting material, determining 
the impact of prior treatments on T cell fitness, the need 
for strategies to promote enhanced depth and durability 
of response, and tumor homing/penetration challenges. 
Increasing patient access to treatment is again an issue, 
with the need for point of care manufacturing and for 
cell processing to be perceived as a professional service 
to patients rather than a biotech product. Finally, TCR T 
cell recognition of intracellular proteins in cancer cells 
is contingent upon the processing and presentation of 
tumor antigen epitopes. Loss of human leukocyte anti-
gen (HLA), antigen or antigen processing machinery will 
limit efficacy.

Administration of T cells genetically engineered to 
express chimeric antigen receptors (CARs) now repre-
sent a paradigm shift for the treatment of acute lymphoid 
leukemia, refractory chronic lymphocytic leukemia, 
select forms of B-cell non-Hodgkin lymphoma (NHL), 
and myeloma. Still, challenges of conventional CAR T 
therapy exist, including the inability to control activity 
post-infusion, with risk of cytokine-release syndrome 
(CRS), neurotoxicity, long-term B cell aplasia for CD19 
CAR T, and lethal on-target, off-tumor toxicity. In addi-
tion, reliance on a single antigen target involves the risk 
of relapse due to antigen loss or baseline heterogeneous 
antigen expression. The necessity of a unique CAR T cell 
product for each target antigen also has high associated 
costs. Challenges for the field include the need to iden-
tify new clean antigens, and to effectively target com-
mon epithelial carcinomas, which account for 80–90% of 
cancers. Multi-antigen targeting approaches are required 
to reduce or eliminate antigen escape/loss and there is a 
need for high throughput screening/optimizing of CAR 
constructs. Targeting low abundance antigens (e.g., using 
HiT receptors) and standardization of CAR T product 
composition (CD4/8; memory) are also required, as are 
strategies promoting enhanced depth and durability of 
response. Tumor homing/penetration and tumor micro-
environment (TME) challenges remain, and strategies to 
limit CAR-related toxicities are also needed. In addition, 

increasing patient access and managing financial tox-
icity remain issues. Nevertheless, the development of 
new technologies, reporting of encouraging clinical trial 
results, and a high level of enthusiasm for the CAR T cell 
approach by the field continues to fuel investigations and 
offer hope for patients with hard-to-treat cancers.

Engineered NK cells for cancer immunotherapy
Major advantages of natural killer (NK) cells over T cells 
for CAR therapy include that they are allogeneic with 
no risk of graft-versus-host disease (GvHD) and can be 
manufactured ‘off-the-shelf ’ with lower associated costs. 
Antigen recognition is mediated via innate receptors 
expressed on NK cells in addition to via the CAR itself, 
meaning that relapse through target antigen loss may 
be less critical after CAR NK than CAR T cell therapy. 
In addition, toxicity associated with CAR T therapy, i.e., 
CRS and neurotoxicity, have not been observed with 
CAR NK cell therapy.

In a first-in-human clinical trial, the safety and activity 
of cord blood-derived CD-19/IL-15 engineered NK cells 
were shown in patients with lymphoid malignancies [6]. 
Eight of 11 patients who were treated had a response, 
seven of which were a complete response. Responses 
were rapid and seen within 30  days after infusion at all 
dose levels. Infused CAR-NK cells expanded and per-
sisted at low levels for at least one year.

Despite high response rates with CAR T cell therapy, 
relapses are frequent. CAR T-cells uptake surface tumor 
antigens via trogocytosis, an active process in which the 
target antigen is transferred to the surface of CAR T cells, 
thereby decreasing tumor antigen density and impairing 
the ability of CAR T cells to engage with their target [7]. 
This induces self-recognition and fratricide, thereby caus-
ing the depletion of CAR T cells. CAR NK cell trogocyto-
sis also drives relapse by downregulating target antigen 
on tumor cells and driving NK exhaustion and fratricide 
[8]. However, this could be prevented by a dual-CAR sys-
tem incorporating both an activating CAR against the 
cognate tumor antigen and an NK self-recognizing inhib-
itory CAR that transfers a ’don’t kill me’ signal to NK cells 
upon engagement with their TROG-positive siblings.

An important question is whether CAR NK cells can 
be applied beyond CD19-positive malignancies. Pre-
complexing NK cells with bispecific antibodies prior to 
infusion may facilitate CAR-like responses by NK cells 
and pre-activation of NK cells with cytokines to induce 
a memory phenotype may enhance their persistence. 
IL-12/15/18 pre-activated and ex  vivo-expanded cord 
blood-NK cells have upregulated genes related to JAK-
STAT signaling and interferon (IFN)-γ response [9]. The 
combination of AFM13, a tetravalent bispecific antibody, 
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and IL12/15/18 pre-activation of blood and cord blood-
derived NK cells exhibited enhanced killing against 
CD30-epressing tumor cells. In a clinical trial of AFM13-
complexed CAR-like memory cord blood-NK cells in 22 
patients with refractory/relapsed CD30-positive malig-
nancies, there were no cases of CRS, neurotoxicity or 
GvHD, and 17/19 metabolic responses were observed 
(objective response rate [ORR] 89.5%) [10].

CD70 is a promising pan-cancer antigen that is gener-
ally absent in non-lymphoid normal tissue and consti-
tutively expressed on many hematological malignancies 
and a considerable number of solid carcinomas. A phase 
I/II clinical trial evaluating the safety and efficacy of 
CD70 CAR NK cells for cancer immunotherapy is under-
way (NCT05092451).

Treatment of glioblastoma stem cell-engrafted mice 
with allogeneic NK cells in combination with inhibi-
tors of integrin or transforming growth factor (TGF)-β 
signaling or with TGFBR2 gene-edited allogeneic NK 
cells prevented NK cell dysfunction and tumor growth 
[11]. A phase I clinical trial with a window-of-oppor-
tunity component of engineered NK cells containing 
deleted TGFBR2 and NR3C1 in recurrent glioblastoma is 
planned (NCT04991870).

Longer-term strategies with engineered CAR NK 
therapy include strategies that target more than one 
antigen, pre-complexing with bispecific engagers or Fc-
engineered antibodies (e.g., Obinotuzumab), cytokine 
engineering and/or pre-activation, CRISPR gene editing, 
and in combination with checkpoint inhibitors, immu-
nomodulatory drugs, or radiotherapy (Fig. 1).

Biological drivers of CAR T cell failure
The benefits of CAR T therapy are limited in a signifi-
cant number of patients with B-cell malignancies due to 
a lack of response after cell infusion (primary, or intrin-
sic, resistance) and disease relapse after initial remis-
sion (acquired resistance). Mechanisms responsible for 

intrinsic resistance remain poorly understood. However, 
inherent dysregulation of death receptor signaling leads 
to CAR T cell failure by impairing T cell cytotoxicity 
and promoting progressive CAR T cell dysfunction [12]. 
Pretreatment presence of complex structural variants 
of the protein target, APOBEC mutational signatures, 
and genomic damage from reactive oxygen species also 
predict CAR-19 resistance [13]. Acquired resistance is 
typically due to antigen loss, which can occur through a 
variety of mechanisms that span genomic mutation [14], 
alternative transcript splicing [15] and alteration of post-
translational modifications [16].

Resistance may also be CAR T cell-driven, with intrin-
sic pre-infusion failure and acquired post-infusion failure. 
Intrinsic resistance is associated with a more differenti-
ated T cell memory phenotype [17], and with chronic 
IFN signaling regulated by interferon regulatory factor 
7 associated that may result in poor CAR T cell persis-
tence [18]. The Tcf7 regulon is associated with a favorable 
naïve T cell state and is maintained in effector T cells in 
patients with long-term CAR T cell persistence. Recent 
correlative studies have shown that elevations in CAR 
T regulatory cells in either infusion products or within 
a few days of delivery is also associated with limited 
responses, suppressed CAR T cell expansion and clinical 
failure [19, 20]. Several recent studies have demonstrated 
that the biological mechanisms of CAR T cell failure may 
differ depending on the co-stimulatory domain contained 
within the CAR. While CD28-based CARs demonstrate 
evidence of classical T cell exhaustion, 41BB-based CARs 
upregulate programs directed by the transcription factor 
FOXO3 [21] and demonstrate phenotypic changes that 
resemble NK cells [22].

Meta‑analyses of immunogenomic features of response 
to immune checkpoint inhibition
For the eventual mainstay of immune checkpoint inhibi-
tors (ICI) as first line therapy for benefiting cancers, the 
critically required robust biomarkers that may ultimately 
unquestionably predict responses are being extensively 
studied and validated in over 5600 PD-1/PD-ligand (L)-
1-targeting trials worldwide [23]. An overwhelming 
31,000 reports on cancer immunotherapy and biomark-
ers have already been published, with meta-analyses 
describing that more than 700 reports provide over 50 
unique promising immuno-oncology biomarkers or gene 
signatures predicting response or resistance to experi-
mental and FDA-approved ICI therapies [24]. Despite 
these efforts, the only currently approved clinically 
actionable biomarkers or companion diagnostics (CDx) 
predicting responses to ICI therapies are still limited to 
PD-L1 immunohistochemistry, tumor mutational bur-
den (TMB), and microsatellite instability high (MSI-H)/Fig. 1  Advantages of NK cells for CAR therapy
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mismatch repair deficient (dMMR) tumor profiling [25–
28]. These biomarkers unfortunately only capture a single 
feature of the many possible factors contributing to ICI 
response or resistance and are independently too variable 
across both patients and lesions to be considered depend-
able enough for their independent mainstay. The integra-
tion of biomarkers may thus represent a better strategy 
suited to correctly predicting responses, and previously 
reported gene expression signatures associated with 
responses may also be used to add critical information. 
The development of a platform that is capable of scoring 
the performance of current and future experimental bio-
markers, signatures or features in development against 
and across multiple datasets and tumor types, may reveal 
one or a combination of these that already works well 
enough, and it may also vastly improve our fundamental 
understanding of the key features of the design or prun-
ing of robust predictive signatures of response for a pan-
oply of different pathologies or treatments.

Founded in 2017, the SITC powered TimIOs initiative 
was created to facilitate cross-institutional collaboration 
in the building of a research platform aimed at addressing 
the critical needs of understanding tumor heterogene-
ity and identifying the fundamental differences between 
responders and non-responders, though the assistance of 
key stakeholders including technology providers, phar-
maceutical companies, patients, clinicians, and academia. 
Derived from the Greek word for honest, TimIOs was 
designed to perform the role of the broker for the acqui-
sition, pooling, and harmonization of underpowered 
pan-cancer transcriptomic and clinical ICI trial datasets, 
towards increasing patient numbers to gauge the per-
formance of previously published gene signatures and 
immunogenomics features (IGFs).

Launched to accompany The Cancer Genome Atlas 
(TCGA) PanCancer Atlas [29] the Cancer Research Insti-
tute (CRI) iAtlas is an interactive web platform provid-
ing a set of analytical tools for explorations of tumor and 
immune cell interactions within the TME [30]. These 
tools allow researchers to explore and visualize associa-
tions between a variety of genomic characterizations of 
immune response, clinical phenotypes, germline genet-
ics, and response to immunotherapy. To accelerate dis-
covery to improve patient outcomes, the ICI analysis 
modules use direct comparison and multivariable statis-
tical models to allow interactive explorations of the rela-
tionships or correlations between possible biomarkers of 
immune response and patient outcomes.

Towards the creation of a standardized bioinformat-
ics workflow for evaluation of IGFs reported to associate 
with clinical responses to ICI therapies, the selection cri-
teria of included datasets should be datasets from pan-
cancer PD-1, PD-L1 or CTLA-4 inhibitor treated patients 

providing clinical metadata mapped to available raw 
transcriptomic data files, while inclusion of TCGA data-
sets provide prognostic estimates independent of immu-
notherapy treatment assisting the contrasting of IGFs 
that are actually ICI predictive from those that are merely 
prognostic and describing a patient population that may 
benefit from none or any and all applied treatment based 
on their inherent states of immunity. Published IGFs 
retained for testing should be those proposed to provide 
predictive estimates of response to ICI, or prognostic 
estimates from TCGA analyses, and these range from the 
expression of single genes, to classical TME gene expres-
sion signatures, and to others established as predictive 
ICI response signatures and/or scoring systems. By com-
paring selected IGFs across intersecting hazard ratios 
from ICI trials and TCGA data, those carrying significant 
associations with survival in both ICI and TCGA datasets 
elucidate prognostic biomarkers, while those that are sig-
nificantly associated with ICI but not TCGA datasets are 
poised to elucidate truly predictive biomarkers serving 
as valid targets for the development of future CDx. With 
the validation of these previously proposed predictors of 
response to ICI will come the identification of what spe-
cific biological mechanism are behind these functional 
signatures, how far down these IGFs can be pruned with-
out reducing their predictive power, and which current 
and/or emerging technologies will be best suited for their 
routine and reproducible profiling in patients.

Best of SITC 2022 for clinical development and trials
Vidutolimod is a CpG-A toll-like receptor 9 agonist 
delivered in a virus-like particle. In a phase II trial, neo-
adjuvant vidutolimod plus nivolumab were evaluated in 
30 patients with high-risk stage III resectable melanoma 
[31]. The combination was administered over 7  weeks 
presurgery and was continued for 48 weeks after surgery. 
Treatment was well tolerated with no dose-limiting toxic-
ities. Promising clinical activity was shown with a patho-
logical complete response (pCR) rate of 47% and a major 
pathological response (MPR) rate of 57%. MPR was asso-
ciated with increased plasmacytoid dendritic cells and 
immune infiltrate.

Lifileucel is a one-time autologous TIL therapy that 
was investigated in 153 patients with advanced mela-
noma that had progressed after immune checkpoint 
inhibitor therapy [32]. ORR was 31% with eight com-
plete and 40 partial responses. Median duration of 
response (DOR) was not reached at a median follow-up 
of 28 months, with 42% of the responses maintained for 
at least 18  months. Median overall survival (OS) was 
13.9 months and median progression-free survival (PFS) 
was 4.1 months. Elevated lactate dehydrogenase and tar-
get lesion sum of longest diameters above the median 
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were independently correlated with ORR. These findings 
of durable responses together with a favorable safety pro-
file data support further investigation of lifileucel in heav-
ily pretreated patients with advanced melanoma and high 
tumor burden.

Cabozantinib, a multiple receptor tyrosine kinase 
inhibitor, is being evaluated in combination with atezoli-
zumab in advanced solid tumors in the COSMIC-021 
phase Ib study [33]. In the cohort of 30 patients with 
advanced head and neck cancer pretreated with plat-
inum-based chemotherapy, the combination showed 
moderate clinical activity with an ORR of 17% and dis-
ease control rate (DCR) of 60%. Response was compa-
rable across different PD-L1 subgroups. Toxicity was 
manageable, with grade 3/4 treatment-related adverse 
events occurring in 47% of patients.

In a phase I trial, NeoTCR-P1, a personalized autolo-
gous T cell therapy for treatment of patients with solid 
tumors, was evaluated alone or in combination with 
IL-2 in 16 patients with solid tumors [34]. Neoantigen-
specific T cell receptors (neoTCRs) were isolated from 
the patients’ circulating CD8 T cells, followed by non-
viral precision genome engineering into an autologous 
apheresis product for infusion back into the patient. 
Seventeen of 22 neoTCR T cells were detected in post-
infusion biopsies with 12 neoTCRs among the top 4% 
of CDR3 sequences detected. The targeted neoantigens 
were detected in 7 of 8 post-treatment biopsies (15 of 
22 targets). These findings show the manufacturing 
feasibility and preliminary safety of NeoTCR-P1, along 
with T cell persistence and trafficking to different solid 
tumors.

CT-0508 is a cell product comprised of autologous 
monocyte-derived proinflammatory macrophages 
expressing an anti-human epidermal growth factor recep-
tor (HER)2 CAR that is being investigated in a first-in-
human clinical trial. CT-0508 product was manufactured 
from apheresis material collected from patients enrolled 
in the CT-0508 phase 1 clinical trial [35]. CT-0508 was 
successfully manufactured with high viability, purity and 
CAR expression. CT-0508 products showed a M1 mac-
rophage phenotype and enhanced killing and phagocy-
tosis of HER2-expressing tumor cells over autologous 
untransduced macrophages. CAR-antigen interaction 
drove cell product activation and amplified the M1 polar-
ization status of CT-0508 CAR-M.

Eftilagimod-α is a soluble LAG-3 protein that binds to a 
subset of major histocompatibility complex (MHC) class 
II molecules to mediate activation of antigen presenting 
cells and CD8 T-cells. TACTI-002 is a phase II study of 
eftilagimod-α in combination with pembrolizumab in 
patients not selected for PD-L1 expression with immuno-
therapy-naïve (first-line) and immunotherapy-refractory 

metastatic NSCLC and immunotherapy-naïve (second-
line) patients with head and neck squamous cell car-
cinoma (HNSCC). In analysis of 88 patients, the most 
frequent adverse events were asthenia (28%), cough 
(27%), decreased appetite (22%), dyspnea (21%), fatigue 
(18%) and diarrhea (15%) [36]. Three patients discon-
tinued due to treatment-related adverse events. ORR 
was 53% in 17 immunotherapy-naïve patients with 
NSCLC and 39% in 18 immunotherapy-naïve patients 
with HNSCC. Thus, the combination is safe and shows 
encouraging antitumor responses.

NT-I7 (efineptakin alfa) is a long-acting human IL-7 
fusion protein that promotes T-cell development and has 
been shown to increase T-cell infiltration in combination 
with pembrolizumab. In a phase IIa study, patients with 
relapsed/refractory checkpoint inhibitor-naïve MSS-
colorectal cancer and pancreatic cancer received NT-I7 
every 6  weeks plus pembrolizumab every 3  weeks [37]. 
In this analysis, 53 patients were evaluable, of whom 
74% had liver metastasis. ORR was 3.8% per Response 
Evaluation Criteria in Solid Tumors (RECIST) and 9.4% 
per immune-RECIST. Patients with non-liver metastasis 
had a 29% immune-ORR and 71% immune-DCR, while 
patients with liver metastasis had an immune-DCR of 
26%. CD8 T-cell infiltration increased with treatment and 
was associated with improved OS.

Trends in Immunotherapy
Using neoadjuvant trials to develop novel therapies 
and biomarkers of response
Modulation of the immune environment can optimise 
targeting of head and neck cancer. Immune biomarker 
modulation was observed in an phase Ib clinical trial of 
patients with head and neck cancer treated with neoad-
juvant cetuximab, an epidermal growth factor receptor 
(EGFR)-specific antibody, plus CD137 agonist urelumab 
[38]. Myeloid-derived suppressor cells were elevated in 
non-responders, as were CTLA-4-negative T regulatory 
cells. EGFR-specific T cells predict tumor response, with 
induction of immunity associated with clinical benefit. 
Cetuximab reduces T cell receptor diversity and pro-
moted expansion in TIL samples; however, the mag-
nitude of clonal expansion in the top 20 T cell receptor 
clonotypes was significantly higher in responder TILs 
and peripheral blood mononuclear cells (PBMCs) [39].

Neoadjuvant therapy provides a brief, preoperative 
window of opportunity that can be used to identify bio-
markers of response and individualize subsequent treat-
ment. In an analysis of patients from three clinical trials, 
response to neoadjuvant therapy based on pathologic 
downstaging was associated with significantly better dis-
ease-free survival (DFS) and OS [40]. In the CheckMate 
358 trial, neoadjuvant nivolumab was generally safe and 
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induced pathologic regressions in patients with resecta-
ble human papillomavirus (HPV)-positive and HPV-neg-
ative HNSCC tumors [41]. However, the response rate 
to monotherapy remains low in HNSCC and there is a 
need to better understand the multifactorial and person-
alised mechanisms of resistance involved and to identify 
new targets that may sensitize tumours to combination 
therapies.

In a phase II study to assess the safety and tolerability 
of nivolumab administered alone or in combination with 
ipilimumab or relatlimab, alterations in T cell recep-
tor clonotypes and changes in transcription profiles 
in CD8 T cells from blood and tumor following mono-
therapy and combination immune checkpoint blockade 
were analysed in treatment-naïve patients with HNSCC 
[42]. Based on single cell RNA sequencing data avail-
able from 25 accrued patients, CD8 T cells in the tumor 
increased after treatment with combined nivolumab and 
ipilimumab. Patients receiving nivolumab combined 
with relatlimab had a post-treatment increase in CD8 
T cell receptor repertoire diversity and had more T cell 
receptor clones occupying 50% of the repertoire post-
treatment compared to baseline. Further analysis is ongo-
ing to investigate changes in transcriptional profiles of 
expanded clones in tumors across different treatment 
arms and by response and to correlate these data with 
clinical outcomes.

Immunotherapy data in genito‑urinary cancers: what’s new 
and what’s confirmed
Patients with metastatic urothelial cancer have been 
characterized for a long time of a poor prognosis and 
limited treatment options after first-line platinum-based 
chemotherapy. In recent years, immune-checkpoint 
inhibitors have been investigated in first-line therapy but 
their addition to chemotherapy has failed to show an OS 
benefit over chemotherapy alone [43, 44]. However, in the 
JAVELIN Bladder 100 trial, the addition of maintenance 
avelumab to best supportive care significantly prolonged 
OS with a 31% decrease in the risk of death as compared 
with best supportive care alone in patients with unresect-
able locally advanced or metastatic urothelial cancer who 
had not progressed on first-line platinum-based hemo-
therapy [45]. Of interest, OS and PFS were prolonged 
with avelumab irrespective of first-line chemotherapy 
regimen (gemcitabine plus cisplatin or carboplatin) or 
number of cycles. In longer-term follow-up, prolonged 
OS with the addition of avelumab was maintained irre-
spective of best response to first-line chemotherapy [46]. 
In patients with PD-L1-positive tumors, an increased OS 
was observed.

Also, in the adjuvant setting of high-risk muscle-inva-
sive urothelial carcinoma, nivolumab increased median 

disease-free survival compared with placebo in the inten-
tion-to-treat population and in patients with a PD-L1 
expression ≥ 1% [47].

Immunotherapy for urothelial cancer is also being 
investigated in combination with targeted agents. The 
antibody–drug conjugate enfortumab vedotin showed 
high ORR with rapid responses in combination with 
pembrolizumab in previously untreated cisplatin-ineligi-
ble patients with locally advanced or metastatic urothe-
lial cancer [48].

In metastatic renal cell carcinoma (RCC), several anti-
PD-1 based approaches have been investigated, either 
in combination with ipilimumab or with tyrosine kinase 
inhibitors, and several clinical trials have shown an OS 
benefit versus sunitinib. In CheckMate 214, nivolumab 
plus ipilimumab maintained a 5-year OS survival ben-
efit over sunitinib in patients with intermediate/poor-
risk RCC [49]. Further to this, in the COSMIC-313 
trial, patients with intermediate or poor risk RCC who 
received cabozantinib in addition to nivolumab and ipili-
mumab had a 27% lower risk of disease progression or 
death compared to those who received nivolumab and 
ipilimumab but with an increased risk of adverse events 
[50]. No OS benefit has yet been shown. In the Check-
Mate 9ER trial, nivolumab plus cabozantinib had a sig-
nificant PFS and OS benefit versus sunitinib in patients 
with previously untreated clear-cell, advanced RCC [51, 
52]. Similar survival benefits over sunitinib were seen in 
the KEYNOTE 426 trial with pembrolizumab plus axi-
tinib [53].

Colorectal cancer
In patients with metastatic MSI-H/dMMR colorec-
tal cancer who had not previously received treatment, 
treatment with pembrolizumab resulted in significantly 
longer PFS than chemotherapy, with a durable antitumor 
activity [54]. The study did not meet its OS endpoint (for 
the prespecified limit of significance); however, this result 
has a more formal than substantial value, also consider-
ing the crossover in the treatment [55]. In the SAMCO-
PRODIGE 54 trial of second-line treatment in patients 
with metastatic MSI-H/dMMR colorectal cancer, ave-
lumab improved PFS versus chemotherapy with or with-
out targeted agents [56]. ORR and DCR were similar 
between treatment arms, but disease control was main-
tained over 18  months with avelumab in most patients. 
These data support the view that patients with MSI-H/
dMMR colorectal cancer should be treated early with 
immune checkpoint inhibitors.

In the CheckMate 142 trial, nivolumab plus low-dose 
ipilimumab showed clinically meaningful efficacy char-
acterized by an ORR of 65%, DCR of 81%, and durable 
responses after a median 50.9  months of follow-up in 
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previously treated patients with MSI-H/dMMR colorec-
tal cancer [57]. ORR benefit was observed in all evaluated 
subgroups, including by BRAF or KRAS mutation status, 
and was consistent with that in the overall population. 
Median PFS and OS were not reached. At 48  months, 
the OS rate was 71%, and the PFS rate was 53%. The 
safety profile was manageable with no new safety signals 
identified.

Earlier use in neoadjuvant and adjuvant settings has 
also been investigated. The first neoadjuvant immuno-
therapy trial was NICHE, in which patients with dMMR 
and MMR-proficient (pMMR) colon cancer received 
nivolumab plus ipilimumab [58]. A major pathologic 
response (< 10% viable tumor rest) was shown in 31/32 
dMMR tumors but only in 7 of 31 patents with pMMR. 
In NICHE-2, 106 of 107 (99%) patients with dMMR colon 
cancer had a pathologic response [59]. Similarly, treat-
ment with the anti-PD-1 dostarlimab in 14 patients with 
dMMR rectal cancer resulted in a 100% complete clinical 
response rate after follow-up of 6 to 25 months [60].

However, high MSI represents only around 5% of colo-
rectal cancers and there is a need for novel approaches 
for many patients with pMMR or MSS/MSI-low tumors. 
In one trial in patients with pMMR colorectal cancer, 
mutations in the polymerase epsilon (POLE) gene that 
generate proofreading defects led to higher TMB with 
more TILs and predicted anti-PD-1 efficacy [61]. POLE 
proofreading deficiency could be combined with TMB as 
a biomarker for cancer immunotherapy.

Patients without pathogenic POLE mutations need 
other strategies that can change immunologically ‘cold’ 
tumors into ‘hot’ tumors. These include combined 
immune checkpoint inhibition, immunotherapy-based 
combinations with chemotherapy and targeted therapy 
(e.g., antiangiogenic agents), radiation therapy, vaccines, 
and intratumoral strategies such as oncolytic viruses 
and bispecific antibodies. The combination of botensili-
mab, an Fc-enhanced CTLA-4 inhibitor, plus the PD-1 
inhibitor balstilimab may offer a novel regimen. In 41 
patients with MSS disease, 24% had achieved an objec-
tive response and the DCR was 73%, with responses 
ongoing in eight of 10 patients after a median follow-up 
of 5.8  months [62]. In another trial, the multi-tyrosine 
kinase inhibitor regorafenib plus nivolumab had a man-
ageable safety profile and encouraging antitumor activity 
in patients with gastric and colorectal cancer [63]. Multi-
kinase inhibitors are synergistic with anti-PD-1 blockade 
in patients without liver metastases, but benefits appear 
modest. Another approach is priming with chemother-
apy. A 2-month priming phase with the oral alkylating 
agent temozolomide, followed by combination immu-
notherapy with low-dose ipilimumab plus nivolumab 
was associated with a 36% 8-month PFS rate, median 

PFS of 7.1 months and median OS of 18.5 months in 33 
pre-treated MSS patients with silencing methylations in 
the MGMT promoter who completed the priming phase 
and were free from progression (24% of 135 patients who 
received temozolomide); the remaining 102 patients had 
progressive disease or died during priming [64]. This 
chemoimmune sensitisation strategy is promising but 
needs further development.

Translating novel immunotherapy combinations 
in gastrointestinal cancer
Cancer-associated fibroblasts are one of the most abun-
dant cell types within the dense pancreatic ductal adeno-
carcinoma (PDAC) stroma and mediate communication 
with immune cells in the TME. In primary PDAC, can-
cer-associated fibroblasts express highly elevated levels of 
IL-6, which fuels PDAC differentiation, proliferation, and 
progression, and promotes differentiation of immuno-
suppressive populations, e.g., myeloid-derived suppressor 
cells, T helper 17 cells, dendritic cells, and macrophages.

Combination therapy strategies involving IL-6 block-
ade in combination with antibodies targeting inhibi-
tory immune checkpoint receptors have also shown 
promise in pre-clinical studies. For example, dual IL-6 
and PD-1/PD-L1 blockade inhibits tumor growth and 
enhances effector T cell infiltration in PDAC murine 
models [65]. The efficacy of IL-6 blockade has recently 
been extended to combinations involving CTLA-4 
blockade. In these studies, efficacy is dependent on 
CXCR3 on T cells, with in  vivo blockade of CXCR3 
preventing orthotopic tumor regression in the presence 
of combined treatment [66]. The combination of IL-6 
and PD-1 blockade is being investigated in the Winship 
4463 (NCT04191421) phase Ib/II clinical trial of siltux-
imab, a chimeric monoclonal antibody which targets 
IL-6, and the PD-1 inhibitor spartalizumab.

Fig. 2  CAF-derived factors mediate communication with immune 
cells in tumor microenvironment
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Other pathways are also viable targets in context 
of the pancreatic cancer stroma. Namely, heat shock 
protein-90 (Hsp90) is a chaperone protein that drives 
inflammatory pathways and represents a novel stro-
mal target. Combined therapy with the Hsp90 inhibi-
tor XL888 and anti-PD-1 was effective in C57BL/6 
mice bearing syngeneic subcutaneous or orthotopic 
PDAC tumors [67]. Tumors from mice treated with 
both XL888 and anti-PD-1 had decreased activation 
of cancer-associated fibroblasts, increased CD8 + and 
CD4 + T-cell infiltrates and a unique transcriptional 
profile characterised by upregulation of genes associ-
ated with immune response, such as chemokines.

In biliary cancer, dual MEK/PD-L1 inhibition with 
atezolizumab plus cobimetinib improves PFS but with 
a low response rate and reduced T cell activation [68]. 
Immunotherapy combinations including cobimetinib 
plus atezolizumab warrant additional investigation and 
the combination of atezolizumab and the anti-CD27 
antibody varlilumab is being assessed with or without 
the addition of cobimetinib in a randomized phase II 
study in previously treated unresectable biliary tract 
cancers (NCT04941287) (Fig. 2).

Breast cancer immunotherapy: moving forward
Adding PD-1/PD-L1 inhibitors to standard chemo-
therapy enhances clinical efficacy in both metastatic 
and early-stage TNBC, although the efficacy of PD-1/
PD-L1 blockade is dependent on PD-L1 expression 
only for patients with advanced, incurable TNBC. 
The randomized, placebo-controlled phase III IMpas-
sion130 clinical trial demonstrated that patients with 
metastatic TNBC and PD-L1 immune cell-positive 
tumors derive clinical benefit from atezolizumab plus 
nab-paclitaxel compared with nab-paclitaxel with pla-
cebo [69]. Patients with metastatic PD-L1 + tumors and 
a richer tumor immune microenvironment were more 
likely to derive clinical benefit. Patients with metastatic 
PD-L1 + TNBC that was genomically unstable (homolo-
gous recombination deficiency and higher TMB), more 
prone to DNA damage repair, or with higher levels of 
cell cycle proliferation were also more likely to benefit 
from the addition of atezolizumab to nab-paclitaxel.

Paired tumors obtained at baseline, on treatment, and 
at disease progression were evaluated to interrogate the 
mechanisms of action and resistance with the use of 
atezolizumab combined with nab-paclitaxel. Immune 
phenotypes were assessed according to the geographic 
location of tumor stromal immune cells (inflamed, 
excluded or desert). TNBC molecular subtypes were 
assessed (basal-like immune-activated (BLIA), basal-
like immune-suppressed (BLIS), luminal androgen 
receptor (LAR) and MES) by RNA sequencing [70]. 

PD-L1 immune cell-positivity in either primary or met-
astatic tumor tissue was linked to PFS and OS benefit 
with atezolizumab plus nab-paclitaxel. Whereas PFS 
benefit was associated with both the immune-inflamed 
and immune-excluded phenotypes, OS benefit was 
only associated with the immune-inflamed pheno-
type. PFS benefit was observed in patients with either 
the BLIA or BLIS molecular subtypes, and OS benefit 
was limited to the BLIA molecular subtype. Potential 
mechanisms of resistance were observed in PD-L1-pos-
itive subgroups, including the LAR molecular subtype, 
increased tumor angiogenesis, epithelial-mesenchymal 
transition, Hedgehog pathway, oestrogen response and 
tumor necrosis factor signalling pathways for PFS, and 
the BLIS and LAR molecular subtypes for OS. While 
analysis showed that tumor immune phenotypes were 
somewhat fluid and changed on treatment and at dis-
ease progression, the molecular subtypes were more 
stable even in the presence of atezolizumab. These find-
ings are hypothesis-generating and require validation 
in an independent data set.

Progress in immunotherapy for ovarian cancer
Although immunotherapy has proven successful in 
several solid tumors, the benefits achieved in ovarian 
cancer have been modest. However, there is evidence 
of immune recognition and potential for vaccine-based 
approaches. NY-ESO-1 may be a potential target for 
antigen-specific immunotherapy in ovarian cancer, 
with its expression predictive of an aggressive pheno-
type [71]. PD-1/PD-L1 inhibitors as single agents have 
poor activity in advanced ovarian cancer, with response 
rates of around 10%, which may be due to compensa-
tory upregulation of inhibitory receptors. In a trial of 
combined immune checkpoint blockade, ipilimumab 
plus nivolumab improved the response rate com-
pared with nivolumab alone in women with persistent 
or recurrent ovarian cancer [72]. PFS also improved, 
although was still limited. In other trials, neither ave-
lumab plus pegylated liposomal doxorubicin nor ave-
lumab alone significantly improved PFS or OS versus 
chemotherapy alone in patients with platinum-resist-
ant ovarian cancer [73], while adding avelumab to a 
standard platinum-based chemotherapy regimen fol-
lowed by avelumab maintenance versus chemother-
apy alone did not improve PFS in patients with newly 
diagnosed advanced ovarian cancer [74]. Also, the 
addition of atezolizumab to platinum-based chemo-
therapy and bevacizumab in newly diagnosed stage III 
or IV ovarian cancer did not improve PFS or OS [75]. 
These and other studies confirm the lack of efficacy of 
immune checkpoint inhibitors as monotherapy or in 
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combination in ovarian cancer. Biomarkers are needed 
to predict response to immune therapies, as are addi-
tional strategies to improve response. PD-L1 expression 
has poor predictive value for immunotherapy response 
in ovarian cancer and neither BRCA1/2 mutations nor 
TMB appear to predict benefit. However, IFN tran-
scriptional signature and tumor mutational signature 
3 (homologous recombination deficiency) are posi-
tively associated with prolonged PFS with combined 
Poly(ADP-ribose) polymerase (PARP) and immune 
checkpoint inhibition [76].

IMC-F106C is the first T cell receptor bispecific protein 
targeting CD3 and PRAME, the most broadly expressed 
cancer testis antigen, which is homogenously expressed 
in multiple tumors. IMC-F106C was well tolerated and 
demonstrated durable RECIST partial responses and cir-
culating tumor (ct)DNA response in PRAME-positive 
patients across multiple tumor types, including ovarian 
cancer [77].

The effectiveness of immunotherapies in ovarian can-
cer may be limited by the multiple immune suppressive 
networks in the TME. Effective immunotherapy in ovar-
ian cancer will require a two-step approach to counteract 
innate and adaptive mechanisms of immune resistance 
and to generate an effective antitumor immune response, 
e.g., via vaccines or ACT.

Trends in lymphoma immunotherapy and lessons for solid 
tumors
Effectively primed T cells can target large lymphoma 
tumors. Recent data have shown that epcoritamab, a 
CD3 x CD20 T cell engaging, bispecific antibody, can 
achieve durable responses in highly refractory patients 
with large B-cell lymphoma, including those previously 
treated with CAR T cell therapy. Similarly, another CD20 
x CD3 T-cell-engaging, bispecific antibody, glofitamab, 
was effective in patients with relapsed or refractory dif-
fuse large B-cell lymphoma [78]. In addition, CD19 CAR 
T therapy has also shown efficacy in earlier stage disease. 
However, effective priming of T cells is difficult with sub-
optimal tumor antigen presentation. Often, the antigens 
to target are unknown and can vary between individuals. 
Although having an immune inflamed tumor may corre-
late with response to immune checkpoint blockade, many 
patients with ‘hot’ tumors still fail to respond. This sug-
gests a hot tumor phenotype is not the cause of response. 
Rather, antitumor T cell responses critically depend on 
antigen-presenting dendritic cells. Activation, loading 
and mobilisation of these cells offers a potential strategy 
to improve response to T cell-based therapies.

Priming antitumor CD8 + T cells requires cross-
presentation. In  situ vaccination combining Fms-like 

tyrosine kinase 3 (Flt3), 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 (abscopal) cancer remission was also 
observed. Non-responding patients developed a popula-
tion of PD1 + CD8 + T cells, and murine tumors became 
responsive to PD-1 blockade. Expansion of dendritic cells 
by Flt3L administration also induced parallel amplifica-
tion of Newcastle Disease Virus- and tumor-specific T 
cells, including CD8 + T cells reactive to newly described 
neoepitopes, promoting long-term tumor control and 
indicating that mobilizing dendritic cells to increase 
tumor antigen cross-presentation can improve the effi-
cacy of oncolytic virotherapy.

GS-3583, an Flt3 agonist Fc fusion protein can expand 
conventional dendritic cells. In patients with advanced 
solid tumors, GS-3583 was safe and well tolerated and 
induced dose-dependent expansion of conventional den-
dritic cells in a phase Ib trial, suggesting further inves-
tigation in combination with other agents is warranted 
[80].

Drivers of immune responses
Immunogenicity and therapeutic cross‑protection to NRAS 
Q61 public neoantigens
Mutations that alter protein function to promote onco-
genesis, so-called driver mutations, typically occur in 
tightly constrained hotspot regions and can system-
atically reappear across patients. A peptide containing 
a hotspot mutation bound by a relatively common HLA 
allele can result in a ‘public’ neoantigen that is shared 
across patients [81, 82].

Mutant NRAS causes therapeutic resistance to PD-1 
and anti-EGFR blockade. Patients with melanomas har-
boring BRAF V600 or NRAS Q61 alterations have a 
shorter time to treatment failure than those with NF1 
or other driver alterations [83]. An immuno-peptid-
omic screening approach revealed the existence of a 
family of NRAS public neoantigens resulting from all 
prevalent NRAS Q61 hotspot mutations. Each of the 
identified shared neopeptides was found to be spon-
taneously immunogenic in HLA-A*01-positive cancer 
patients. TCRs cloned from these patients were associ-
ated with high potency, as measured by the ability to lyse 
HLA-A*01 + -positive melanoma cell lines that naturally 
harbor NRAS mutations. NRAS public neoantigen-spe-
cific T cells were detected in both peripheral blood and 
TILs. NRAS public neoantigen-reactive T cells were also 
responsive to ipilimumab and nivolumab treatment and 
associated with objective tumor regression. A panel of 
NRAS TCRs were found to provide cross-protection to 
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both NRAS Q61R and NRAS Q61K mutant peptides, 
providing the foundation for a new class of TCR thera-
peutics [84].

Intracranial administration of immune checkpoint 
blockade in patients with recurrent glioblastoma
GlITIpNi is a multi-cohort adaptive phase I clinical trial 
that assessed the intracerebral administration of ipili-
mumab with or without nivolumab in combination with 
intravenous low-dose nivolumab in 27 patients with a 
resectable glioblastoma recurrence. Most patients were 
initially diagnosed with a WHO grade 4 glioblastoma 
and most had been treated at first diagnosis by surgery 
followed by adjuvant radiation therapy with concomitant 
and adjuvant temozolomide chemotherapy. In the first 
two cohorts (cohort 1, ipilimumab alone and cohort 2, 
ipilimumab plus nivolumab), treatment was safe and fea-
sible, and associated with encouraging antitumor activity 
[85].

In subsequent cohort expansion, the safety of 
intratumoral ipilimumab plus nivolumab followed 
by repeated intracavitary or intrathecal admin of 
nivolumab with or without increasing doses of ipil-
imuamb was investigated in 32 patients [86]. A further 
cohort of 11 patients underwent intracranial adminis-
tration of autologous myeloid dendritic cells (myDC) 
in combination with ipilimumab and nivolumab [87]. 
All patients received the planned pre-operative 10 mg 
intravenous nivolumab dose, underwent the planned 
neurosurgical procedure and perioperative administra-
tion of study treatment, and all patients in the relevant 
cohort underwent successful leukapheresis and myDC 
isolation.

Overall, intracranial administration of ipilimumab 
and nivolumab was feasible and associated with an 

acceptable safety profile. There was an unanticipated 
low incidence and low severity of immune-related 
adverse events and rapid clearance of nivolumab from 
the cerebrospinal fluid. Dose-limiting toxicity (neu-
trophilic pleocytosis) occurred with intracavitary 
ipilimumab 5–10  mg every 2  weeks. A potential ben-
eficial effect on OS seemed to be limited to patients 
with resectable recurrences, with central nervous 
system tumor burden suspected to determine treat-
ment outcome. There was no indication that repeated 
intracavitary administration of nivolumab and ipili-
mumab offered an additional benefit following pre-
operative injection. There is potential for predictive 
and/or prognostic tissue biomarkers (including B7-H3) 
to guide patient selection and investigation of tumor-
antigen specificity of lymphocytes present in the 
cerebrospinal fluid may provide opportunities for anti-
gen-specific therapies.

Intracranial ipilimumab plus nivolumab administra-
tion is under further investigation as a backbone for 
complementary repeated intra-cavitary administra-
tion of ipilimumab (dose-escalation) and complemen-
tary intracerebral administration of autologous myDCs 
(Fig. 3).

Bispecific antibodies in cancer immunotherapy
Bispecific antibodies are a diverse family of antibod-
ies or antibody constructs that recognize two epitopes 
or antigens. Most are bispecific T-cell-engagers (BiTEs), 
designed to redirect and/or activate CD3-expressing 
cytotoxic T cells against a specific tumor target on 
malignant cells. Others include therapies that target 
immune checkpoints, oncogenic signaling pathways 
and cytokines. Bifunctional fusion proteins are a subset 
that are typically devoid of an Fc region. T-cell bispecific 

Fig. 3  Case illustration. A 60-year-old female diagnosed with de novo glioblastoma (IDH1wt, MGMT promoter un-methylated) was diagnosed 
with progression of disease following concomitant RT/temozolomide and 4 adjuvant cycles of temozolomide. She was enrolled in Cohort-3 
of the Glitpni trial. Initial progression on MRI of the brain (illustrated by representative coronal gadolinium enhanced T1 images) evolved 
to a complete response that persisted up to week 103
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antibodies (TCBs) elicit antitumor responses by cross-
linking of T cells to target tumor cells. TCB-mediated 
polyclonal T cell activation is independent of the T cell 
receptor specificity and does not require costimula-
tory signals. Factors normally affecting the efficiency of 
checkpoint inhibitors to mount an endogenous antitu-
mor immune response, including MHC downregulation, 
antigen presentation, the frequency of antigen-specific 
T cells, T cell receptor affinity, and T-cell avidity, are less 
relevant for TCB activity.

MEDI5752 is a PD-1/CTLA-4 bispecific antibody engi-
neered to preferentially bind CTLA-4 in PD-1-positive 
activated T cells, thereby enhancing CTLA-4 blockade 
and yielding greater T cell proliferation than possible 
with anti-CTLA-4 doses that are tolerable in the clinic. 
MEDI5742 has shown encouraging antitumor activity 
across a range of immunotherapy-naïve solid cancers. 
In a randomized cohort in a phase Ib/II trial, 41 patients 
with NSCLC were administered four cycles of carbopl-
atin plus pemetrexed followed by maintenance therapy 
with pemetrexed plus either 1500 mg of MEDI5752 every 
3 weeks or pembrolizumab. Subsequently, 50 patients in 
a single arm-cohort received 750 mg of MEDI5752 every 
3  weeks in combination with carboplatin plus peme-
trexed [88]. In the randomised cohort, MEDI155752 plus 
carboplatin improved duration of response, PFS and OS 
compared with chemotherapy. Lower-dose MEDI5752 
also showed encouraging antitumor activity, especially 
in patients with PD-L1 < 1% expression, with improved 
tolerability.

Another bispecific antibody in development is vudali-
mab (XmAb20717), which simultaneously targets PD-1 
and CTLA-4 and binds preferentially to PD-1/CTLA-4 
dual-positive cells. Vudalimab monotherapy was gen-
erally well-tolerated and associated with complete and 
partial responses in patients with multiple tumor types. 
In a phase II study, vudalimab is being assessed as mono-
therapy or in combination with other anticancer agents 
in patients with metastatic castration-resistant pros-
tate cancer (mCRPC) that progressed following treat-
ment with ≥ 2 lines of anticancer therapy [89]. Patients 
with mCRPC will be enrolled into the following parallel 
cohorts based on the presence or absence of molecu-
lar abnormalities from prior sequencing of metastatic 
tumor: aggressive variant (cohort 1), homologous recom-
bination deficient or CDK12 mutation positive PARP 
inhibitor progressor (cohort 2) or PARP inhibitor-naïve 
(cohort 3), MSI-H or dMMR (cohort 4), and no targeta-
ble mutation (cohort 5). All patients will receive vudali-
mab 10 mg/kg every 2 weeks. Cohorts 1, 2, and 5 will also 
receive carboplatin plus cabazitaxel (or docetaxel) while 
cohort 3 will also receive olaparib.

Bispecific T cell engaging receptor (TCER®) molecules 
consist of an affinity maturated TCR, a humanised T cell-
recruiting antibody and an Fc-part conferring extended 
half-life and favorable stability characteristics. IMA402 
targets an HLA-A*02-presented peptide derived from 
PRAME, which is highly prevalent across multiple solid 
tumors. In preclinical xenograft mouse models, IMA402 
led to consistent tumor regression including complete 
remissions and showed a serum half-life of several days 
[90]. IMC-F106C is the first TCR bispecific protein tar-
geting CD3 and PRAME and was well tolerated and 
showed durable RECIST partial responses and ctDNA 
response in PRAME-positive patients across multiple 
cancer types [77].

Harnessing novel CD4 T cell‑based therapies against solid 
tumors
CD26 is a surface glycoprotein that distinguishes three 
human CD4 + T cell subsets with varying degrees of 
responsiveness to tumors: one with regulatory proper-
ties (CD26neg), one with a naïve/central memory phe-
notype (CD26int), and one with a durable stem memory 
profile (CD26high) [91]. CD26high T cells secreted T helper 
cell 17 (Th17) cytokines, including IL-17A. CD26high 
Th17 cells mediate robust tumor immunity. Single-cell 
sequencing reveals that CD26high T cells are molecularly 
unique from Th17 cells. While both CD26high and Th17 
cells engineered to express mesothelin-specific CARs 
were therapeutic in murine models of mesothelioma, 
human CD26high T cells mediated more durable immune 
responses and persisted relative to the other CD4 + T cell 
subsets (Th1, Th2, and Th17), with bulk CD4 or Th17 
cell therapies producing only transient delays in tumor 
growth [92]. CD4 + CD26high T cells did not require 
CD8 + CAR T cells for persistence in the tumor.

CD4 + CD26high T cells redirected with CAR have 
enhanced functional and antitumor activity versus clas-
sic human subsets or unselected CD4 + T cells. Potent 
CD26 + Th17 therapy may have potential as next-gen-
eration ACT for non-responders to immune check-
point blockade and is being investigated in patients with 
PDAC.

Recent work has now shown that CD26highT cells 
might be a marker of responsiveness to checkpoint 
blockade therapy. In fact, circulating CD4+CD26high  T 
cells were vastly reduced in melanoma patients com-
pared to healthy subjects in a clinical analysis of patients 
in Naples, Italy. In addition, a significant association 
was observed between a low baseline percentage of 
CD4+CD26high  T cells and clinical outcomes, meas-
ured as overall survival and progression-free survival. 
As well, it was determined that patients with clinical 
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benefit from nivolumab therapy had far more circulat-
ing CD4+CD26high T cells than patients with non-clinical 
benefit at one year post therapy. Also, at this timepoint, 
pre-treatment proportion of circulating CD4+CD26high T 
cells was correlated with Disease Control and best Over-
all Response Rate. Collectively, this work implies that the 
presence of CD26-expressing T cells in patients might be 
a marker of responsiveness to PD-1-based therapies. [93]

Targeting neutrophils to enhance antitumor immunity
Neutrophils recruited to the TME can limit or worsen 
tumor progression. Multiple factors can modulate neu-
trophil function in the TME, and even within the same 
patient, neutrophils are exposed to different niches and 
cues within the TME that include products of damage 
(DAMPs), cytokines and chemokines, hypoxia, nutrients, 
and proximity to tumor cells and other immune cells. In 
addition, whether neutrophils in the TME are friends 
or foes can also depend on specific cancer therapies. In 
a meta-analysis of expression signatures from approxi-
mately 18,000 human tumors across 39 malignancies, 
intratumoral neutrophil signature had the strongest asso-
ciation with worse survival [94].

Using malignant effusions from patients with meta-
static solid tumors as authentic components of the TME, 
we investigated how the TME reprograms neutrophils to 
acquire T cell suppressor function. In newly diagnosed 
epithelial ovarian cancer, we observed that ascites fluid 
contains morphologically mature neutrophils that are T 
cell suppressive [95]. Circulating neutrophils from OC 
patients were not intrinsically immunosuppressive, but 
acquired a suppressor phenotype, characterized by inhi-
bition of CD3/CD28 stimulated T cell proliferation and 
activation following exposure to ovarian cancer ascites 
fluid supernatants (ASC [96]). This same suppressor 
phenotype was induced in normal donor neutrophils 
exposed to ASC. Neutrophil suppressors inhibited prolif-
eration of naïve, central memory and effector memory T 
cells, and of tumor-associated lymphocytes from patients 
with newly diagnosed ovarian cancer [96, 97]. The induc-
tion of neutrophil suppressor function required a num-
ber of pathways, including complement signaling and 
NADPH oxidase [96, 97]. A similar complement-depend-
ent neutrophil suppressor phenotype was induced by 
malignant effusions from patients with different meta-
static cancers, demonstrating the generalizability of our 
findings. We also observed that ASC augments neutro-
phil trogocytosis of T cell membranes, an effect that 
was partially dependent on the CD11b/CD18 integrin 
and expected to injure T cells [97]. In response to these 
signaling and injurious cues, we observed that T cells 
acquire an immunoparalysis, characterized by impaired 
NFAT translocation, IL-2 production, glucose uptake, 

mitochondrial function, and mTOR activation required 
for T cell activation and proliferation [97].

Several studies in tumor-bearing mice point to comple-
ment signaling promoting tumor growth and obstructing 
antitumor immunity in part through recruitment of neu-
trophils/polymorphonuclear myeloid-derived suppres-
sor cells to the TME [98, 99]. Based on these results and 
our work, we are undertaking a clinical study of comple-
ment C3 inhibition combined with checkpoint blockade 
in patients with recurrent metastatic OC and persistent 
malignant effusions (NCT04919629).

Genomic profiling of the T cell regulome in adjuvant 
immune checkpoint inhibition in melanoma
There is an urgent clinical need to identify reliable bio-
markers of immune checkpoint inhibition in melanoma. 
Current predictors are mainly centred on the TME and 
do not sufficiently explain the heterogeneity of outcomes 
observed for immune checkpoint inhibitor-treated 
patients. Baseline markers of host immunity are relatively 
under-investigated. Recent evidence points to cytotoxic 
T cells, including CD4 + and CD8 + T cells, as important 
determinants of host immunity. Peripheral T cell activa-
tion/differentiation is governed by transcriptional regu-
latory networks that determine T cell fates by altering 
regulome sites (enhancers, promoters, methylation sites, 
lncRNAs). We hypothesized that host baseline CD4 + /
CD8 + regulome reprogramming affects outcomes with 
immune checkpoint inhibition, which could lead to the 
discovery of more personalised biomarkers and discovery 
of new targets.

Multi-omics analysis was performed to identify baseline 
peripheral biomarkers of adjuvant immune-checkpoint 
inhibition using bulk RNA-sequencing of CD8 + and 
CD4 + cell populations. Samples were from the phase III 
CheckMate-915 study (NCT03068455) that compared 
nivolumab and ipilimumab versus nivolumab alone in 
patients who underwent complete surgical removal of 
stage III-IV melanoma. Baseline analysis showed dif-
ferential gene expression in peripheral CD4 + T-cells 
between patients who relapsed after adjuvant nivolumab 
versus those who did not. There was significant enrich-
ment of immune-related pathways with both single-agent 
nivolumab and the combination regimen at baseline 
CD4 + T cells. Expression of IGHD in both CD8 + and 
CD4 + T cells was associated with response to adjuvant 
nivolumab, while low ELF3 expression was significantly 
associated with worse recurrence-free survival (RFS). 
ELF3 is a pro-inflammatory transcription factor that 
stimulates HLA-C expression and is a prognostic factor 
in several cancers. Low GAREM1 expression was sig-
nificantly associated with improved RFS, supported by 
significantly elevated chromatin openness in GAREM1 
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nivolumab-sensitive patients. GAREM1 plays both stim-
ulatory and inhibitory roles in T cell development and 
maturation (including CD4 and CD8 cells) and promotes 
activation of the MAPK/ERK signalling pathway in T 
cells. There was supporting evidence for an association 
with a new genomic marker, HMAX, with resistance to 
both single-line nivolumab as well as combination ther-
apy in CD8 and CD4 T cells. HMAX has a role in apop-
tosis and cell proliferation (including T cells) and is a 
potential novel biomarker of immune checkpoint inhibi-
tion in metastatic melanoma. Validation of these poten-
tial biomarkers is ongoing, with pre/post treatment and 
functional analyses underway.

Mechanisms of immune checkpoint inhibitor toxicities 
across tumor types
Immune-related adverse events (irAEs) are driven by 
numerous potential mechanisms, but most essentially 
leads to a loss of tolerance. Mitigation strategies to man-
age irAEs, such as steroids, are crude and there is mixed 
data regarding the issue of whether the treatment of 
irAEs reduces the benefits of immunotherapy.

While some studies have suggested that the use of 
steroids to treat ipilimumab toxicity does not seem to 
be associated with reduced benefit, one sobering report 
showed that higher steroid dosing for ipilimumab-
induced hypophysitis is associated with worse survival 
in patients with melanoma that in those who received 
replacement dose steroids [100]. Furthermore, baseline 
use of steroids has also been associated with worse out-
comes. Specifically, in patients with NSCLC who were 
treated with PD-1/PD-L1 blockade, those on baseline 
steroids of greater than 10 mg of prednisone (or its equiv-
alent) had decreased ORR, PFS and OS [101]. Finally, 
early use of high-dose steroids (within 8 weeks of start-
ing PD-1 inhibitor monotherapy) for irAEs was associ-
ated with poorer PFS and OS in patients with melanoma 
[102].

Still, as steroids are the mainstay of irAEs, they need 
to be used in the right way for the right patient. In a ret-
rospective analysis of anti-PD-1-treated patients with 
physician assessed, treatment-related diarrhea, 30% of 
those who underwent endoscopy did not have enterocol-
itis [103]. In those who had biopsy-confirmed enterocol-
itis, approximately a third had microscopic colitis (e.g., 
not seen on endoscopic exam but confirmed on biopsy) 
and two thirds had macroscopic colitis. In those with 
microscopic colitis, systemic glucocorticoid use as well 
as second line immune suppression with tumor necro-
sis factor (TNF) inhibition was lower, as oral budesonide 
was effective at controlling symptoms in most patients. 
Additionally, these patients were more likely to continue 
immune checkpoint inhibitor therapy than those with 

macroscopic colitis. In another study in patients with 
immune checkpoint inhibitor-induced nephritis, rapid 
tapering of steroids over 3 weeks resulted in similar renal 
outcomes to standard of care longer duration of steroid 
use [104].

An alternative approach to steroid use is to target 
mechanisms of toxicity that are separate from mecha-
nisms of antitumor immunity. In immune-related coli-
tis, there is increased frequency of cytotoxic and cycling 
T cell clusters, and tissue-resident memory T cell clus-
ters are reduced [105]. There are shared T cell receptors 
between tissue-resident memory and colitis-associated 
cytotoxic/cycling T cell clusters. Gene expression analy-
sis suggests potential targets distinct from antitumor 
immunity (i.e., TNFR1 expression). In immune-related 
myocarditis, increased intramyocardial T cells and the 
upregulation of multiple inflammatory pathways, in par-
ticular IFN responses, were observed across multiple 
immune and non-immune cell types [106]. These path-
ways could be therapeutic targets to manage immune-
related myocarditis.

Long‑term toxicity and the impact on quality of life
Immune checkpoint inhibition can provide long-lasting 
durable responses in patients with metastatic disease. 
However, while acute toxicities of immune checkpoint 
inhibitors have been well characterised, there has been 
less focus on the development of chronic toxicities. 
These may be more frequent than initially believed, 
with data indicating that over 40% of patients may 
experience chronic side effects after anti-PD-1/PD-L1 
therapy [107]. Although often low-grade, these persis-
tent effects can affect the endocrine, rheumatological, 
pulmonary, neurological and other organ systems.

Although acute toxicities often resolve with ster-
oid therapy, this is not always the case and some may 
develop into a chronic phenotype. Immune-related 
adverse events may fail to resolve because of smoul-
dering inflammation or burnout. In smouldering 
inflammation, immune checkpoint inhibitors induce 
persistent subacute or chronic inflammation that 
resembles classic autoimmunity, e.g., inflammatory 
arthritis. Burnout refers to irreversible damage of the 
relevant cells, preventing physiological recovery, such 
as with endocrinopathies in which hormone-secreting 
cells are irretrievably damaged by the inflammatory 
process.

Chronic toxicities have a possible impact on other 
immune processes, with perturbations caused by 
immune checkpoint inhibitors having a long-term 
influence on diverse pathobiological processes includ-
ing atherosclerosis, obesity and neuroinflammation. 
For example, inactivation of PD-1/PD-L1 potentiates 
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promotes the infiltration of macrophages, CD4 + T cells 
and CD8 + T cells into atherosclerotic plaques, suggest-
ing that PD-1 checkpoint inhibitors could potentially 
increase the atherosclerosis burden and/or plaque rup-
ture. This is supported by clinical data that indicated a 
three-fold higher incidence of atherosclerotic cardio-
vascular events in the 2 years following immune check-
point inhibitor treatment compared with the 2  years 
preceding treatment [108]. In contrast to this, a ret-
rospective, cohort study of patients with melanoma 
treated with immune checkpoint inhibitor therapy did 
not show any increase in liver inflammation post-treat-
ment [109]. Preclinical studies also suggest that adipose 
tissue T cells express markers of T cell exhaustion and 
that T cells have a key role in obesity-related compli-
cations, such as steatohepatitis. Adipocyte-dependent 
PD-L1 knockout resulted in decreased tumour growth 
but increased obesity-associated inflammation in mice 
[110]. However, follow-up of over 200 patients treated 
with anti-PD-1/PD-L1 inhibitors did not show any 
increase in body mass index after 2  years, although 
there was a slight increase in adiposity and skeletal 
muscle mass [111]. The effects of immune-checkpoint 
blockade on a diverse range of immune processes are 
an important of research for cancer survivors (Fig. 4).

Evidence for adapting radiotherapy to immune checkpoint 
blockade
In preclinical studies, radiation has been shown to be a 
powerful partner to immune check point blockade. Radi-
ation-induced cytosolic DNA activates cGAS/STING 
inducing interferon production with recruitment and mat-
uration of dendritic cells., In parallel, as part of DNA dam-
age response transcription of mutated genes in the tumor 
cells can elicit presentation of neopitopes that contribute to 
an adaptive immune response with the generation of anti-
tumor T cells. This ability of radiation to activate both the 
innate and adaptive immune system in the irradiated tumor 
mimics the immune response to a viral infection. Several 

challenges to translating preclinical work to the clinic, 
include the complexity and diversity of human immune 
responses to cancer, the fact that radiotherapy also elicits 
immunosuppressive effects y, and the evidence that the 
type of sequencing of radiation with immunotherapy may 
affect the success of this combination. These reasons are 
gradually emerging to explain the failure of some clinical 
trials of radiation and immunotherapy. For instance, in the 
JAVELIN trial, avelumab plus standard-of-care chemoradi-
otherapy failed to improve PFS and OS when compared to 
chemoradiotherapy alone in patients with locally advanced 
squamous cell carcinoma of the head and neck [112]. In this 
trial, use of standard radiation doses and treatment fields 
(inclusive of neck nodes) likely abrogated the immune fit-
ness of patients. Preclinical data shows that radiation abla-
tion or surgical removal of draining nodes eliminate the 
tumor response to immune checkpoint blockade, including 
loss of type I dendritic cells and type I IFN signaling [113]. 
Evidence for preserving immune fitness when treating with 
radiation and immunotherapy also emerged from a recent 
phase II trial comparing neoadjuvant durvalumab alone 
with neoadjuvant durvalumab plus stereotactic radiother-
apy in patients with NSCLC. With comparable tolerability 
in both arms, MPR rate was significantly increased with the 
addition of radiotherapy (53% vs 7%); this was increased 
even more in EGFR-negative patients [114]. Importantly, 
the trial required radiotherapy to primary lung cancer only, 
excluding draining nodes even among the 13 patients with 
positive nodes before surgery. Durvalumab plus radiation 
to the primary tumor increased MPR in the nodes in 4/6 
of these patients compared to 1/6 treated by durvalumab 
only, confirming the relevance of excluding draining nodes 
when radiation is used with immune checkpoint inhibition.

However, radiotherapy also has ‘out of field’ effects, medi-
ated by normal tissue exposure to low dose of radiation. In 
an NSCLC model, the radiotherapy induced secretome of 
activated lung-resident Scgb1a1 + club cells, outside the 
field of radiation, inhibited immunosuppressive myeloid 
cells, reduced pro-tumor inflammation, and enhanced the 
efficacy of immune checkpoint inhibition [115].

Fig. 4  Long-term toxicity
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Sequencing of radiation therapy and immunotherapy 
can influence response. PD-1 blockade after irradiation 
can result in the expansion of polyfunctional intratumoral 
CD8 + T cells and induction of potent abscopal responses 
[116]. However, in the same model, administration of 
anti-PD-1 therapy before irradiation nearly completely 
abrogated systemic immunity, which is associated with 
increased radiosensitivity and death of CD8 + T cells. The 
subsequent reduction of effector CD8 + T cells at the irra-
diated tumor site generates a suboptimal systemic antitu-
mor response and the loss of abscopal responses.

In conclusion, it seems advisable before designing and 
conducting new trials of radiotherapy combined with 
immunotherapy, to focus on better understanding the 
immune effects of radiation in irradiated patients. For 
example, in a study of patients with rectal cancer, immune 
gene expression profiling before preoperative radiotherapy 
identified differences between poor and good responders 
[117] providing a rationale for future studies.

Enhancing clinical genomics datasets with multimodal 
electronic health record data and imaging
The widespread accessibility of extensive genomic data-
sets, such as those demonstrated by the Genomics 
Evidence Neoplasia Information Exchange (GENIE), 
has revolutionized the personalization of treatment 
approaches in oncology. The GENIE pan-cancer regis-
try features data from over 110,000 tumors and 100,000 
patients, drawn from various cancer centers in the US, 
Canada, and Europe (https://​doi.​org/​10.​1158/​2159-​8290.​
CD-​21-​1547).

In addition to genomics, large quantities electronic 
health records (EHR) are also becoming widely available. 
Providence Genomics, for example, has a cloud hosted 
data waewhouse with access to 1.8 million Providence 
patients, with cancer registries with 800,000 patients, and 
clinical pathway decision support for over 7000 patients. 
These EHR based real world data can be enriched by 
incorporating layers of ancillary data, such as high-
resolution digitized images. For example, a dataset of 
microscopy images from breast biopsy specimens at the 
Providence Cancer Institute, which associates 175,000 
biopsy slides from 11,000 unique patients with cancer 
registry, metastasis and mortality data [118]. Proteom-
ics, metabolomics, spatial biology, and transcriptom-
ics data can also be utilized to enrich these real-world 
datasets. In this context, Artificial Intelligence (AI) and 
machine learning present immense opportunities to ana-
lyze these datasets for biomarker discovery, clinical trial 
simulations, pathomics, and clinical trial enrolment. A 
key application of AI is in natural language processing, 
enabling scalable EHR processing. An example of this 
approach is the utilization of natural language processing 

models to extract outcomes from imaging reports and 
oncologist notes, linking them to genomic datasets, in 
a structured and reproducible manner [119], trained, 
tested and validated against a supervised manual medi-
cal record review performed according to the PRISSMM 
(Pathology, Radiology/Imaging, Signs/Symptoms, Medi-
cal oncologist assessment, and bioMarkers) framework.

Deep learning algorithms have proven particularly use-
ful in histopathology, performing on par with trained 
pathologists for tumor detection and grading. These 
models are also used for mutation prediction, response 
prediction, and survival prediction. For instance, 
machine learning-based assessments of Tumor-infiltrat-
ing lymphocyte (TIL) levels in standard histologic images 
have shown correlation with responses to anti-PD-1 ther-
apy in patients with NSCLC [120].

In conclusion, while immunotherapy advancements 
have significantly enhanced treatment options and out-
comes for cancer patients, there is still a need for more 
effective strategies. Novel therapies are being explored, 
often as part of combination regimens. Therapies that 
promote a more immunologically active TME are of 
particular interest, especially when combined with 
immune checkpoint blockade. Identifying biomarkers 
for increased personalization of immunotherapy is also 
a focus, given the evolving complexity of the treatment 
landscape and the increasing therapeutic options for 
many patients.

The applications of recently improved Large Lan-
guage Models such as those that underly technologies 
such as ChatGPT (GPT-3 and now GPT-4, 10. 1056/
NEJMsr2214184) in this context could be manifold. They 
can potentially help in understanding and processing 
unstructured EHR data, identifying patterns and correla-
tions within complex multimodal datasets, enhancing the 
capabilities of conventional natural language processing 
for information extraction, and potentially serving as a 
tool for hypothesis generation in the realm of biomarker 
discovery and personalized therapy.

Conclusions
Advances in immunotherapy have significantly improved 
treatment options and outcomes for patients with cancer, 
and ongoing research in this field is likely to lead to even 
more effective therapies in the future. Patients who pre-
viously had limited treatment options are now benefiting 
from novel immunotherapeutic approaches that provide 
long-term responses and improved survival. However, 
many patients still fail to respond to immunotherapy and 
there remains a need for new treatment strategies.

Various approaches are being investigated, including 
novel treatments used both as monotherapy and, more 

https://doi.org/10.1158/2159-8290.CD-21-1547
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typically, as part of combination regimens. In particular, 
therapies that promote an more immunologically active 
TME are a primary focus, especially when combined 
with immune checkpoint blockade. The identification of 
biomarkers and the increased personalization of immu-
notherapy is also an area of focus, especially given the 
more complex treatment landscape that is emerging and 
the availability of increased therapeutic options for many 
patients.
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