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Emerging roles of the
gut microbiota in
cancer immunotherapy

Zhuangzhuang Shi1,2,3, Hongwen Li1,2, Wenting Song1,2,3,
Zhiyuan Zhou1,2, Zhaoming Li1,2,4* and Mingzhi Zhang1,2,4*

1Department of Oncology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China,
2Lymphoma Diagnosis and Treatment Centre of Henan Province, Zhengzhou, China, 3Academy of
Medical Sciences of Zhengzhou University, Zhengzhou, Henan, China, 4State Key Laboratory of
Esophageal Cancer Prevention and Treatment and Henan Key Laboratory for Esophageal Cancer
Research, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan, China
Gut microbiota represents a hidden treasure vault encompassing trillions of

microorganisms that inhabit the intestinal epithelial barrier of the host. In the past

decade, numerous in-vitro, animal and clinical studies have revealed the

profound roles of gut microbiota in maintaining the homeostasis of various

physiological functions, especially immune modulation, and remarkable

differences in the configuration of microbial communities between cancers

and healthy individuals. In addition, although considerable efforts have been

devoted to cancer treatments, there remain many patients succumb to their

disease with the incremental cancer burden worldwide. Nevertheless, compared

with the stability of human genome, the plasticity of gut microbiota renders it a

promising opportunity for individualized treatment. Meanwhile, burgeoning

findings indicate that gut microbiota is involved in close interactions with the

outcomes of diverse cancer immunotherapy protocols, including immune

checkpoint blockade therapy, allogeneic hematopoietic stem cell

transplantation, and chimeric antigen receptor T cell therapy. Here, we

reviewed the evidence for the capacity of gut microflora to modulate cancer

immunotherapies, and highlighted the opportunities of microbiota-based

prognostic prediction, as well as microbiotherapy by targeting the microflora

to potentiate anticancer efficacy while attenuating toxicity, which will be pivotal

to the development of personalized cancer treatment strategies.

KEYWORDS

Gut microbiota, immunotherapy, immune checkpoint blockade, allogeneic
hematopoietic stem cell transplantation, chimeric antigen receptor T cell therapy
Abbreviations: ICB, immune checkpoint blockade; allo-HSCT, allogeneic hematopoietic stem cell

transplantation; CAR-T, chimeric antigen receptor T; PD-1/PD-L1, programmed cell death protein 1/

programmed cell death ligand 1; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; TME, tumor

microenvironment; NSCLC, non-small cell lung cancer; irAEs, immune-related adverse events; OS, overall

survival; FMT, fecal microbiota transplantation; SCFAs, short−chain fatty acids; CRC, colorectal cancer;

GVHD, graft-versus-host disease; HR, hazard ratio; CI, confidence interval; IECs, intestinal epithelial cells;

LBP, Lactobacillus plantarum.
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Introduction

The human gut microbiota refers to the vast collection of

various microbes living on the epithelial barrier surfaces of the

gastrointestinal tract, including bacteria, fungi, viruses, archaea, and

protozoa (1). With the advances of molecular tools and technologies

such as 16S ribosomal RNA sequencing, metagenomic,

metabolomic, and metatranscriptomic, as well as the use of

gnotobiotic animal models, the intricate host-microbiota

interactions are progressively being deciphered (2). For one thing,

substantial researches have featured the key roles of gut microbiota

in human pathophysiological processes (3–5), including immunity,

metabolism, and inflammatory response. For another, albeit

multiple factors are proposed to propel cancer progression, the

deviation of gut microbiota, known as dysbiosis, is entertained as a

harbinger, promoter or even cause of a variety of malignant

conditions (6). Thereinto, a panel of potential pro-tumorigenesis

or anti-tumorigenesis microbial species have been identified too (7),

which lays the groundwork for the regulation of gut microbiota in

cancer therapy.

Meanwhile, with the incremental cancer burden worldwide, it

places greater demands on personalized cancer treatments with

powerful efficacy (8), although substantial advancements have been

made, especially cancer immunotherapy. Most notably, the limited

efficacy and undesired toxicities still remain the major hurdles of

current cancer therapies, which has been found to be heavily

influenced by distinct gut microflora patterns (9). Of them,
Frontiers in Immunology 026
immunotherapy has been considered as a major revolution, which

provides exciting hopes for patients in the fight against cancer, and

the effects of certain gut species on immunotherapy have now

become a topic of great scientificity (10, 11). In the light of these

findings, there is emerging interest in microbiotherapy by the

modulation of intestinal flora as one of the antitumor strategies in

recent years.

In this review, we mainly discussed the interactions between gut

microbiota and cancer immunotherapies, including immune

checkpoint blockade (ICB) therapy, allogeneic hematopoietic stem

cell transplantation (allo-HSCT), and chimeric antigen receptor T

(CAR-T) cell therapy, and the opportunities of microbiota-based

patient stratification strategies such as the prediction of response

and the early recognition of toxic events, as well as the evidence for

the ability of microbiotherapy in the management of cancer

immunotherapy, including enhancing anticancer efficacy and

alleviating toxicity, thus, to decipher the roadmap of gut

microbiota in the exploitation of custom-fit therapeutic strategies

for cancer care. A diagrammatic representation of the interactions

between gut microbiota and cancer immunotherapy is described

in Figure 1.
Immune checkpoint blockade therapy

Currently, one hotspot of cancer immunotherapy is the ICB

therapy that inhibits programmed cell death protein 1/programmed
FIGURE 1

Interactions between the gut microbiota and cancer immunotherapy. The intestinal microbial ecosystem can be well modified by multiple patterns,
including diets, drugs, prebiotics, probiotics, and FMT, which provide fascinating opportunities for the clinical managements of diverse cancer
immunotherapy protocols such as ICB therapy, allo-HSCT, and CAR-T cell therapy. FMT, fecal microbiota transplantation; ICB, immune checkpoint
blockade; allo-HSCT, allogeneic hematopoietic stem cell transplantation; CAR-T, chimeric antigen receptor T. (By Figdraw).
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cell death ligand 1 (PD-1/PD-L1) and cytotoxic T lymphocyte-

associated antigen-4 (CTLA-4) signaling to reinvigorate CD8+ T

cells in the tumor microenvironment (TME) to potentiate killing of

tumor cells (12). Despite the remarkable effectiveness of ICB

therapy in a subset of patients of several cancer types, including

metastatic melanoma (13), classical Hodgkin lymphoma (14), non-

small cell lung cancer (NSCLC) (15), and colon cancers (16), most

patients were observed with primary or acquired resistance.

Furthermore, a number of challenges such as the immune-related

adverse events (irAEs) and biomarkers to predict response remain

to be determined (17). However, accumulating data have

pinpointed the indispensable roles of intestinal microbiota in

ICB therapy.
The effects of antibiotics on the response
of ICB therapy

Antibiotics-associated gut dysbiosis frequently confers

deleterious effects on cancer patients treated with ICB (18).

Derosa and colleagues (19) reported that antibiotics

administration within 30 days of beginning ICB therapy was

closely related to the inferior prognosis, including shorter

progression free survival and overall survival (OS), in both

advanced renal cell carcinoma and NSCLC patients. Similarly, the

negative influences of antibiotics on the clinical outcomes of ICB

have also be indicated in patients with melanoma (20), urothelial

carcinoma (21), and bladder cancer (22). Nevertheless, Cheung

et al. (23) and Fessas et al. (24) inversely revealed the detrimental

and protective effects of antibiotics use on the survival of ICB

treated hepatocellular carcinoma patients, respectively, which might

be attributable to the difference of the antibiotic types, therapeutic

regimens, baseline clinical characteristics and gut microbial features

of patients. In addition, one caveat here is the antibiotics application

might simply constitute a surrogate indicator of unsuited or

immunodeficient cancer patients who were non-responsive for

ICB therapy, which deserves further evaluation.
Influence of gut microbiota on the
effectiveness of ICB therapy

The significance of commensal intestinal bacteria on the efficacy

of ICB therapy has been well established in both pre-clinical models

and patients. A plethora of microbial taxa, including Akkermansia

muciniphila, Faecalibacterium spp., Bifidobacterium spp., and

Bacteroides fragilis (25), have been reported to potentiate the

antitumor efficacy of ICB therapy in both animal models and

cancer patients. Of specific note, it has been well demonstrated

that gut commensal bacteria such as Bifidobacterium and

Bacteroidales could significantly improve tumor control of

melanoma treated by anti-PD-L1 or anti-CTLA-4 via enhancing

antitumor immunity response in mice models (26, 27). Further, this

favorable role of commensal microbiome in ICB therapy was

elucidated in melanoma patients (28, 29). Additionally, a higher

diversity of gut microbiota at the starting point exhibited intimate
Frontiers in Immunology 037
relationships with the favorable responses to anti-PD-1

immunotherapy in patients with hepatocellular carcinoma and

advanced NSCLC (30, 31), which might be involved in the

enhanced memory T cell and natural killer cell signatures in the

periphery in response to anti-PD-1 therapy. Interestingly,

Helicobacter pylori seropositivity has been reported to be linked

with an inferior NSCLC patient survival on anti-PD-1 therapy (32),

and further be confirmed in in vitro co-culture assay and in H.

pylori-infected mice with reduced number and activation status of

tumor-specific CD8+ T cells in the tumors. Strikingly, apart from

the linkages between individual bacterial taxa and ICB therapy

outcome, the association of enteric microbiotypes (including

diverse discrete ecologically balanced communities) with the

response to melanoma patients treated by anti-PD-1 has also

been proposed in a recent combination analysis (33). That is, four

superclusters of a panel of microbial species, including two enriched

in favorable taxa (Favorable 1: Bifidobacteriaceae, Eggerthelacea,

Coriobacteriales, Akkermansia muciniphila, Fusobacteriaceae,

Erysipelotrichaceae , Lachnospiraceae , Streptococcaceae ,

Lactobacillaceae, and Porphyromonadaceae; Favorable 2:

Oscillospiraceae; by linear discriminant analyses) and two

enriched in unfavorable taxa (Unfavorable 1: Prevotellaceae and

Bacteroidales; Unfavorable 2: Rikenellaceae; by linear discriminant

analyses), were defined, which comprised distinct microbiotypes

with similar relationship between microbial composition and

clinical outcome.

Various publications have now demonstrated a role for gut

microbes in regulating responses to ICB therapy across several

cancer types (Table 1). In a phase I clinical trial including ten

patients with anti-PD-1-refractory metastatic melanoma (52), the

researchers found that re-induction of anti-PD-1 combination with

fecal microbiota transplantation (FMT) from complete response

donors exhibited inspiring outcomes with clinical remission in

three patients. Of them, FMT could remarkably increase the

intra-tumoral immune activity, which supports the concept of

overcoming resistance to immunotherapy through manipulating

the intestinal microflora. Another multicenter retrospective study

from Japan (53) revealed that probiotics administration was

relevant to the survival and disease control in advanced or

recurrent NSCLC patients that undergone anti-PD-1

monotherapy. Despite this, more thoughtful evaluations of the

effects of current commercially available probiotic formulations

on anticancer immunotherapy should be made, as they might be

harmful in the setting of ICB therapy by impairing intra-tumoral

IFN-g T cell responses (40).
Interactions of gut microbiota with the
toxicities related to ICB therapy

Evidence is accumulating that certain fecal microbiota

composition is related to the development of several toxicities

following ICB therapy such as irAEs, which result from off-tumor

immune activation. McCulloch et al. (33) indicated that two

microbial signatures, enriched for Streptococcaceae spp. and

Lachnospiraceae spp., were involved in distinct irAEs, and
frontiersin.org
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TABLE 1 Representative researches on the interactions between gut microbiota and the outcomes of ICB therapy across cancers in recent three years.

Patients Studies ICB agents Main findings

NSCLC
Grenda
et al. (34)

Pembrolizumab, n = 12, 25%; nivolumab or
atezolizumab, n = 35, 75%

Favorable survival: a high abundance of Bacteroidaaceae, Barnesiellaceae, and
Tannerellaceae;
Inferior survival: a high content of Ruminococcaceae family while a low abundance of
Clostridia UCG-014.

Shoji et al.
(35)

Nivolumab, pembrolizumab, atezolizumab, or
durvalumab, n = 24, 85.7%; pembrolizumab
combined with platinum-doublet chemotherapy,
n = 4, 14.3%

Responders: higher gut alpha diversity; enrichment of g_Blautia;
Non-responders: enrichment of o_RF32 order.

Newsome
et al. (36)

Anti-PD-1, n = 44, 67.7%; anti-PD-L1, n = 19,
29.2%; combination of anti-PD-L1/CTLA-4, n =
2, 3.1%

Responders: enrichment of the genera Ruminococcus, Akkermansia, and
Faecalibacterium.

Zhang
et al. (37)

A total of 69 patients receiving ICB
monotherapy,
including nivolumab, pembrolizumab, or
atezolizumab

Prolonged survival: enrichment of Phascolarctobacterium;
Reduced survival: overrepresentation of Dialister.

Zhang
et al. (38)

Nivolumab, n = 36, 48.0%; pembrolumab, n =
39, 52.0%

Responders: higher gut microbiota alpha diversity; enrichment of Desulfovibrio,
Actinomycetales, Bifidobacterium, Odoribacteraceae, Anaerostipes, Rikenellaceae,
Faecalibacterium, and Alistipes;
Non-responders: overrepresentation of Fusobacterales, Fusobacteriia, Fusobacterium,
Fusobacteria, and Fusobacteriaceae.

Botticelli
et al. (39)

Nivolumab, n =12, 100%

Clinical benefits: short chain fatty acids (i.e., propionate, butyrate), lysine and nicotinic
acid were significantly associated with long-term beneficial effects;
Disease progression: 2-Pentanone (ketone) and tridecane (alkane) were significantly
associated with early progression.

Melanoma
McCulloch
et al. (33)

A total of 94 patients receiving single-agent
anti-PD-1 immunotherapy, including
nivolumab, pembrolizumab or investigational
anti-PD-1, or pembrolizumab in combination
with pegylated interferon

Non-progressors: enrichment of Ruminococcus (Mediterraneibacter) torques, Blautia
producta, Blautia wexlerae, Blautia hansenii, Eubacterium rectale, Ruminococcus
(Mediterraneibacter) gnavus and Anaerostipes hadrus;
Progressors: increased abundance of Prevotella spp., Oscillibacter spp., Alistipes spp.
and Sutterellaceae spp.

Spencer
et al. (40)

Anti-PD-1, n = 132, 100%
Responders: higher abundance of Ruminococcaceae family and Faecalibacterium genus
than non-responders.

Andrews
et al. (41)

A total of 77 patients receiving ipilimumab
(anti-CTLA-4) in combination with PD-1
checkpoint blockade agent (either nivolumab or
pembrolizumab)

Responders: enrichment of Bacteroides stercoris, Parabacteroides distasonis and
Fournierella massiliensis;
Non-responders: overrepresentation of Klebsiella aerogenes and Lactobacillus rogosae.

HCC
Lee et al.
(42)

Nivolumab, n = 24, 58.5%;
pembrolizumab, n = 17, 41.5%

Responders: enrichment of Lachnoclostridium, Lachnospiraceae, and Veillonella;
Disease progression: overrepresentation of Prevotella 9.

Wu et al.
(43)

A total of 61 patients receiving intravenously
anti-PD-1 based systemic therapy

Responders: enrichment of Faecalibacterium, Blautia, Lachnospiracea incertae Sedis,
Megamonas, Ruminococcus, Coprococcus, Dorea and Haemophilus;
Non-responders: overrepresentation of Atopobium, Leptotrichia, Campylobacter,
Allisonella, Methanobrevibacter, Parabacteroides, Bifidobacterium and Lactobacillus.

Ponziani
et al. (44)

A total of 11 patients received tremelimumab,
an anti-CTLA-4 monoclonal antibody, and/or
Durvalumab, an anti-PD-L1 monoclonal
antibody

Responders: enrichment of Akkermansia whereas depletion of Enterobacteriaceae in
disease control group versus non-responders.

HBC
Mao et al.
(45)

Thirty patients with HCC and 35 patients with
biliary tract cancer who were treated with anti-
PD-1 based systemic therapy

Favorable survival: enrichment of Lachnospiraceae bacterium-GAM79, Alistipes sp
Marseille-P5997, Ruminococcus calidus, and Erysipelotichaceae bacterium-GAM147;
Worse survival: higher abundance of Veillonellaceae.

CRC
Wang et al.
(46)

Phase Ib/II study of regorafenib plus
toripalimab enrolled forty-two subjects

Non-responders: increased relative abundance and positive detection rate of
Fusobacterium than responders.

GC
Che et al.
(47)

Nivolumab, n = 43, 55.8%; pembrolizumab, n =
29, 37.7%; camrelizumab/toripalimab/
tislelizumab, n = 5, 6.5%

Helicobacter pylori-negative group: a longer overall survival (OS) and progression-free
survival (PFS) than those in the positive group, with an estimated median OS of 17.5
months vs. 6.2 months (HR = 2.85, 95% CI: 1.70-4.78; P = 0.021) and a median PFS of
8.4 months vs. 2.7 months (HR = 3.11, 95% CI: 1.96-5.07, P = 0.008);
H. pylori-positive group: a higher risk of nonclinical response to anti-PD-1 antibody,
with an OR of 2.91 (95% CI: 1.13-7.50).

(Continued)
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melanoma patients with high Streptococcus spp. abundance in

pretreatment microbiome samples tended to develop irAEs.

Although higher rates of irAEs than anti-PD-1 or anti-CTLA-4

monotherapy, responders to combined ICB therapy targeting both

CTLA-4 and PD-1 and responders to monotherapy exhibited

similar compositional characteristics of gut microbiota with an

enrichment of Ruminococcus/Ruminococcaceae consistently

observed across diverse melanoma cohorts (41). Moreover, the

researchers found a significantly higher abundance of Bacteroides

intestinalis in patients developed ≥grade 3 irAEs versus those who

did not, with upregulation of mucosal IL-1b in patient samples of

colitis and in pre-clinical models.

Disturbances of intestinal homeostasis play a key role in driving

ICB-associated toxicity. Stat3+/+ melanoma-bearing mice with

acquired gastrointestinal impairment by Citrobacter rodentium

infection and dextran sodium sulfate treatment displayed a

predilection for anti-CTLA-4-mediated irAEs, with accumulation

of neutrophils, cytotoxic and IFN-g+ CD8+ and CD4+ T cells, and

inflammatory cytokines such as IFN-g and IL-6 in the colon (54).

Furthermore, the pre-inflammation fecal microbiota of melanoma

patients that presented a paucity of genetic pathways related to

polyamine transport and B vitamin biosynthesis was linked with an

increased risk of colitis (55). Remarkably, modulation of the gut

microbiota can mitigate irAEs in cancers (56). Of them, ICB-related

colitis could be successfully treated by FMT, with reconstitution of

the intestinal microflora and increase in the proportion of

regulatory T cells within the colonic mucosa (57). Additionally,

microbial metabolites working at the interface between

microorganisms and host immune system might abrogate ICB-

induced colitis too. Renga et al. demonstrated that indole-3-

carboxaldehyde, a microbial tryptophan catabolite, protected ICB-

induced colitis mice from intestinal injury through a dual action on
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both the host and the microbes (58), which provides a new avenue

in optimizing ICB therapy based on bacterial metabolome.
Prognostic utility of the gut microbiota-
derived models for the outcome of
ICB therapy

Gut microflora has emerged as a tumor-extrinsic predictive

biomarker to the response of ICB therapy, and the machine learning

models trained by microbial features provide a hopeful opportunity

for outcome prediction. Recently, despite the heterogeneity across

five melanoma cohorts, three modified leave-one-out cross-

validation methods, including generalized linear model, random

forest, and polynomial support-vector machine, based on batch-

corrected intestinal microbiome data consistently predicted the

outcomes to anti-PD-1 therapy in all cohorts (33). Of them, the

Clostridium phylum was identified as a predictor of favorable

outcome for a subset of cohorts, while the Bacteroidetes phylum

was entertained as an unfavorable predictive indicator for the

response of most melanoma cohorts. In addition, based on the

bacterial signatures of five cancer cohorts, including melanoma,

NSCLC, and renal cell carcinoma, treated with ICB, Shaikh et al.

(59) constructed a non-responder “Integrated Microbiome

Prediction Index” (calculated by assigning a weighted coefficient

for the microbial species enriched in non-responders, including

Bacteroides coprocola , Bacteroides fragilis , Bacteroides

thetaiotaomicron, Bacteroides uniformis, Clostridium hathewayi,

Clostr idium hylemonae , Clostr idium methylpentosum ,

Megasphaera micronuciformis, Oribacterium sinus, Parasutterella

excrementihominis, Scardovia wiggsiae, and Veillonella parvula),

rather than responder, that displayed the strongest and most
TABLE 1 Continued

Patients Studies ICB agents Main findings

GI cancer
Peng et al.
(48)

Anti-PD-1, n = 48, 64.9%;
anti-PD-L1, n = 12, 16.2%;
anti-PD-1 + anti-CTLA-4, n = 14, 18.9%

Responders: an elevation of the Prevotella/Bacteroides ratio; moreover, gut bacteria
with the ability of SCFA production, including Eubacterium, Lactobacillus, and
Streptococcus, were positively associated with anti-PD-1/PD-L1 response across
different GI cancer types (colorectal cancer, n = 19; esophageal cancer, n = 14; gastric
cancer, n = 23; Others, n = 18).

RCC
Salgia et al.
(49)

Nivolumab, n = 24, 77.4%; nivolumab plus
ipilimumab, n = 7, 22.6%

Clinical benefits: a higher gut microbial alpha diversity according to the Shannon
index; enrichment of Bifidobacterium adolescentis, Barnesiella intestinihominis,
Odoribacter splanchnicus, and Bacteroides eggerthii.

Thoracic
carcinoma※

Yin et al.
(50)

A total of 42 patients receiving nivolumab or
other anti-PD-1 inhibitors

Responders: enrichment of the Akkermansiaceae, Enterococcaceae, Enterobacteriaceae,
Carnobacteriaceae and Clostridiales Family XI bacterial families.

Solid
cancer
tumors#

Cheng
et al. (51)

A total of 72 patients receiving nivolumab,
pembrolizumab, sintilimab, camrelizumab, and
toripalimab

Responders: enrichment of Archaea, Lentisphaerae, Victivallaceae, Victivallales,
Lentisphaeria, Methanobacteriaceae, Methanobacteria, Euryarchaeota,
Methanobrevibacter, and Methanobacteriales before immunotherapy;
Non-responders: increased in the abundance of Clostridiaceae before immunotherapy.
ICB, immune checkpoint blockade; NSCLC, non-small cell lung cancer; HCC, hepatocellular carcinoma; HBC, hepatobiliary cancer; CRC, colorectal cancer; GC, gastric cancer; GI,
gastrointestinal; RCC, renal cell carcinoma; PD-1, programmed cell death protein 1; PD-L1, programmed cell death ligand 1; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; OS, overall
survival; PFS, progression-free survival. ※: included 23 lung squamous carcinomas, 15 lung adenocarcinomas, 1 SCLC, 1 NSCLC, 1 thymic squamous carcinoma, and 1 large cell neuroendocrine
carcinoma; #: included 18 non-squamous NSCLC, 14 lung squamous cell carcinoma, 7 HCC, 5 GC, 5 CRC, 5 melanoma, 4 nasopharyngeal carcinoma, 3 cervical cancer, 2 small-cell lung cancer,
and other cancers (1 case of laryngeal cancer, 1 case of osteosarcoma, 1 case of renal pelvic carcinoma, 1 case of bladder cancer, 1 case of pancreatic cancer, 1 case of esophageal cancer, 1 case of
ureteral cancer, 1 case of mediastinal carcinoma, and 1 case of cholangiocarcinoma).
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consistent signal using a random effects model, which highlighted a

novel avenue to recognize specific patients that probably benefit

from microbiota-derived interventions to improve the outcomes of

ICB therapy.
Gut microbiota-derived metabolites
mediate the responses of ICB therapy

The gut microbial metabolites, a vast array of small molecules

produced or transformed by intestinal microorganisms, represent

one of the primary patterns by which the gut microbiota regulate

antitumor immunity response, which are capable of conferring both

local and systemic effects by spreading from their original location

in the gastrointestinal tract to circulatory system (10, 60).

Accordingly, it is necessary to dissect the underlying mechanistic

pathways through which the specific bacterial metabolites impact

on antitumor immunity and immunotherapeutic responses

(Figure 2). Most notably, short−chain fatty acids (SCFAs, mainly

including acetate, propionate, and butyrate), synthetized by the

bacterial fermentation of dietary fiber, play a central role in the

complicated gut microbial immune and metabolic networks (61).

Of them, the gut microbial metabolite butyrate has been reported to

engage in the enhanced anti-PD-1 therapeutic efficacy through
Frontiers in Immunology 0610
increasing the CD4+ and CD8+ T cell infiltration in the TME in

the tumor-bearing mice humanized with the intestinal microbes

from colorectal cancer (CRC) patients (62). Moreover, replenishing

butyrate prior to anti-PD-1 treatment was sufficient to recover the

therapeutic efficacy in the non-responders. Similarly, He and

colleagues indicated that the SCFAs butyrate could directly

potentiate the antitumor CD8+ T cell response via ID2-

dependent IL-12 signaling (63), suggesting the potential beneficial

roles of butyrate supplementation in anticancer immunity therapy.

However, the roles of SCFAs in ICB therapy might be ambiguous.

In a study conducted by Coutzac and colleagues in both mice and

melanoma patients treated with anti-CTLA-4 monoclonal

antibody, the authors found that SCFAs limited the efficacy of

anti-CTLA-4 treatment. Namely, high levels of blood butyrate and

propionate were involved in the resistance to CTLA-4 blockade and

higher frequency of Treg cells, and butyrate could impede the

accumulation of tumor-specific T cells and memory T cells (64).

Therefore, further evaluations are warranted to reveal a more

nuanced illustration for the effects of SCFAs on antitumor

immune and the responses to ICB therapy.

In addition to SCFAs, other gut microbial metabolites also

exhibit profound effects on the treatment of ICB. Strikingly, the

bacterial metabolite inosine has been demonstrated to modulate

enhanced ICB therapy response in mouse models of intestinal and
FIGURE 2

The underlying molecular mechanisms on the gut microbiota-derived metabolites that mediated the responses of ICB therapy. SCFAs, short−chain
fatty acids; TMAO, trimethylamine N-oxide; IECs, intestinal epithelial cells; ICB, immune checkpoint blockade; TAM, tumor-associated macrophage;
TME, tumor microenvironment. (By Figdraw).
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epithelial tumors, which was dependent on T cell expression of the

adenosine A2A receptor to promote Th1 cell activation (65).

Furthermore, as a substitute carbon source for the metabolism of

T lymphocyte in glucose-restricted environments such as TME,

inosine can assist T cell proliferation and differentiation while

fueling sensitivity to ICB therapy (66). Another gut microbiota-

derived metabolite trimethylamine N-oxide, identified as a driver of

antitumor immunity, exhibited the ability to boost the response to

ICB therapy in pancreatic cancer-bearing mouse model (67). Of

them, the administration of trimethylamine N-oxide was related to

an immunostimulatory tumor-associated macrophage phenotype,

and activated effector T cell response in the TME in a type I IFN-

dependent manner. Interestingly, Kawanabe-Matsuda et al. (68)

illustrated that oral consumption of Lactobacillus-derived

exopolysaccharide could bolster the efficacy of ICB therapy

against CCL20-expressing tumors via inducing CCR6+ CD8+ T

cells in Peyer’s patches and improving the TME in experimental

mouse tumor models, which provided compelling evidence on the

dietary ingestion of exopolysaccharide for further clinical trials.

Altogether, these studies lay the groundwork for the potential

cancer immunotherapeutic strategies by targeting gut microbiota-

derived metabolites.
Allogeneic hematopoietic stem
cell transplantation

Allo-HSCT remains a curative approach for a range of

hematological malignancies and might be recognized as one of the

earliest effective modalities for cancer immunotherapy, but it is still

hindered by high mortality rates, mainly because of graft-versus-host

disease (GVHD) (69). Notably, at present the interactions between

the intestinal microbiota and patient outcome after allo-HSCT have

been well established (70). Particularly, ample evidence indicates an

effect of gut microbial dysbiosis on GVHD. Furthermore, gut

microbiota modulation through FMT also exhibits a promising

revolution in the managements of allo-HSCT recipients, including

ameliorating treatment-associated complications and improving

patient outcomes.
Relationships between gut microbiota and
allo-HSCT

Holler et al. (71) conducted a prospective research to collect

stool specimens from 31 patients receiving allo-HSCT, and revealed

that the loss of bacterial diversity and predominance of enterococci

induced by systemic antibiotics might involve in the pronounced

gastrointestinal GVHD for the first time. The patterns of microbial

dysregulation during allo-HSCT were similar across diverse

transplantation centers and geographic locations, and the

depletion of gut diversity during allo-HSCT (accompanied by the

domination of single taxa such as the genera enterococcus and

streptococcus) has been observed to be linked with higher risks of

transplantation-associated death in a large multi-center study (72).
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Recently, Andrlová and colleagues (73) indicated that a diverse gut

microbiota early after allo-HSCT could produce more activating

ligands for innate-like mucosal-associated invariant T cells and Vd2
cells to maintain the immunological link between these populations,

which contributed to improved OS and less acute GVHD.

Furthermore, Enterococcal expansion after allo-HSCT as a

remarkable risk factor for the occurrence of acute GVHD and

reduced OS has been observed again in another multi-center study

including 1325 recipients, and further be demonstrated in mouse

models (74). Moreover, the researchers also found that

posttransplant enterococcal enrichment was accompanied by the

depletion of clostridia, with a significant reduction in fecal butyrate

in both pre-clinical models and patients with GVHD. This result

was consistent with a recent prospective single-center study that

included 201 patients undergoing allo-HSCT and 28 healthy donors

(75), indicating that butyrate-producing Clostridiales diminished

early in the course of allo-HSCT, which was involved in the

increased acute GVHD severity and transplantation associated

mortality. In addition, it has also been illustrated that patients

suffering chronic GVHD exhibited lower circulating concentrations

of the butyrate and propionate in day 100 plasma samples (76).

Most recently, Hino and colleagues (77) analyzed the gut microbial

signatures of 59 long-term survivors (1-21.7 years; median, 6.4

years) after allo-HSCT, and found that intestinal dysbiosis with

decreased abundance of the butyrate-producing bacteria was

present over a 10-year lifetime after discharge following allo-

HSCT. Of them, only limited chronic GVHD patients displayed

no depletion of butyrate-producing Faecalibacterium. Similarly, a

study including 541 patients admitted for allo-HSCT conducted by

Peled et al. (78) indicated that patients with the dominance of

another butyrate-producing Eubacterium limosum also displayed a

close association with the reduced risk of relapse or progression of

disease (hazard ratio [HR], 0.82 per 10-fold increase in abundance;

95% confidence interval (CI), 0.71 to 0.95; P = .009). Of note, as a

major energy source for intestinal epithelial cells (IECs), evidence

indicated that butyrate could improve IECs junctional integrity,

decrease apoptosis and mitigate GVHD in mice, and the loss of

butyrate led to reduced degree of histone acetylation in IECs (79).

Apart from the associations with GVHD, gut microbiota also

has potential implications for a variety of other toxic effects,

including g-proteobacteria domination predicting pulmonary

complications after engraftment (80), and gram-negative

intestinal domination predicting subsequent bloodstream

infection (81), while a more stable gut microbial configuration

protecting febrile neutropenia (82), and three distinct bacterial taxa

(Bacteroidetes, Lachnospiraceae, and Ruminococcaceae) protecting

post-engraftment Clostridium difficile infection (83). In addition, it

has to be noted the critical roles of intestinal microorganisms

beyond bacteria played in allo-HSCT. Of them, Legoff and

colleagues (84), characterizing the dynamic evolution of gut

virome in 44 recipients during allo-HSCT by metagenomics,

found that the overall proportion of vertebrate viral sequences in

the guts of all recipients increased progressively during the weeks

following transplantation, and the RNA viral reads from

picobirnaviruses were predictive of later occurrence of severe

enteric GVHD of stage 2 or higher (HR = 2.66; 95% CI = 1.46-
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4.86; P = 0.001) through a time-dependent Cox proportional-

hazards model. In addition, Rolling et al. (85) reported the fungal

dysbiosis in a cohort of 156 patients during allo-HSCT by both

longitudinal amplicon-based and culture-dependent analyses in

1279 fecal samples. Notably, Candida parapsilosis complex

species, including C. parapsilosis, C. orthopsilosis, and C.

metapsilosis, were the most common cultured fungi. Compared

with those without pre-engraftment domination by C. parapsilosis

complex species, patients with C. parapsilosis complex domination

pre-engraftment exhibited a higher transplant-related mortality and

worse OS.
Effects of the gut microbial modulation on
allo-HSCT recipients

On the basis of these findings, there has been tremendous

interests in gut microbial modulation with the aim to improve the

outcome of patients undergoing allo-HSCT (86–88), including

antibiotics, diets, prebiotics, probiotics, and FMT.

Antibiotics
Recently, Severyn and colleagues (89) found that gut

decontamination, by oral vancomycin-polymyxin B in patients

undergoing allo-HSCT, might protect recipients against gut-derived

bloodstream infection by reducing the prevalence of gut pathogens.

Additionally, previous research has suggested that occurrence of

GVHD after allo-HSCT in obesity mice could be mitigated by

prophylactic antibiotic treatment (90). Despite this, great caution

should be exercised when delineating the effects of antibiotics on allo-

HSCT as increasing evidence has illustrated the detrimental roles of

antibiotic administration in recipients. A retrospective research

examined 857 allo-HSCT recipients from Shono and colleagues

(91) reported that the use of antibiotics such as imipenem-cilastatin

and piperacillin-tazobactam were linked with elevated GVHD-related

mortality at 5 years. Through GVHDmice model, the authors further

illustrated that imipenem-cilastatin treatment led to the loss of the

protective mucus lining of the colon and intestinal barrier

impairment, which might be explained by the enrichment of

mucus-degrading Akkermansia muciniphila. Furthermore, an

increased risk of patients occurring acute and intestinal GVHD by

gut decontamination and prophylaxis has also been revealed in a

meta-analysis of 18 references (92). Of note, the conflicting clinical

results regarding the influence of antibiotics on the outcome of allo-

HSCT might be explained by the different types of antibiotics and

timing of treatment (87).

Diets, prebiotics, and probiotics
Dietary elements and nutritional strategies have been

increasingly evaluated regarding the impact on allo-HSCT

outcomes through modulating intestinal microorganisms (93). It

has been revealed that mice with diet-induced obesity exhibited

reduced survival associated with acute and severe gut GVHD, which

was consistent with the inferior survival of allo-HSCT recipients

with a high body mass index (BMI, >30) that presented decreased
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gut diversity and Clostridiaceae abundance (90). In addition, Li and

colleagues (94) demonstrated the roles of tyrosine in acute GVHD

murine models. Specifically, additional tyrosine supplementation

could significantly prolong OS, alleviate symptoms at the early stage

of acute GVHD by regulating the microbial composition and fecal

metabolic phenotype. Likewise, prebiotic intake has also been

observed to be an effective strategy for preventing acute GVHD in

allo-HSCT in a prospective study (95). Namely, from pre-

transplantation conditioning to day 28 after allo-HSCT, the

combined administration of resistant starch and a commercially

available prebiotics mixture (including glutamine, fiber, and

oligosaccharide) decreased the incidence of all acute GVHD

grades combined and of acute GVHD grades 2 to 4, and

maintained the intestinal diversity and butyrate-producing

bacterial population.

Compared wi th preb io t i c s , prob iot i c s are v iab le

microorganisms for healthy gut restoration. Importantly, the

protective roles of the butyrate-producing Clostridia have been

well demonstrated in preclinical allo-HSCT models (79, 96). Of

them, Mathewson and colleagues (79) indicated that altering the

indigenous microbiota, using the cocktail of 17 rationally selected

Clostridial strains with the ability to produce high amounts of

butyrate, could remarkably attenuate GVHD severity and improve

survival. Furthermore, the safety and feasibility of another

probiotic: Lactobacillus plantarum (LBP), have been also

evaluated in children and adolescents undergoing allo-HSCT (97),

and with no cases of LBP-bacteremia or LBP-associated severe

adverse events recorded. Nevertheless, the safety and efficacy of

probiotics in HSCT therapy remain elusive. For example,

Lactobacillus acidophilus sepsis secondary to the excessive

consumption of probiotic-enriched yogurt has been reported in a

case with mantle cell lymphoma receiving HSCT (98).
Fecal microbiota transplantation
FMT refers to the transfer of fecal microbial content from a

healthy donor to the intestine of a recipient (99), and represents a

promising approach for the management of allo-HSCT patients

(88), including alleviating infection of multidrug-resistant bacteria

and GVHD, as well as promoting gut microbiota reconstitution.

Bluestone and colleagues (100) reported that FMT displayed better

safety and tolerance in three children developing recurrent

Clostridium difficile infection after allo-HSCT, and one case did

obtain successful clearance of C. difficile at follow-up 1 year 10

months after the FMT. Moreover, the safety and efficacy of FMT in

the decolonization of multidrug-resistant bacteria, including

vancomycin-resistant enterococci (n=2) or carbapenemase-

producing bacteria (n=8), have also been presented in ten allo-

HSCT patients with hematologic malignancies (101). Of them,

seven of ten patients achieved decolonization and almost all

patients without severe infectious events occurred during the first

three months after FMT.

In a prospective, single-center, single-arm study enrolling 15

patients with steroid-refractory or steroid-dependent, acute or late-

onset acute intestinal GVHD suffering allo-HSCT, van Lier et al.

(102) found that ten of 15 subjects obtained a complete clinical
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response within 1 month after FMT, with a partial engraftment of

donor microbial species, increased gut microbial a-diversity, and
enrichment of butyrate-producing Clostridiales and Blautia species.

As mentioned above, loss of intestinal diversity involves unfavorable

allo-HSCT outcomes. Interestingly, FMT after allo-HSCT tends to be

related to the improvement of recipients’ gut diversity that could be

attributable to expansion of stool-donor taxa (103). In addition, it has

been reported that autologous FMT (feces were provided by

participants before the initiation of allo-HSCT), after microbiota-

depleting antibiotic treatment, had the ability to boost microbial

diversity and reestablished the commensal bacterial populations at

the critical early immune reconstitution stage after allo-HSCT (104).

Taken together, although FMT seemed safe and well-tolerated,

further larger prospective studies are urgently required to deal with

several safety concerns such as potential risks of infection upon FMT

in these immunocompromised patients.
Chimeric antigen receptor
T cell therapy

CAR-T cell therapy stands at the novel forefront of current

cancer therapy, which has demonstrated unprecedented responses

in patients with high-risk hematologic malignancies, including

lymphoma, leukemia, and multiple myeloma (105–108). CAR-T

cell therapy involves genetically modified T cells that express

specific CAR, followed by in vitro cell amplification and

reinfusion back into the patient to eradicate tumors (109). Given

the intimate interactions of gut microflora with human T cell

function and anti-tumor immunity (110, 111), it is not

unexpected that the interactions and potential mechanisms of gut

microbiota with CAR-T cell therapy have begun to be investigated

in recent years (112, 113). Of them, Uribe-Herranz et al. (114)

illustrated that gut microflora could modulate the anti-tumor

efficacy of adoptive T cell therapy, mediated by CD8a+ dendritic

cells and IL-12, in the tumor-bearing mice model.

Although the success of CAR-T cell therapy, several obstacles,

including CAR-mediated toxicities, CAR-T cell dysfunction,

antigen loss, tumor heterogeneity, and disease relapse, have

impeded the utility of CAR-T cell therapy. Therefore, biomarkers

for the favorable prognostic identification of patients receiving

CAR-T cells are urgently needed. Inspiringly, in a multi-center

retrospective study including patients with B-cell lymphoma and

leukemia, Smith et al. (115) found that exposure to antibiotics prior

to CD19 CAR-T cell infusion was involved in significantly inferior

survival and increased immune effector cell-associated

neurotoxicity syndrome. Moreover, enrichment of certain

members within the class Clostridia, including Faecalibacterium,

Ruminococcus, and Bacteroides, were linked with day 100 complete

response to CAR-T cell therapy. Similarly, Hu and colleagues

(116) also revealed the significant differences in the abundance

of Bifidobacterium, Prevotella, Sutterella, and Collinsella

between multiple myeloma patients in complete remission

and those in partial remission, and observed a higher abundance

of Bifidobacterium, Leuconostoc, Stenotrophomonas, and Staphylococcus
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in patients with severe cytokine release syndrome. Altogether,

despite the research on the role of intestinal microbiota in CAR-T

cell therapy is still at the very earliest stages, these findings suggest

the tremendous potential of gut microbiota as a non-invasive

prognostic marker for CAR-T cell therapy, and provide a novel

reference to alleviate CAR-T cell therapy-induced toxic effects

and to improve therapeutic outcome by modulating the

gut microbiota.
Future perspectives and
current challenges

Although major strides have been made toward the treatment of

cancers, there remain many patients succumb to their disease (117).

However, different from the stability of human genome, the

modifiable nature of gut microbiota renders it a promising

opportunity for cancer therapy (118). And meanwhile, there are

emerging lines of evidence suggest the therapeutic potential of

microbiotherapy by targeting the microbial flora. Among these,

FMT appears central in the intervention options to restore

microbial richness, as well as amend microbial dysbiosis and

altered host-microbiota symbiosis related to cancer genesis and

treatment (70). Moreover, utilizing bacteria strains or its proteins

and peptides substances, including bacteriocins and toxins, as the

anticancer agents on various cancers, termed bacteriotherapy, has

also attracted salient attention, which can be employed alone or in

conjunction with traditional therapies as an enhancer (119). Of

interest, Montalban-Arques et al. (120) reported that oral

supplementations of a mix of four Clostridiales species, namely

Roseburia intestinalis, Eubacterium hallii, Faecalibacterium

prausnitzii, and Anaerostipes caccae, outperformed anti-PD-1

therapy in mouse models of CRC and melanoma, which provided

a strong preclinical foundation for exploring gut flora as novel

stand-alone therapy against solid tumors. Additionally, despite the

safety of probiotics in the management of cancer patients remains

largely undefined, several gut next-generation probiotics such as

Faecalibacterium prausnitzii, Akkermansia muciniphila, and

Bacteroides fragilis exhibit their beneficial roles in supporting

cancer therapy (121).

Most importantly, with mounting evidence of microorganisms

colonizing tumors, synthetic biology approaches are being

leveraged to improve the effectiveness of bacteriotherapy agents

by repurposing bacteria. As an intelligent medicine, engineering

bacteria are able to demonstrate autonomous control, sensing and

responding to the internalization process, and subsequently

releasing cargo (122). Furthermore, combinations of engineering

bacteria with drug-loaded nanoparticles, monoclonal antibodies,

oncolytic virus, and even CAR-T cells will also open charming

options in oncology (123, 124).

Following the tremendous advances of cultivation-independent

technologies and microbial analysis tools, the profiles of gut

microbiota have been extensively revealed. While much attention

has been given to gut bacteria, the contributions of other intestinal

microorganisms such as viruses and fungi to cancer genesis and
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treatment also deserve further scrutiny. Furthermore, given the

overlapped alterations of gut species across cancers (125, 126),

future work is warranted to clarify the roles of gut microbiota-

derived strategies, using machine learning algorithms, in precise

risk stratification, prognostication, and therapeutic decision-

making of cancer patients.

Although we believe that modulation of gut microflora will

probably be the next vanguard in the management of cancer

patients, however, several potential challenges should be

mentioned. First, the exact mechanisms of action between gut

dysbiosis and cancer genesis and therapy remain poorly

characterized, and proofs of causation between them are still

lacking. Therefore, continual efforts should be made to rationally

select intestinal probiotics. On top of that, as a living body, the

complexity of bacteria determines the hardships and risks such as

biocontainment and safety concerns of transforming them into

weapons to fight against cancers. Finally, considering the complex

physiological conditions such as gastric acid and diverse enzymes that

might digest or deactivate bacteriotherapy agents before they reach

the action site, appropriate delivery route and dose of administration

are also need to be investigated during clinical translations.

Conclusion

In recent years, overwhelming pre-clinical and patient-oriented

evidence supports a critical role of gut microbiota in cancer

immunotherapies such as improving efficacy and mitigating

toxicity, and the manipulation of gut microbiota confers a

promising therapeutic strategy for the clinical management of

malignancies as well. Currently, microbiotherapy for cancers is

still in its infancy. With the formidable challenges notwithstanding,

it deserves further mechanistic dissection by cellular and animal

studies as well as validation with larger longitudinal clinical cohorts.
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In recent years, a wide range of cancer immunotherapies have been developed

and have become increasingly important in cancer treatment across multiple

oncologic diseases. In particular, immune checkpoint inhibitors (ICIs) offer

promising options to improve patient outcomes. However, a major limitation of

these treatments consists in the development of immune-related adverse events

(irAEs) occurring in potentially any organ system and affecting up to 76% of the

patients. The most frequent toxicities involve the skin, gastrointestinal tract, and

endocrine system. Although mostly manageable, potentially life-threatening

events, particularly due to neuro-, cardiac, and pulmonary toxicity, occur in up

to 30% and 55% of the patients treated with ICI-monotherapy or -combination

therapy, respectively. Imaging, in particular computed tomography (CT), magnetic

resonance imaging (MRI), and 2-deoxy-2-[18F]fluoro-D-glucose positron emission

tomography/computed tomography (18F-FDG-PET/CT), plays an important role in

the detection and characterization of these irAEs. In some patients, irAEs can even

be detected on imaging before the onset of clinical symptoms. In this context, it is

particularly important to distinguish irAEs from true disease progression and

specific immunotherapy related response patterns, such as pseudoprogression.

In addition, there are irAEs which might be easily confused with other pathologies

such as infection or metastasis. However, many imaging findings, such as in

immune-related pneumonitis, are nonspecific. Thus, accurate diagnosis may be

delayed underling the importance for adequate imaging features characterization

in the appropriate clinical setting in order to provide timely and efficient patient

management. 18F-FDG-PET/CT and radiomics have demonstrated to reliably

detect these toxicities and potentially have predictive value for identifying

patients at risk of developing irAEs. The purpose of this article is to provide a

review of the main immunotherapy-related toxicities and discuss their

characteristics on imaging.
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Introduction

Immunotherapies, in particular immune checkpoint inhibitors

(ICIs), have led to a paradigm shift in cancer treatment in only a few

decades and provide promising therapy options across many oncologic

diseases (1). The market release of monoclonal antibodies (mABs)

targeting the T-lymphocyte-associated protein-4 (anti-CTLA-4) as the

first US Food and Drug Administration approved ICI for advanced-

stage melanoma in 2011 was followed by the approval of mAbs

targeting other ICIs such as programmed cell death protein-1 (anti-

PD-1) and PD-1 ligand (anti-PD-L1) (2, 3). Importantly, the sites of

action of anti-CTLA-4 and anti-PD-1/PD-L1 antibodies are different.

Thus, anti-CTLA-4 acts at the lymph node level at the time of priming,

while anti-PD-1/PD-L1 becomes active later in the activation cascade

and directly at the tumor site. Their complementary mechanisms of

action allow the combined use of these two types of treatment for

certain indications (4). Being extensively studied, these novel therapies

have demonstrated unprecedented prolongation of patient survival

compared with non-ICI treatment (5). This is the case for cancers such

as metastatic melanoma, non-small cell lung cancer, renal cell

carcinoma, bladder cancer, and refractory Hodgkin’s lymphoma for

which only limited treatments options were available before the advent

of immune checkpoint blockade (6). Based upon the success gathered

by ICIs, many novel molecules are currently being investigated.

However, the unique mechanism of action of ICIs, eliciting a T-

cell mediated immune response, has led to two major problems.

First, ICI therapy causes specific tumor response patterns, including

imaging progression prior to response (pseudoprogression), the

paradoxical acceleration of tumor growth kinetics after initiation of

immunotherapy (hyperprogression), and the coexistence of

responding and non-responding lesions within the same patient

(dissociated responses), which are less commonly observed

following cytotoxic chemotherapy and targeted therapies (7, 8).

These response characteristics lead to a complete revision of the

traditionally used Response Evaluation Criteria in Solid Tumors

version 1.1 (RECIST 1.1) to accurately assess the tumor response

after immunotherapy; the immune-related response criteria (irRC)

and subsequently the immune-related RECIST criteria (irRECIST)

were introduced (9–11). Second, ICIs can lead to immune-related

adverse events (irAEs), which may occur in the majority of patients

(up to 76%) with off-target effects potentially affecting any organ

system or tissue due to an over activated immune system (12).

Several irAE mechanisms have been described, including increasing

T-cell activity against antigens present in healthy tissue,

upregulation of pre-existing autoantibodies and inflammatory

cytokines, as well as enhanced complement-mediated

inflammation by direct binding of anti-CTLA-4 antibody’s to

CTLA-4 expressed in normal tissue (13). Many of these events

are mild and manageable. However, life threatening events,

requiring ICI therapy discontinuation, occur in 3%-30% of

patients treated with ICI-monotherapy and in up to 55% of

patients receiving ICI-combination therapy (12, 14, 15). In

clinical practice, it remains a major challenge to detect and

adequately address these toxicities. Many hospitals have

implemented clinical units specialized in irAEs to ensure optimal
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patient management. Imaging has also proven to be valuable in this

setting as 70% of irAEs can be diagnosed already on ultrasound

(US), 79% on computed tomography (CT), 83% on magnetic

resonance imaging (MRI) and up to 74% on 2-deoxy-2-[18F]

fluoro-D-glucose positron emission tomography/CT (18F-FDG-

PET/CT) (16). This is all the more interesting as for some

patients, irAEs can be detected on imaging even prior to the

onset of clinical symptoms (8, 17, 18). This underscores the

importance for radiologists and nuclear medicine physicians to

become familiar with irAEs and recognize their imaging features,

especially as there is some overlap between these toxicities and

immunotherapy-related response patterns.

The purpose of this article was to provide a detailed review of

main immunotherapy-related toxicities and to discuss their

characteristics on imaging.
Clinical relevance of immune-related
adverse events

Immunotherapies, although generally considered to be safer than

standard chemotherapies, have a different spectrum of toxicities,

most of which are due to excessive immune reactions that can

potentially affect any organ system and tissue (13, 19–21). In

general, the onset of irAEs is less predictable than for cytotoxic

chemotherapy-related side effects which usually appear shortly after

treatment initiation. By contrast, the median time from ICI therapy

initiation and appearance of irAEs ranges from 2 to 16 weeks but can

occur any time during or after the treatment (22, 23). Nonetheless,

the risk of irAEs is 3 times higher in the first 4 weeks of treatment,

consisting mainly of dermatologic disorders (24, 25). However,

delayed irAEs manifesting ≥90 days after discontinuation of

immunotherapy may occur in 5.7% of the patients (26, 27).

In general, most frequent irAEs include dermatologic,

gastrointestinal, and endocrine toxicities (15, 27, 28). Conversely,

neurological, cardiological and pulmonary toxicities have been

described as most lethal (15, 29). The occurrence of a certain type

of irAEs is highly dependent on a particular drug. A recent meta-

analysis, which included 36 head-to-head phase II and III

randomized trials, showed that the most common drug-

dependent toxicities are hypothyroidism, nausea, and vomiting

for atezolizumab (anti-PD-L1 mAb), endocrine toxicities for

nivolumab, arthralgia, pneumonitis and hepatic toxicities for

pembrol izumab (ant i -PD1 mAb) , and dermato log ic ,

gastrointestinal and renal toxicities for ipilimumab (anti-CTLA-4

mAb) (12). In addition, the severity of these toxicities also highly

depends on the drug target, with atezolizumab (probability 76%,

pooled incidence of grade 1-5 adverse events 66.4%) having the best

safety profile, followed by nivolumab (56%, 71.8%), pembrolizumab

(55%, 75.1%), and ipilimumab (55%, 86.8%) (12). Lethal irAEs

occur in 0.37% of anti-PD1, in 0.38% of anti-PD-L1, in 1.08% of

anti-CTLA-4, and in 1.23% of patients receiving anti-CTL-4/anti-

PD1/PD-L1 combination immunotherapy (15). Risk factors for the

development of irAEs are genetics, environmental factors, previous

toxicities with immunotherapies, the patient’s own microbiome,
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and recent severe or chronic viral infections (28). Besides, a

systematic review showed that antitumor immune responses and

possible toxicity can vary among patients treated with the same ICI

depending on the oncologic diseases. Melanoma patients have a

significantly higher prevalence of gastrointestinal and skin irAEs,

whereas they are less likely to have pneumonitis compared with

patients with non-small cell lung cancer. Arthritis and myalgias

occur more frequently in melanoma patients than in renal cell

cancer, where pneumonitis and dyspnea are more common (30).

Moreover, the combination of different immunotherapies

increases the risk, frequency, and severity of side effects

significantly (21). These severe irAEs often lead to ICI treatment

discontinuation and initiation of immunosuppressive therapy, e.g.

with corticosteroids.

In order to compare treatment-related complications in a

reproducible manner, the U.S. National Cancer Institute has

classified the severity of adverse events in the Common

Terminology Criteria for Adverse Events (CTCAE) version 6.0

(Table 1) (31). CTCAE facilitates a consistent and reproducible

comparison of toxicities across clinical trials and can also be applied

in the assessment of irAEs in patients treated with immunotherapy

(31). Nevertheless, several studies have reported that the presence

and severity of irAEs in patients treated with ICI is associated with

treatment response suggesting a good prognostic value (32, 33).

Table 2 summarizes recommended imaging to be prescribed in

the presence of suspected irAEs. In this context, it should be noted

that many irAEs can be diagnosed clinically (and/or based on blood

testing) without necessarily the need to perform imaging. Moreover,

the choice of an imaging modality may vary based on all clinical

parameters and patient’s condition, and based on available imaging

equipment. Table 3 summarizes the visibility of irAEs on imaging.
Imaging of immune-related
adverse events

Abdominal toxicities

Diarrhea is one of the most common irAEs, affecting

approximately 44% (vs. 10% for grade 3-4) of patients treated
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with a combination of CTLA-4 and PD-(L)1 inhibitors, 36% (vs.

8% for grade 3-4) of patients treated with anti-CTLA-4, and 11%

(vs. 1% for grade 3-4) of patients treated with anti-PD-(L)1 (34).

This symptom is often associated with colitis, another common

irAE, as it is reported in 16% (vs. 11% for grade 3-4) (combination

of CTLA-4 and PD-(L)1 inhibitors), 8% (vs. 5% for grade 3-4) (anti-

CTLA-4), and 1% (vs. 1% for grade 3-4) (anti-PD-(L)1) of ICI-

treated patients (34). With a median time to full onset of 5 to 10

weeks, colitis can lead to various complications, including intestinal

perforation, ischemia, necrosis, hemorrhage, and toxic megacolon

(35, 36). Therefore, the typical diagnostic workup in these cases

includes contrast-enhanced CT, in which ICI-induced colitis

appears as diffuse inflammation with bowel wall thickening

(>4mm), mucosal hyperenhancement, mesenteric hyperemia,

mesenteric vessel congestion, and air-fluid levels (8, 37). In

addition, cases of segmental colitis in association with

diverticulosis and isolated rectosigmoid colitis without

diverticulosis have been described (38, 39). A recent study

including patients with various types of cancer showed CT

findings suggestive of colitis in 20 of 34 patients with symptoms

of colitis and in 5 of 19 patients even without clinical presentation of

colitis (40). 18F-FDG PET/CT may reveal increased partial or diffuse

tracer uptake in colitis or throughout the entire bowel in patients

with extensive inflammation (41, 42) (Figure 1). Moreover, it has

been reported that it might be more sensitive than CT for the early

detection of colitis in patients undergoing ICI treatment (43).

However, its lack of specificity for instance due to physiological

muscular activity or in patients treated with metformin hinders its

value in routine practice (41, 43).

In the context of ICI therapy, hepatitis, characterized by

elevation of serum alanine transaminase and/or aspartate

transaminase, is often initially clinically asymptomatic but can

potentially lead to transient life-threatening liver dysfunction (35).

It occurs in 19% (vs. 9% for grade 3-4) of patients treated with ICI-

combination therapy, in 5% (vs. 2% for grade 3-4) of patients

receiving anti-CTLA-4 and in 19% (vs. 9% for grade 3-4) of patients

receiving anti-PD-(L)1 treatment (34). Although hepatic toxicity

can occur with a delay of months to years, it typically manifests

between 1 and 15 weeks after treatment (36). Recently, in a large

population of melanoma patients treated with ipilimumab and/or

nivolumab, especially in ICI-combination treatment caused higher

rates of grade 3-4 liver toxicity with aminotransferase levels of 6.1%

(for aspartate aminotransferase) and 8.3% (for alanine

aminotransferase), and have been shown to lead frequently to ICI

treatment discontinuation (44). Evidence for hepatitis can be found

on US as a diffusely hypoechogenic liver parenchyma with

periportal thickening and hyperechogenic dots, known as “starry

sky pattern” sign (Supplementary Figure 1), as well as gallbladder

wall thickening (45). CT and MRI findings are often nonspecific

and comparable to those of other causes of acute liver dysfunction,

ranging from the absence of detectable abnormalities to

hepatomegaly, heterogeneous parenchymal enhancement with

areas of low attenuation, periportal/gallbladder edema (diffuse

parenchymal hypoattenuation on CT or T2-weighted

hyperintensity on MRI), and perihepatic ascites (36, 37, 42, 45).

Interestingly, while other causes of diffuse liver disease might not be
TABLE 1 Common Terminology Criteria for Adverse Events (CTCAE)
version 6.0 to classify immune irAEs (31).

Grade Severity and clinical description

1 Mild: asymptomatic or mild symptoms; clinical or diagnostic
observations only; intervention not indicated.

2 Moderate: minimal, local or noninvasive intervention indicated;
limiting age-appropriate instrumental ADL.

3 Severe or medically significant but not immediately life-threatening:
hospitalization or prolongation of hospitalization indicated; disabling;
limiting self-care ADL.

4 Life-threatening consequences: urgent intervention indicated.

5 Death related to the adverse event.
ADL, activity of daily living.
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visualized on PET/CT, increased liver 18F-FDG avidity in the setting

of ICI-induced hepatitis is often reported (46). However, its

visualization using 18F-FDG PET/CT might be limited by

physiological uptake or a reversal in liver-to-spleen ratio due to

higher spleen uptake resulting from ICI-induced T-cell activation

especially at an early stage (47). Some authors have suggested the

use of a liver-to-blood pool standard uptake value (SUV) mean ratio

to detect pathologic hepatic uptake and thus possible hepatitis

compared to SUVmean alone because various parameters can

influence SUV measurements (48, 49).

Cholecystitis and cholangitis are forms of hepatobiliary toxicity

that are rarely associated with ICI therapy, and because of the small

reported number of cases, it is difficult to estimate the actual

incidence and causal relationship, if any, with immunotherapy (35,

50, 51). Despite its low incidence characteristic imaging features on

US and CT for cholecystitis such as gallbladder distension and wall

thickening, as well as inflammation of the pericholecystic tissue with

increased 18F-FDG uptake on PET/CT, have been suggested (52). On

MRI and MR cholangiopancreatography (MRCP), as the imaging

modalities of choice in clinical practice, cholangitis is characterized by

localized dilatation and diffuse non-obstructive hypertrophy and

hyperenhancement of the extrahepatic bile duct wall with portions

of biliary dilatation and narrowing (Figure 2) (51, 52).

The diagnosis of pancreatitis requires the presence of at least

two of the following three features: abdominal pain suggestive of
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pancreatitis, elevated amylase or lipase to more than three times of

the upper normal limit, and characteristic imaging features (53)

because ICI-related acute pancreatitis is relatively rare and patients

with elevated amylase and lipase are often initially asymptomatic,

only few cases have been reported (54). Radiologic findings on CT

and MRI are similar to pancreatitis from other origin and include in

the acute phase focal or diffuse pancreatic enlargement with

decreased enhancement and peripancreatic fat stranding

associated with edema and fluid collections without a focal lesion

suspicious for metastasis (37, 42, 55). On 18F-FDG-PET/CT diffuse

tracer uptake might be seen (56). After resolution of the clinical

presentation, imaging might be characterized by parenchymal

atrophy and loss of normal lobulations (55).

Acute kidney injury (AKI) is the most common renal toxicity in

patients receiving ICI therapy (57). However, it is generally not a

direct consequence of ICI’s toxicity, as it can be caused by various

etiologies. Therefore, it is important to distinguish between AKI as

an irAE and AKI induced by e.g. hypovolemia or acute tubular

necrosis (57). Notwithstanding, the incidence of AKI after ICI

treatment is reported to be 2.2% overall and 0.6% in severe cases

requiring renal transplantation (58). AKI occurs more frequently in

patients treated with ICI-combination therapy (4.9%) than with

anti-CTLA-4 (2%) or anti-PD-(L)1 (1.4%-1.9%) monotherapy (58).

The interval between ICI treatment initiation to AKI ranges from 21

to 245 days, and from 7 to 63 days between the last ICI treatment
TABLE 2 Recommended imaging to be prescribed in the presence of suspected immune-related adverse events (irAEs).

irAEs US CT MRI 18F-FDG PET/CT

Enteritis – √ (√) –

Colitis – √ (√) –

Hepatitis √ (√) (√) –

Cholecystitis and cholangitis √ (√) √ –

Pancreatitis √ √ (√) –

Acute kidney injury √ – (√) –

Pneumonitis – √ – –

Sarcoid-like reactions – √ – (√)

Myocarditis √ – √ (√ *)

Pericarditis √ – √ –

Myositis – – √ (√ *)

Encephalitis – – √ (√)

Aseptic meningitis – – √ –

Central nervous system vasculitis – (√) √ (√)

Hypophysitis – – √ √

Thyroid dysfunction √ – – –

Primary adrenal insufficiency
or adrenalitis

– (√) (√) –
US, ultrasound; CT, computed tomography; MRI, magnet resonance imaging; 18F-FDG PET/CT, 2-deo-y-2-[18F]fluoro-D-glucose positron emission tomography.
√, 1st choice modality; (√), optional imaging; -, usually not prescribed or not applicable; * 68Ga-DOTATOC PET/CT as additional option.
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dose and onset of AKI (58) A ccase of ipilimumab-induced

immune-related kidney failure was reported with bilateral renal

enlargement visualized on CT and rapid resolution after steroid

therapy (59). In addition, PET/CT shows increased 18F-FDG uptake

in the renal cortex (60, 61). Moreover, diffuse or even segmental

uptake in the renal parenchyma can be seen on 18F-FDG PET/CT

especially in delayed imaging. However, the very high pelvicalyceal

activity and low spatial resolution in older generation PET/CT

scanners are clear limiting factors for accurate assessment of the

kidneys in patients undergoing ICI treatments (42). Therefore, for

patients with clinical suspicion of AKI and contraindication for

biopsies, 18F-FDG PET/CT might provide some diagnostic clues

(60). However, the specific imaging characteristics have not been

defined yet and distinguishing between immune-related and non-

immune-related AKI remains challenging.
Thoracic toxicities

Pneumonitis is a relatively common irAE that manifests with

clinical symptoms ranging from mild dyspnea to potential lethal

respiratory failure and is associated with lower patient survival (62).

Pneumonitis occurs in approximately 1% of patients receiving anti-

CTLA-4 therapy and in 4% of patients receiving anti-PD-(L)1

treatment, with around 1% of the cases being severe (34). In patients
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receiving ICI-combination treatment (nivolumab + ipilimumab or

peptide vaccines), the incidence is significantly higher at 6.6% and

1.5% for severe cases, respectively (63). The median time to onset of

clinical symptoms is 4.6 months in patients receiving ICI-monotherapy

versus 2.7 months in patients receiving ICI-combination therapy (64,

65). Radiologic findings of ICI-related pneumonitis range from mild

interstitial abnormalities to acute interstitial pneumonia and acute

respiratory distress syndrome (66). The best imaging modality in this

setting is CT. Based on the CT findings, irAE-related pneumonitides

can be divided into five distinct phenotypes (37, 65):
1. cryptogenic organizing pneumonia-like pneumonitis with

patchy or confluent consolidation with or without air

bronchograms and predominantly peripheral or

subpleural distribution (Figure 3),

2. ground glass opacities with variable expression and

location,

3. increased interstitial markings, interlobular septal

thickening with peribronchovascular infiltration,

4. hypersensitivity with centrilobular nodules, bronchiolitis-

like appearance, and tree-in-bud micronodularity, and

5. lesions which cannot be further classified.
Ground glass opacities (55%) and consolidations (32%) non-

segmentally distributed in the dominant lung or bilaterally opposite
TABLE 3 Visibility of immune-related adverse events (irAEs) on imaging.

Visibility of irAEs on imaging

irAEs Best imaging for visualization US CT MRI 18F-FDG PET/CT

Enteritis CT – √ (√) (√)

Colitis CT – √ (√) (√) *

Hepatitis US (√) (√) (√) (√) *

Cholecystitis and cholangitis US √ (√) √ (√)

Pancreatitis CT (√) √ √ √

Acute kidney injury US (√) (√) (√) (√) *

Pneumonitis CT – √ – √

Sarcoid-like reactions PET/CT – √ (√) √

Myocarditis MRI - PET/CT (√) (√) √ √ **

Pericarditis MRI (√) (√) √ √

Myositis MRI (√) (√) √ √ **

Encephalitis MRI – – √ √ *

Aseptic meningitis MRI – – √ –

Central nervous system vasculitis MRI – (√) √ (√)

Hypophysitis MRI – (√) √ √

Thyroid dysfunction US √ √ √ √

Primary adrenal insufficiency or adrenalitis MRI – √ √ √
US, ultrasound; CT, computed tomography; MRI, magnet resonance imaging; 18F-FDG PET/CT, 2-deo-y-2-[18F]fluoro-D-glucose positron emission tomography.
√, good visibility; (√), moderate visibility; -, poor visibility or not applicable; * Decreased visibility due to physiological 18F-FDG uptake; ** 68Ga-DOTATOC PET/CT as an additional option.
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FIGURE 2

Immune-related hepatitis and cholangitis in a 73-year-old female with metastatic melanoma of the tibia on nivolumab (anti-PD-1) and ipilimumab
(anti-CTLA-4) who developed grade 3 hepatitis. (A) Contrast-enhanced MRI in coronal view show hyperhemic and slightly thickened bile duct walls
(arrow) and (B) MR cholangiopancreatography demonstrate bile ducts irregularities (arrows) compatible with immune-mediated cholangitis.
FIGURE 1

Partial pathological uptake of the right colon suspecting early signs of colitis in a 48-year-old woman with stage IV melanoma treated with two
cycles of ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1). Treatment was discontinued due to grade II colitis diagnosed 3 weeks after the first
18F-FDG PET/CT scan [arrows; coronal PET (A), CT (B) and merged PET/CT (C) images], which required high-dose steroid treatment for 3 months. A
decreased right colon uptake was observed on follow-up 18F-FDG PET/CT examination performed 4 weeks after the introduction of steroid
treatment [arrows; coronal PET (D), CT (E) and fused PET/CT images (F)].
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the tumor have been shown the most frequently in ICI-treated non-

small cell lung cancer patients according to a systematic review by

Zhang et al. (67).

A case of progressive pleural effusion as rare irAE has been

reported for instance in a non-small cell lung cancer patient treated

with cisplatin, pemetrexed, and pembrolizumab (68) and as late

toxicity in a primary lung adenocarcinoma patient following 94

cycles of nivolumab (69). Importantly, CT scans are also of interest

for ruling out differential diagnoses such as pulmonary embolism.

On PET/CT an interstitial pneumonia type pattern

characterized by non-specific moderate to intense 18F-FDG

uptake might be seen (70). However, one major diagnostic

challenge is to distinguish infectious diseases from tumor lesions,

e.g., nodular aspects that mimic tumor recurrence, whereas an

underlying disease, such as chronic obstructive pulmonary

disease, may further complicate the final diagnosis (71).

In terms of clinical management, corticosteroids are recommended

as primary therapy approach based on severeness of the case and

clinical expertise (67). In addition, for patients with grade 3-4 ICI-

induced pneumonitis, ICI-treatment should be discontinued

immediately and permanently. Clinical improvement, especially in

low-grade disease is usually observed within 48-72 hours of

corticosteroid use. Patients with grade 2 pneumonitis, who resolved

symptoms show the highest overall survival (86%) compared with

grade 3 or 4 pneumonitis (36% or 43%, respectively) (67).

Immunotherapy-related sarcoid-like reactions are often

asymptomatic and appear in 5–7% of patients (37, 72). They might be

related to the involvement of primary and secondary systemic lymphoid

organs in the systemic antitumor response required for effective ICI

treatment (37, 72, 73). In general, the formation of sarcoid-like

granulomas occurs most frequently in lymph nodes (71%), lungs

(60%), and skin (55%) and can be easily confused with disease

progression or tumor recurrence (7, 74). The median time between

initiation of ICI treatment and the development of sarcoid-like reactions

is 14 weeks (37, 75). During the course of ICI therapy, metabolic changes

in lymphoid organs could be monitored using 18F-FDG-PET/CT.

Indeed, an increase in immune cells populations and their higher

growth rate leads to higher energetic requirements often translating in

high avidity for 18F-FDG (76, 77). Imaging findings include a new

bilateral symmetric mediastinal and hilar lymphadenopathy resembling
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sarcoidosis in up to 10% of the patients (78), often high 18F-FDG avidity

on PET/CT, and an association with (subpleural) perilymphatic

distribution of micronodules without suspicion of intercurrent

infection or new metastasis (Figure 4) (37, 79). It is critical to

recognize these sarcoid-like irAEs as a classic response pattern to

immunotherapy (initial increase of the tumor burden unconfirmed at

the next imaging follow-up) in order to distinguish it from true

progression or pseudoprogression (80). In cases where the diagnosis

on imaging is unclear, an assessment of angiotensin converting enzyme

serum levels can be performed, as elevated levels have been associated

with ICI-induced sarcoidosis-like reactions (75). If true tumor

progression is still suspected after this, a targeted biopsy should be

strongly considered for definitive diagnosis (75).

Cardiac toxicities associated with ICI treatment are relatively rare.

Myocarditis, as the most common one, occurs in 0.1% to 1% of

patients with symptoms such as dyspnea (49%), weakness (25%),

chest pain (17%), syncope (9%), fever (6%), and cough (4%) (20, 21,

81). In most of these cases, the onset is shortly after initiation of the

ICI therapy, and because of the high mortality rate of 50%, it is of the

utmost importance to make the diagnosis and start the appropriate

treatment as early as possible (20, 21, 82). Besides clinical features,

laboratory markers and electrocardiogram changes, non-invasive

imaging modalities, especially cardiac MRI (CMRI) has become

more and more important in the diagnostic workup, to reduce the

necessity of invasive biopsies as the current diagnostic gold standard

(83, 84). In clinical practice, transthoracic echocardiography (TTE) is

the first imaging modality that should be performed if acute

myocarditis is suspected. Suggestive TTE findings include

abnormalities of the segmental wall motion, increased thickness of

the left ventricular wall, global hypokinesia (fulminant myocarditis),

and pericardial effusion (84). However, a recent review of 88 ICI-

induced myocarditis cases showed normal morphological TEE

findings in 23% and normal left ventricular ejection fraction in

32.5% (81). Regarding CMRI, at least one criterion on T2-based

(regional or global increase in myocardial relaxation time or

increased signal intensity) with at least one criterion on T1-

weighted imaging (increase in myocardial T1, extracellular volume,

late gadolinium enhancement) should be analyzed for sufficient

diagnostic accuracy according to the recently updated Lake Louise

criteria (85). In 48% of cases late gadolinium enhancement (LGE)
FIGURE 3

Immune-related pneumonitis in a 79-year-old male with stage IV non-small cell lung cancer in the left lower lobe. After second line treatment with
nivolumab (anti-PD-1) (5 cycles), the patient developed progressive dyspnea and dry cough. Axial (A) and coronal (B) CT images demonstrate multifocal
alveolar consolidations in a predominantly peribronchovascular and subpleural location compatible with a drug-induced pneumonitis.
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predominantly distributed in the anteroseptal, inferoseptal, inferior,

and inferolateral segments (atypical localizations possible), and in

28% of the cases myocardial oedema in T2-weighted short-tau

inversion recovery (STIR) is described (83, 86). However, these

characteristics are limited due to their low specificity. In a study of

an international registry of patients with ICI-associated myocarditis

(n=103), only 48% of patients with ICI-induced myocarditis had LGE

when compared to 90% of patients with other causes of myocarditis

(83). Herby it is important to note that CMRI assessment >4 days

after admission showed significantly more positive LGE findings than

if CMRI was performed earlier (72.0% vs 21.6%, p<0.001) (83).

Moreover, LGE was not associated with clinical symptoms, patient

outcomes, ECG or echocardiographic findings. Finally, nuclear

medicine findings might provide important clues for the diagnostic

of immune-related acute myocarditis (Figure 5). Interestingly, 18F-

FDG-PET/CT has a very limited role in this setting as demonstrated

in a recent study of 61 patients with suspicion of ICI-related

myocarditis where its sensitivity was below 30% (87). However,

other PET tracers have been proven useful in this context, such as
68Ga-DOTATOC which showed high sensitivity for the early

detection of pathological myocardial uptake in a small population

of patients (n=9) with clinical suspicion of ICI-related myocarditis

(88). A pathological diffuse tracer uptake in the myocardium was the

most frequent pattern detected. Interestingly, 68Ga-DOTATOC PET/

CT showed a good correlation with elevated serum cardiac troponin I

and immune correlates such as inflammatory cytokines (IL-6) and
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chemokines (CXCL9, CXCL10 and CXCL13) by contrast evocative

lesions for myocarditis were only seen in 3 out of the 8 patients that

had a CMRI (88).

Pericarditis is reported to be the second most common immune-

related cardiotoxicity, although data is lacking regarding its exact

incidence (82). The median onset of pericardial disease is estimated

to be 30 days (82). Symptoms include shortness of breath, pericardial

pain without pericardial effusion or jugular vein congestion, and

cardiogenic shock with cardiac tamponade due to pericardial

effusion, resulting in a high mortality rate of 21% (82, 89). Moreover,

pericardial toxicity can occur alone or in combination with ICI-

associated myocarditis (myopericarditis) (89). The diagnostic work-

up includes detailed physical examination, electrocardiogram,

echocardiogram, CMRI and cardiac PET/CT (89, 90). On CMRI,

ICI-related pericardial disease demonstrates focal myocardial LGE in

the mid-lateral wall and mild LGE of the pericardium along the lateral

wall in cases suggestive of myopericarditis (90).
Neuromuscular toxicity

Regarding peripheral neuromuscular toxicities, myositis is the

most common syndrome. While being the most prevalent in anti-

PD(L)-1 therapy, it occurs in approximately 0.4-3% of ICI-treated

patients (Figure 6) (91–93). The median time of ICI-administration

to myositis symptom development ranges from 5 to 87 days (94).
FIGURE 4

Sarcoidosis-like reaction in a 69-year-old female with stage IIIa lung adenocarcinoma in the right upper lobe treated by neoadjuvant cisplatin-
docetaxel followed by durvalumab (anti-PD-L1) with subsequent right upper lobe lobectomy and lymphadenectomy. The patient received adjuvant
durvalumab 1 month post-surgery. Baseline CT following surgery is shown in (A). Follow-up CT at 5 months showed the development of bilateral
hilar and mediastinal lymphadenopathies [arrows, (B)] and an increasing nodule in the left upper lobe (arrow) (C). 18F-FDG PET-CT confirmed high
uptake of mediastinal and hilar lymph nodes [PET (D) and fused PET/CT (E) images] and the upper left lobe nodule [fused PET/CT images (F)]. A
wedge resection confirmed the sarcoidosis-like nature of the nodule.
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Interestingly, the clinical manifestation from immunotherapy-

related myositis differs markedly from that of idiopathic and

paraneoplastic inflammatory myopathies such as dermatomyositis

and polymyositis. Progressive symptom development, as well as

oculomotor and axial muscle involvement are uncommon, but have

been reported. Bulbar symptoms, such as dyspnea, dysarthria, and

dysphonia have been described (95, 96). However, sudden onset of

stable myalgia with or without elevated creatine kinase is the most

common symptom of immune-related myositis (96). The

differential diagnosis to myastenia gravis is sometimes

challenging, since on one side, myastenia gravis is often

associated with optical myositis and on the other side,

acetylcholine receptor binding antibodies can occasionally be

detected in optical myositis in the absence of myasthenia gravis

(97, 98). On brain MRI, immunotherapy-related myositis is

characterized by fat-suppressed T1/T2-weighted intramuscular

hyperintensity with or without gadolinium enhancement (96, 99).

The ocular phenotype presents contrast-enhanced orbital edema as

well as abnormal enhancement and enlargement of the extraocular

muscles (Figure 7). Moreover, PET/CT with increased muscular
18F-FDG uptake can support the diagnosis and help to estimate the

severity by assessing how many muscle groups are affected (96, 99).

Pathological muscle uptake suggestive of myositis could also be

detected using 68Ga-DOTATOC PET/CT as shown in 5 out of the 6

patients that presented with myositis concomitant to an ICI-related
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myocarditis (88). In addition, rheumatological disorders are also

frequent irAEs during the course of ICI treatment and 18F-FDG-

PET/CT could be useful for the detecting and assessing the severity

of the inflammation associated with those events in particular for

arthritis affecting several articulations but also tenosynovitis or

polymyalgia rheumatica (41).
Central neurologic toxicity

In contrast to peripheral nervous toxicities, irAE of the central

nervous system such as encephalitis, aseptic meningitis, vasculitis,

cranial neuropathies, and myelitis are uncommon (100).

Although in recent years an increasing number of immune-

related encephalitis have been described and may occur with each

treatment cycle, it remains a rare immune-related toxicity with an

incidence of 0.1–0.2% (94, 100). These cases present a wide range of

potential life-threatening symptoms, including confusion, agitation,

fever, headache, fatigue, short-term memory impairment, neck

stiffness, behavioral changes, and psychiatric symptoms (101,

102). The diagnostic workup usually includes brain MRI, lumbar

puncture, paraneoplastic autoantibodies, electroencephalography,

and laboratories, notably to rule out infectious agents related

diseases. MRI, particularly T2-weighted and/or fluid-attenuated

inversion recovery (FLAIR), reveals encephalitis features such as
FIGURE 5

Immune-related myocarditis in a 61-year-old male with mucinous lung adenocarcinoma in right lower lobe [cT4 (>7cm) cN0 cM0] initially treated
with carboplatin, vinorelbine and radiation therapy followed by consolidation treatment with durvalumab (anti-PD-L1). Baseline (before ICI) fused
axial 18FDG PET/CT image (A) and corresponding axial CT image (B). After 2 cycles of durvalumab, the patient experienced severe dyspnea, atrial
fibrillation leading to cardiogenic shock with clinical suspicion of ICI-related myocarditis. 68Ga-DOTATOC-PET/CT showed necrotic areas in the
lung cancer [asterisk, (C)] with presence of peripheral inflammatory/infectious uptake [arrowhead, (C)] and newly appeared subpleural alveolar
consolidations in the left lower lobe compatible with an organizing pneumonia [arrow, (C, D)]. 68Ga-DOTATOC-PET/CT showed diffuse myocardial
uptake in the left ventricle (LV) [(E, F)], with an increased uptake ratio of 2.6 (SUVpeak LVmyocardium/SUVmean LVcavity) suggestive of myocarditis
[arrow, fused axial PET/CT image (F)].
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ill-defined uni- or bilateral hyperintense signals in the limbic cortex,

the cerebellum, basal ganglia or scattered in the gray or white

matter, with or without enhancement corresponding to zones of

inflammatory infiltrates and epileptogenic activity (93, 103, 104),

some being associated with auto-antibodies (105). Multifocal

lesions involving the white matter, optical nerve, and spinal cord,

which mimic demyelinating diseases, have also been described (106,

107). The physiological high 18F-FDG uptake of the brain limits

somehow the irAEs assessment using 18F-FDG-PET/CT (41).

However, there is evidence of the utility of 18F-FDG-PET/CT,

showing increased or decreased metabolic activity, to detect ICI-

induced encephalitis earlier than standard diagnostic approaches

(108). A recent study in patients with autoimmune encephalitis,

which shares many similarities with ICI-related encephalitis,

described 6 cases with metabolic abnormalities on 18F-FDG-PET/

CT with normal MRI (n=2), lumbar puncture (n=3), and

electroencephalography (n=2) findings (109). Finally, cases of

posterior reversible encephalopathy syndrome have been

occasionally reported following ICI administration alone or in

combination with chemotherapy (110–112).

Aseptic meningitis is present in <0.1% of ICI-treated patients

overall (93). This condition is more commonly associated with anti-

CTLA-4 and ICI-combination treatments (93, 100). Moreover, the

time to clinical disease onset is short, with a delay of 9 days from the

first dose of immunotherapy (100). Aseptic meningitis is characterized

by the subacute onset of nonspecific symptoms such as headache, neck

stiffness, photophobia, low-grade fever, and nausea, and must be

distinguished from infectious or carcinomatous causes of meningitis

(93). In 42% of the patients, brain MRI shows diffuse leptomeningeal

enhancement with or without parenchymal abnormalities as a

nonspecific sign of inflammation and is consistent with the presence

of lymphocytic or neutrophil pleocytosis, while overlapping with

findings of immune-induced meningoencephalitis (113, 114)

(Figure 8). However, 46% of brain MRI findings are normal in ICI-

induced aseptic meningitis (113). However, this even underlines the

importance of imaging to rule out differential diagnosis such as

(ischemic) stroke, infection, and brain metastasis.
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In recent years, there is increasing evidence for ICI-associated

central nervous system vasculitis. However, the exact frequency

(currently estimated to be <0.01%), timing and association with a

specific type of immunotherapy is still unclear (93). Commonly

reported types of vasculitis are large vessel vasculitis (giant cell

arteritis and isolated aortitis) and vasculitis of the nervous system

(primary angiitis of the central nervous system, PANCS, and

isolated vasculitis of the peripheral nervous system) (93, 115).

With a median time of 3 months from the initiation of ICI

treatment to their development, symptoms are often unspecific

and include headaches (60%), altered cognitive status (50%), and

focal neurologic deficits. Most commonly, they are mild, and no

fatalities related to vasculitis have been observed (93, 115).

Although considered to be the gold standard for diagnosis, biopsy

of the brain and/or spinal cord showing segmental inflammatory

infiltration leading to blood vessel walls thickening and stenosis,

resulting in decreased blood flow or even secondary to hemorrhagic

vessel rupture, has only a sensitivity of 53% (116). However, this

sensitivity can be increased to more than 80% by identifying focal

lesions previously on neurologic imaging techniques (117). Brain

MRI is altered in more than 90% of patients with PANCS, showing

(nonspecific) signs of microangiopathy, hemorrhage, or ischemic

infarction, as well as multifocal bilateral T2- weighted, FLAIR and

diffusion-weighted sequence abnormalities in the cortical-

subcortical area (118). However, the occasional presence of solid

lesions and gadolinium enhancement of leptomeninges complicate

the distinction to tumors and abscesses and requires additional

imaging modalities such as CT angiography, high-resolution

contrast-enhanced MRI, or 18F-FDG-PET/CT to detect vascular

inflammatory activity (119).
Endocrine toxicities

Endocrinopathies are observed in up to 10% of patients treated

with anti-CTLA-4 and in 4-14% of patients treated with anti-PD-1

therapy (120, 121).
FIGURE 6

Immune-related myositis in a 61-year-old male patient with small cell neuroendocrine carcinoma of the right lung hilum (cT4 cN2 cM0, stage IIIB)
initially treated with chemo-radiation therapy who developed diffuse metastatic disease. A treatment with ipilimumab (anti-CTLA-4) and nivolumab
(anti-PD-1) was administered. At 1-month post-immunotherapy, a 68Ga-DOTATOC-PET/CT showed diffuse myositis of paraspinal muscles coronal
PET, CT and fused PET/CT images (A–C) respectively showing spinalis, longissimus thoracis and iliocostalis thoracis muscles.
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Hypophysitis occurs in 4.5% (0.8% severe cases) of the patients

treated with anti-CTLA-4, whereas it is reported in less than 1%

(0.1%) of patients with anti-PD-(L)1 treatment (122). The clinical

features of pituitary dysfunction can be nonspecific and include

fatigue, headache, or weakness with additional symptoms related to

hypopituitarism (122, 123). The median time to symptom onset

ranges between 11 weeks (ipilimumab), 17 weeks (combination of

impilimumab and nivolumab), 22 weeks (nivolumab), and 26 weeks

(pembrolizumab) (124). Since pituitary inflammation can be caused

by ICI therapy as well as by pituitary metastasis and adenomas, MRI

and 18F-FDG-PET/CT are playing a crucial role in distinguishing

these diseases as they often show imaging findings of immune-

related hypophysitis before the appearance of symptoms (18, 42,

45). Contrast-enhanced MRI of immune-related hypophysitis

shows enhancement of the posterior portion of the pituitary

gland in 89% of the patients, whereas the enhancement is

homogeneous in 63.3% (vs. heterogeneous enhancement, 36.7%)

(16, 125) (Figure 9). This pattern is important for distinguishing
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this toxicity from pituitary metastasis, as differential diagnosis,

which show heterogeneous enhancement in the vast majority of

cases (82.6%) (16). Moreover, thickening of the pituitary stalk has

been identified in 29/49 (59.2%) cases of hypophysitis and only in

16/58 (27.6%) cases with pituitary metastasis (16). On PET/CT,

immune-related hypophysitis shows 18F-FDG-avid pituitary gland

often enlarged but without mass effect on the optic chiasm and with

thickening of the infundibulum (125, 126). A recent study in 162

advanced melanoma patients who received ipilimumab/nivolumab

combination therapy showed that 18F-FDG-PET/CT was able to

predict the appearance of hypophysitis with high positive (86%) and

negative (87%) predictive values (127).

ICI-induced thyroid dysfunction is often clinically

asymptomatic and transient, and identified by blood tests as mild

hypo- or hyperthyroidism associated with elevated anti-thyroid

peroxidase and/or anti-thyroglobulin antibodies (128). In terms of

frequency, hypothyroidism is more common, affecting 15% of

patients receiving ICI-combination therapy, 3% of patients
FIGURE 7

Immune-related orbital myositis in a 43-year-old female with cutaneous melanoma treated with ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-
1). After 3 cycles of ipilimumab and nivolumab, the patient reported diplopia. (A) On T2-weighted and (B) contrast-enhanced images, orbital edema,
abnormal enhancement and thickening of the right medial occulomotor muscle can be seen, consistent with orbital myositis (arrows). (C, D) MRI at
1 month from treatment discontinuation with disappearance of signs of inflammation.
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receiving anti-CTLA-4, and 8% of patients receiving anti-PD-(L)1

therapy (34). Hyperthyroidism is observed in only 4% of patients

treated with anti-CTLA-4 and 5% of patients treated with anti-PD-

(L)1 molecules (34). In few cases, ICI therapy did lead to Graves’

disease (129). Immune-related thyroiditis, which usually occurs

within 5 to 10 weeks following treatment, is mostly mild and

CTCAE grade ≥3 is rarely observed (34, 130). US is the imaging

modality of choice and new enlargement of the thyroid gland with

heterogeneous hypoechoic parenchyma, (pseudo)nodular pattern,

and increased vascularity on color Doppler is commonly observed

(37, 42). CT findings are unspecific as they present a new

enlargement of the thyroid gland associated with a heterogeneous

parenchymal enhancement (37, 42). Still, thyroiditis remains

frequently an incidental finding on 18F-FDG-PET/CT with a

diffuse increased uptake of the thyroid gland (Figure 10) (37, 42).

Compared with the more common secondary adrenal

insufficiency caused by pituitary dysfunction, primary adrenal

insufficiency, in which the adrenal glands are directly damaged

due to ICI therapy, has been rarely described (131). Adrenal

insufficiency is estimated to occur in 5% of patients treated with
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ICI-combination therapy and in 1% of patients treated with anti-

CTLA-4 or anti-PD-(L)1 mAbs, whereas CTCAE grade ≥3 is rarely

reported (34, 132). Disease onset after initiation of ICI treatment is

in between 9 weeks (ipilimumab), 3.3 month (pembrolizumab) and

5 months (nivolumab) (121, 133). Symptoms are characterized by

electrolyte abnormalities, dehydration and altered mental status.

Life-threatening adrenal crisis with vasodilatator shock and

hypotension, requiring permanent steroid replacement therapy,

was reported following nivolumab therapy (134). Therefore, rapid

diagnosis and close monitoring are required. On CT and MRI,

adrenal glands show bilateral, symmetrical, and smooth

enlargement, while uniform mild hypermetabolism is seen on
18F-FDG PET/CT (42, 135).
Current challenges and future
directions

The increasing use of immunotherapies in clinical practice has

led to the challenge of individually managing their treatment-
FIGURE 8

Immune-related aseptic meningitis in a 78-year-old female with NSCLC treated with ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1). (A) Normal brain
MRI (axial, coronal and sagittal plans) performed 6 months prior to immunotherapy. After 3 cycles of ipilimumab and nivolumab, the patient developed
headaches. (B) MRI performed 2 months after the beginning of immunotherapy showed smooth diffuse dura mater thickening (arrows) compatible with
aseptical meningitis. Patient’s symptoms and signs of inflammation on MRI disappeared upon immunotherapy discontinuation.
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related toxicities. It is particularly important to distinguish patients

who benefit from therapy from those who are at risk of experiencing

drug-related toxicities. Imaging plays a central role in the detection

and characterization of these irAEs as well as in the differentiation

of immunotherapy-associated response patterns such as

pseudoprogression . In severe cases, appropriate treatment of

these ICI-induced toxicities must be initiated as early as possible,

and it may even be necessary to discontinue ICI treatment.

However, it is important to note that many ICI-induced toxicities

are mild and manageable. Since the increased use of imaging may

lead to important financial costs and resources associated with e.g.

monitoring of these irAEs with imaging, it is crucial to define

parameters, to distinguish patients who benefit from imaging

follow-up from patients for whom blood-based monitoring or

simply clinical monitoring is sufficient. Moreover, the role of

imaging still needs to be defined in other ICI-related phenomena,

such as the presumably rare and previously poorly described but

possibly fatal cytokine release syndrome which occurs usually

within 4 weeks of ICI-treatment initiation (136, 137).

Interestingly, the occurrence of (low-grade) irAEs has been

correlated with treatment efficacy and improved clinical outcomes

as measured by overall response rate, progression-free survival and

overall survival (6, 17). Furthermore early-onset immune-related

hepatitis as irAEs was used to detect pseudoprogression and to

distinguish this response pattern from true progression in a case of

metastatic ovarian cancer treated with nivolumab (138).

A current research topic is the use of radiomics and deep

learning techniques to evaluate and even predict cancer therapy

success. Radiomics has already been proven to predict toxicity in

the assessment of chemotherapy (139). Liver toxicity could be

identified using liver texture analysis on the first follow-up CT

before any increase in liver function tests could be detected in a

proof-of-concept study of colorectal cancer patients treated with 5-
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fluorouracil (139). It is conceivable that similar approaches can be

used to identify patients who benefit most from immunotherapies,

as opposed to patients at higher risk for developing irAEs (140,

141). Preliminary studies in non-small cell lung cancer patients

showed promising results. Radiomics could potentially predict the

development of ICI-induced pneumonitis based on baseline CT

characteristics with 100% accuracy (p = 0.0033) and a strong

predictive power (area under the curve 1.0, p = 0.0033) (142).

Despite the limited size of the training sample (2 patients who

developed pneumonitis and 30 patients who did not), these results

may help to stratify patients at risk for developing pulmonary

toxicities and therefore allowing for pre-treatment modifications

and changes of the therapy. Moreover, radiomic signatures on

baseline CT have been shown to be more sensitive than clinical

findings in identifying patients at risk for developing ICI-induced

pneumonitis (143). Furthermore, radiomic features extracted from
18F-FDG PET/CT might provide important clues for the prediction

of irAEs. A retrospective study of 146 patients with advanced non-

small cell lung cancer was used to develop a multi-factorial radiomic

model based on a radiomic score, generated using features extracted

from PET, CT and PET/CT fusion images of baseline 18F-FDG-

PET/CT (117). The combination of high radiomics score values

with the type and dose of immunotherapy have been shown to be

associated with the development of severe irAE (144). These

findings underscore the value of a comprehensive baseline

imaging analysis in patients treated with ICIs, as it could help

predicting and preventing even life-threatening irAEs that may not

be detected during baseline clinical or biological assessments.

Recently, several studies have demonstrated an association

between irAEs detected on 18F-FDG PET/CT and favorable

clinical outcomes, suggesting the value of 18F-FDG PET/CT in

predicting responses to immunotherapy (32, 78, 145, 146). In 10%

of patients with unresectable metastatic melanoma treated with
FIGURE 9

Immune-related hypophysitis in a 43-year-old female with cutaneous melanoma treated with ipilimumab and nivolumab. (A) Normal hypophyseal
MRI performed 4 months prior to immunotherapy. After 3 cycles of ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1), the patient developed
headaches. (B) MRI revealed increased hypophyseal height with mild pituitary stalk thickening and reduced opto-chiasmatic cistern size compatible
with hypophysitis (arrow). Ipilimumab was discontinued and 2 more cycles of nivolumab alone were administered. Eventually, nivolumab was
discontinued due to a grade 3 toxidermia. (C) Hypophyseal MRI performed 3 months after the last immunotherapy cycle was normal with
disappearance of signs of inflammation.
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ipilimumab who underwent interim or late 18F-FDG-PET/CT

sarcoid-like mediastinal-hilar lymphadenopathy was reported and

all these patients showed disease control (78). This pattern was not

seen in patients with progressive disease, suggesting an association

of sarcoid-like reactions with clinical benefits of anti-CTLA-4

therapy. Similarly, a small study of 16 patients with BRAF-

mutated metastatic melanoma treated with vemurafenib/

ipilimumab combination therapy who underwent 18F-FDG-PET/

CT detected 7 patients developing at least one irAE (most

frequently colitis and arthritis) (146). All these patients had a

significantly longer progression-free survival than those without

irAEs (p = 0.036) (146). Similary, in ICI-treated patients with either

renal cell carcinoma, malignant melanoma, or lymphoma who

underwent early time-point 18F-FDG-PET/CT, an association was

found between thyroiditis and improvement of clinical symptoms at

the 12-month follow-up (32). This finding was confirmed in

another study which examined 91 patients treated with anti-PD-

L1 therapy, suggesting that immune-related thyroiditis could be a

potential predictor of response to ICI treatment (147). Overall,

although imaging such as 18F-FDG PET/CT can contribute to the

(early) detection of irAEs and irAE detected on this imaging

modality might contribute to predict patient’s prognosis, these

findings must always be considered in the context of patient’s

symptoms (if any), comorbidities, and other findings (e.g.,

laboratory values) in order to decide whether or not ICI

treatment should be continued.

The recent development of immune-PET tracers may improve

ICI response monitoring and diagnosis of irAEs by increasing the

specificity of pathological uptake seen on molecular imaging
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compared with 18F-FDG-PET/CT which, although widely used, has

poor cell specificity (76, 148). This could be particularly useful when

findings on 18F-FDG-PET/CT are inconclusive and cannot

distinguish between irAEs and true or pseudo-progression. In this

setting, 89Zr and 64Cu-Keytruda could be useful as anti-PD-1 human

antibody immuo-PET tracers as they represent a specific imaging

modality for PD-1-expressing tumor-infiltrating lymphocytes (149).

Similarly, 89Zr-Nivolumab uptake on PET/CT correlates with PD-1-

expressing lymphocytes and offers the possibility of a real-time

imaging of tumor infiltrating T-cells (150). Granzyme B-targeted

PET tracer (GZP) as another novel PET tracer for detection of irAEs,

has also shown promising results in a murine model (151). This

recent study showed an increased uptake of GZP in organs affected by

irAEs and a decreased uptake after anti-inflammatory treatment, with

a good correlation with immune infiltration on histology (151). This

is all the more interesting since granzyme B was also found in colon

and kidney samples of patients with irAEs, suggesting its potential

utility in routine practice for patients treated with ICI (151, 152).

However, even though novel immune-PET tracers seem to be useful

and to provide important clues mainly in nonspecific cases, most

findings are based on small (preclinical) studies.

In addition to ICI therapy, there are many other types of

immunotherapies that may be associated with different spectra of

irAEs (Figure 11). Chimeric antigen receptor (CAR) T-cell therapy

has been shown to induce rapid and durable responses in many types

of cancers (153). However, treatment associated toxicities can be

severe and even fatal, such as most commonly the cytokine-release

syndrome which has a comparable clinical presentation to

hemophagocytic lymphohistiocytosis or macrophage-activation
FIGURE 10

Immune-related thyroiditis in a 50-year-old female with lower leg Meckel-cell carcinoma who developed mediastinal metastatic spread as shown
on baseline 18F-FDG-PET/CT [coronal PET, CT and merged PET/CT images, # (A)]. A thyroid nodule was also present [arrow, fused PET/CT image
(A)]. Pembrolizumab (anti-PD-1) was administered. Follow-up 18F-FDG-PET/CT at 6 months showed disappearance of mediastinal disease and
decrease in metabolic activity of the thyroid nodule [arrow, fused PET/CT image (B)]. However, a marked increase in thyroid activity was also
evident, consistent with a thyroiditis [arrowheads, fused PET/CT image (B)].
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syndrome and is characterized by hepatosplenomegaly, hepatic

dysfunction, hyperferritinemia, hypofibrinogenemia, and

coagulopathy (153, 154). In addition, irAEs associated with CAR

T-cell therapy include the immune effector cell-associated

neurotoxicity syndrome, characterized by initial global aphasia

(153, 154). During the course of disease, patients usually experience

subclinical or clinical seizures and rarely diffuse cerebral edema

within 28 days (153). The diagnostic workup includes clinical and

neurological examination, an electroencephalogram, and a brain MRI

(153). A single-center study investigated 133 patients with relapsed

and/or refractory CD19+ B-cell acute lymphatic leucemia, non-

Hodgkin lymphoma, and chronic lymphoid lymphoma who

received CD19-CAR-T cell therapy (155). Acute abnormalities in

brain MRI examinations were noted in 30% which were associated

with poor outcome, especially in severe cases (155). Changes in T2-

weighted/FLAIR brain MRI indicative of vasogenic edema,

leptomeningeal enhancement, and/or multifocal microhemorrhages

could be found in most of the patients with clinically severe

neurotoxicity and abnormal MRI scans (155). In addition, contrast

enhancement suggestive of blood-brain barrier breakdown has been

noted in some patients (155). One patient showed extensive cortical

diffusion restriction indicative of cytotoxic edema and several others

showed vasogenic edema that developed into cortical laminar

necrosis (155). However, larger, high-quality multicenter studies are
Frontiers in Immunology 1532
needed to more thoroughly investigate the toxicities associated with

CAR-T cells and, in particular, regarding their potentially specific

imaging properties.

Interestingly, peptide-based vaccines show a better tolerance

and safety compared with conventional chemotherapy and ICI,

and serious irAEs, such as pulmonary embolism, are rarely

described (156). A meta-analysis that included 500 patients

demonstrated that only 1.2% of vaccinated patients suffered

from serious adverse events related to the vaccine (157). The

vaccine-related irAEs include most commonly erythema and

induration related to the injection side (156). Moreover,

nonspecific symptoms such as nausea, diarrhea, myalgia, fatigue,

increased aspartate aminotransaminase and alkaline phosphatase,

and rarely hematological toxicities as well as autoimmunity have

been described (156).

Finally, adverse events associated with oncolytic virus therapy

are also mostly mild and usually include flulike symptoms and local

reactions at the injection sites (158). However, more severe

toxicities such as anemia, leukopenia, lymphopenia, neutropenia,

thrombocytopenia, liver dysfunction, and hematological

abnormalities, pleural effusion, herpes virus infection, and central

nervous system symptoms have been described (158).

Overall, no specific imaging features of irAEs have been described

yet. As the clinical use of these novel treatments increases, problems
FIGURE 11

Diverse methods of immunotherapy. HER2, human epidermal growth factor receptor 2; EGFR, Epidermal Growth Factor Receptor; CAR, chimeric
antigen receptor; CTL, cytotoxic T-lymphocyte; TIL, tumor-infiltrating lymphocyte; NK cell, natural killer cell; LAK cell, lymphokine-activated killer
cell; BiTE, Bi-specific T-cell engagers; EpCAM, epithelial cell adhesion molecule; DNA, deoxyribonucleic acid; VLP, virus-like particle; HIT-IT, human
intratumoral immunotherapy; PRR: pattern-recognition receptor; ICI, immune checkpoint inhibitor; CTLA-4, cytotoxic T-lymphocyte-associated
protein-4; PD-1, programmed cell death protein-1; PD-L1, programmed death-ligand 1.
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in the toxicity screening will, therefore, arise. However, over time,

more information on non-ICI immunotherapies will be collected that

will shed light on their specific toxicity profile and help to define their

imaging characteristics.

To conclude, imaging can contribute to the detection and

characterization of ICI-related toxicities, while radiomics can even help

to predict these toxicities. However, reliable toxicity screening of irAEs

remains challenging for rarer irAEs and non-ICI immunotherapeutics.

Therefore, there is a need for large-scale clinical trials across various

oncologic diseases and immunotherapeutic agents to better assess the

characteristics of both ICIs and non-ICI-immunotherapies in order to

establish evidence-based guidelines as support for imaging assessment

and clinical decision-making.
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for the evaluation of immune therapy activity in solid tumors: immune-related
response criteria. Clin Cancer Res (2009) 5(23):7412–20. doi: 10.1158/1078-
0432.CCR-09

11. Nishino M, Giobbie-Hurder A, Gargano M, Suda M, Ramaiya NH, Hodi FS,
et al. Developing a common language for tumor response to immunotherapy: immune-
related response criteria using unidimensional measurements. Clin Cancer Res (2013)
19(14):3936–43. doi: 10.1158/1078-0432.CCR-13-0895

12. Xu C, Chen YP, Du XJ, Liu JQ, Huang CH, Chen L, et al. Comparative safety of
immune checkpoint inhibitors in cancer: systematic review and network meta-analysis.
BMJ (2018) 363:k4226. doi: 10.1136/bmj.k4226

13. Postow MA, Sidlow R, Hellmann MD. Immune-related adverse events
associated with immune checkpoint blockade. N Engl J Med (2018) 378(2):158–68.
doi: 10.1056/NEJMra1703481

14. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey CL,
et al. Overall survival with combined nivolumab and ipilimumab in advanced
melanoma. N Engl J Med (2017) 377(14):1345–56. doi: 10.1056/NEJMoa1709684

15. Wang DY, Salem JE, Cohen JV, Chandra S, Menzer C, Ye F, et al. Fatal toxic
effects associated with immune checkpoint inhibitors: A systematic review and meta-
analysis. JAMA Oncol (2018) 4(12):1721–8. doi: 10.1001/jamaoncol.2018.3923

16. Mekki A, Dercle L, Lichtenstein P, Nasser G, Marabelle A, Champiat S. Machine
learning defined diagnostic criteria for differentiating pituitary metastasis from
autoimmune hypophysitis in patients undergoing immune checkpoint blockade
blockade therapy. Eur J Cancer (2019) 119:44–56. doi: 10.1016/j.ejca.2019.06.020
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1133207/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1133207/full#supplementary-material
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.1093/annonc/mdt291
https://doi.org/10.1093/annonc/mdt291
https://doi.org/10.3390/cancers12030738
https://doi.org/10.1007/s10555-021-09976-0
https://doi.org/10.1007/s10555-021-09976-0
https://doi.org/10.3390/cancers12092591
https://doi.org/10.1186/s40425-019-0805-8
https://doi.org/10.1186/s40425-019-0805-8
https://doi.org/10.3389/fonc.2022.982983
https://doi.org/10.3389/fonc.2022.982983
https://doi.org/10.1186/s41747-019-0134-1
https://doi.org/10.1186/s41747-019-0134-1
https://doi.org/10.1016/j.ejca.2016.03.081
https://doi.org/10.1158/1078-0432.CCR-09
https://doi.org/10.1158/1078-0432.CCR-09
https://doi.org/10.1158/1078-0432.CCR-13-0895
https://doi.org/10.1136/bmj.k4226
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1001/jamaoncol.2018.3923
https://doi.org/10.1016/j.ejca.2019.06.020
https://doi.org/10.3389/fimmu.2023.1133207
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Berz et al. 10.3389/fimmu.2023.1133207
17. Bronstein Y, Ng CS, Hwu P, Hwu WJ. Radiologic manifestations of immune-
related adverse events in patients with metastatic melanoma undergoing anti-CTLA-4
antibody therapy. AJR Am J Roentgenol (2011) 197(6):W992–W1000. doi: 10.2214/
AJR.10.6198

18. Kwak JJ, Tirumani SH, Van den Abbeele AD, Koo PJ, Jacene HA. Cancer
immunotherapy: imaging assessment of novel treatment response patterns and
immune-related adverse events. Radiographics (2015) 35(2):424–37. doi: 10.1148/
rg.352140121

19. Bai R, Chen N, Li L, Du N, Bai L, Lv Z, et al. Mechanisms of cancer resistance to
immunotherapy. Front Oncol (2020) 10:1290. doi: 10.3389/fonc.2020.01290

20. Haanen JBAG, Carbonnel F, Robert C, Kerr KM, Peters S, Larkin J, et al.
Management of toxicities from immunotherapy: ESMO clinical practice guidelines for
diagnosis, treatment and follow-up. Ann Oncol (2018) 29(Suppl 4):iv264–6.
doi: 10.1093/annonc/mdy162

21. Martins F, Sofiya L, Sykiotis GP, Lamine F, Maillard M, Fraga M, et al. Adverse
effects of immune-checkpoint inhibitors: epidemiology, management and surveillance.
Nat Rev Clin Oncol (2019) 16(9):563–80. doi: 10.1038/s41571-019-0218-0

22. Weber JS, D’Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al.
Nivolumab versus chemotherapy in patients with advanced melanoma who
progressed after anti-CTLA-4 treatment (CheckMate 037): a randomised., controlled,
open-label, phase 3 trial. Lancet Oncol (2015) 16(4):375–84. doi: 10.1016/S1470-2045
(15)70076-8

23. Ramos-Casals M, Brahmer JR, Callahan MK. Immune-related adverse events of
checkpoint inhibitors. Nat Rev Dis Primers (2020) 6(1):38. doi: 10.1038/s41572-020-
0160-6

24. Sandigursky A, Mor A. Immune-related adverse events in cancer patients
treated with immune checkpoint inhibitors. Curr Rheumatol Rep (2018) 20(10):65.
doi: 10.1007/s11926-018-0770-0

25. Kanjanapan Y, Day D, Butler MO, Wang L, Joshua AM, Hogg D, et al. Delayed
immune-related adverse events in assessment for dose-limiting toxicity in early phase
immunotherapy trials. Eur J Cancer (2018) 107:1–7. doi: 10.1016/j.ejca.2018.10.017

26. Couey MA, Bell RB, Patel AA, Romba MC, Crittenden MR, Curti BD, et al.
Delayed immune-related events (DIRE) after discontinuation of immunotherapy:
diagnostic hazard of autoimmunity at a distance. J Immunother Cancer (2019) 7
(1):165. doi: 10.1186/s40425-019-0645-6

27. Kanjanapan Y, Day D, Butler MO, Wang L, Joshua AM, Hogg D, et al. Delayed
immune-related adverse events in assessment for dose-limiting toxicity in early phase
immunotherapy trials. Eur J Cancer (2019) 107:1–7. doi: 10.1016/j.ejca.2018.10.017

28. Dougan M, Luoma AM, Dougan SK,Wucherpfennigm KW. Understanding and
treating the inflammatory adverse events of cancer immunotherapy. Cell (2021) 184
(6):1575–88. doi: 10.1016/j.cell.2021.02.011

29. Choi J, Lee SY. Clinical characteristics and treatment of immune-related adverse
events of immune checkpoint inhibitors. Immune Netw (2020) 20(1):e9. doi: 10.4110/
in.2020.20.e9

30. Khoja L, Day D, Wei-Wu Chen T, Siu LL, Hansen AR. Tumour- and class-
specific patterns of immune-related adverse events of immune checkpoint inhibitors: a
systematic review. Ann Oncol (2017) 28(10):2377–85. doi: 10.1093/annonc/mdx286

31. National Cancer Institute. Common terminology criteria for adverse events
(CTCAE) (2022). Available at: https://ctep.cancer.gov/protocolDevelopment/
electronic_applications/ctc.htm#ctc_60 (Accessed 25, 2022).

32. Nobashi T, Baratto L, Reddy SA, Srinivas S, Toriihara A, Hatami N, et al.
Predicting response to immunotherapy by evaluating tumors, lymphoid cell-rich
organs, and immune-related adverse events using FDG-PET/CT. Clin Nucl Med
(2019) 44(4):e272–9. doi: 10.1097/RLU.0000000000002453

33. Hussaini S, Chehade R, Boldt RG, Raphael J, Blanchette P, Maleki Vareki S, et al.
Association between immune-related side effects and efficacy and benefit of immune
checkpoint inhibitors - a systematic review and meta-analysis. Cancer Treat Rev (2021)
92:102134. doi: 10.1016/j.ctrv.2020.102134

34. Arnaud-Coffin P, Maillet D, Gan HK, Stelmes JJ, You B, Dalle S, et al. A
systematic review of adverse events in randomized trials assessing immune checkpoint
inhibitors. Int J Cancer (2019) 145(3):639–48. doi: 10.1002/ijc.32132

35. Brahmer JR, Abu-Sbeih H, Ascierto PA, Brufsky J, Cappelli LC, Cortazar FB,
et al. Society for immunotherapy of cancer (SITC) clinical practice guideline on
immune checkpoint inhibitor-related adverse events. J Immunother Cancer (2021) 9
(6):e002435. doi: 10.1136/jitc-2021-002435

36. Kumar V, Chaudhary N, Garg M, Floudas CS, Soni P, Chandra AB. Current
diagnosis and management of immune related adverse events (irAEs) induced by
immune checkpoint inhibitor therapy. Front Pharmacol (2017) 8:49. doi: 10.3389/
fphar.2017.00049

37. Tirumani SH, Ramaiya NH, Keraliya A, Bailey ND, Ott PA, Hodi FS, et al.
Radiographic profiling of immune-related adverse events in advanced melanoma
patients treated with ipilimumab. Cancer Immunol Res (2015) 3(10):1185–92.
doi: 10.1158/2326-6066.CIR-15-0102

38. Kim KW, Ramaiya NH, Krajewski KM, Shinagare AB, Howard SA, Jagannathan
JP, et al. Ipilimumab-associated colitis: CT findings. AJR Am J Roentgenol (2013) 200:
W468–74. doi: 10.2214/AJR.12.9751
Frontiers in Immunology 1734
39. Barina AR, Bashir MR, Howard BA, Hanks BA, Salama AK, Jaffe TA. Isolated
rectosigmoid colitis: a new imaging pattern of ipilimumab-associated colitis. Abdom
Radiol (2016) 41:207–14. doi: 10.1007/s00261-015-0560-3

40. Rovira JI, Thirumurthi S, Taggart M, Yilmaz B, Lin H, Zhong LL, et al. Role of
abdominal and pelvic CT scans in diagnosis of patients with immunotherapy-induced
colitis. J Immunother Precis Oncol (2022) 5(2):32–6. doi: 10.36401/JIPO-21-21

41. Schierz JH, Sarikaya I, Wollina U, Unger L, Sarikaya A. Immune checkpoint
inhibitor-related adverse effects and 18 f-FDG PET/CT findings. J Nucl Med Technol
(2021) 49(4):324–9. doi: 10.2967/jnmt.121.262151

42. Alessandrino F, Sahu S, Nishino M, Adeni AE, Tirumani SH, Shinagare AB,
et al. Frequency and imaging features of abdominal immune-related adverse events in
metastatic lung cancer patients treated with PD-1 inhibitor. Abdom Radiol (NY) (2019)
44(5):1917–27. doi: 10.1007/s00261-019-01935-2

43. Lang N, Dick J, Slynko A, Schulz C, Dimitrakopoulou-Strauss A, Sachpekidis C,
et al. Clinical significance of signs of autoimmune colitis in 18 f-fluorodeoxyglucose
positron emission tomography-computed tomography of 100 stage-IV melanoma
patients. Immunotherapy (2019) 11(8):667–76. doi: 10.2217/imt-2018-0146

44. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N Engl
J Med (2015) 373:23–34. doi: 10.1056/NEJMoa1504030

45. Kim KW, Ramaiya NH, Krajewski KM, Jagannathan JP, Tirumani SH,
Srivastava A, et al. Ipilimumab associated hepatitis: imaging and clinicopathologic
findings. Invest New Drugs (2013) 31:1071–7. doi: 10.1007/s10637-013-9939-6

46. Raad RA, Pavlick A, Kannan R, Friedman KP. Ipilimumab-induced hepatitis on
18F-FDG PET/CT in a patient with malignant melanoma. Clin Nucl Med (2015) 40
(3):258–9. doi: 10.1097/RLU.0000000000000606

47. Prigent K, Aide N. 18 f-fludeoxyglucose PET/Computed tomography for
assessing tumor response to immunotherapy and detecting immune-related side
effects: A checklist for the PET reader. PET Clin (2020) 15(1):1–10. doi: 10.1016/
j.cpet.2019.08.006

48. Boktor RR, Walker G, Stacey R, Gledhill S, Pitman AG. Reference range for
intrapatient variability in blood-pool and liver SUV for 18F-FDG PET. J Nucl Med
(2013) 54(5):677–82. doi: 10.2967/jnumed.112.108530

49. Sarikaya I, Albatineh AN, Sarikaya A. Revisiting weight-normalized SUV and
lean-Body-Mass-Normalized SUV in PET studies. J Nucl Med Technol (2020) 48
(2):163–7. doi: 10.2967/jnmt.119.233353

50. Abu-Sbeih H, Tran CN, Ge PS. Case series of cancer patients who developed
cholecystitis related to immune checkpoint inhibitor treatment. J Immunother Cancer
(2019) 7(1):118. doi: 10.1186/s40425-019-0604-2

51. Kawakami H, Tanizaki J, Tanaka K, Haratani K, Hayashi H, Takeda M, et al.
Imaging and clinicopathological features of nivolumab-related cholangitis in patients
with non-small cell lung cancer. Invest New Drugs (2017) 35(4):529–36. doi: 10.1007/
s10637-017-0453-0

52. Pourvaziri A, Parakh A, Biondetti P, Sahani D, Kambadakone A. Abdominal CT
manifestations of adverse events to immunotherapy: a primer for radiologists. Abdom
Radiol (2020) 45:2624–36. doi: 10.1007/s00261-020-02531-5

53. Banks PA, Bollen TL, Dervenis C, Gooszen HG, Johnson CD, Sarr MG, et al.
Classification of acute pancreatitis - 2012: revision of the Atlanta classification and
definitions by international consensus. Gut (2013) 62(1):102–11. doi: 10.1136/gutjnl-
2012-302779

54. Friedman CF, Clark V, Raikhel AV, Barz T, Shoushtari AN, Momtaz P, et al.
Thinking critically about classifying adverse events: Incidence of pancreatitis in patients
treated with nivolumab + ipilimumab. J Natl Cancer Inst (2016) 109(4):djw260.
doi: 10.1093/jnci/djw260

55. Hoadley A, Sandanayake N, Long GV. Atrophic exocrine pancreatic
insufficiency associated with anti-PD1 therapy. Ann Oncol (2017) 28:434–5.
doi: 10.1093/annonc/mdw626

56. Wachsmann JW, Ganti R, Peng F. Immune-mediated disease in ipilimumab
immunotherapy of melanoma with FDG PET-CT. Acad Radiol (2017) 24:111–5.
doi: 10.1016/j.acra.2016.08.005

57. Seethapathy H, Zhao S, Chute DF, Zubiri L, Oppong Y, Strohbehn I, et al. The
incidence, causes, and risk factors of acute kidney injury in patients receiving immune
checkpoint inhibitors. Clin J Am Soc Nephrol (2019) 14(12):1692–700. doi: 10.2215/
CJN.00990119

58. Cortazar FB, Marrone KA, Troxell ML, Ralto KM, Hoenig MP, Brahmer JR,
et al. Clinicopathological features of acute kidney injury associated with immune
checkpoint inhibitors. Kidney Int (2016) 90(3):638–47. doi: 10.1016/j.kint.2016.04.008

59. Forde PM, Rock K, Wilson G, O’Byrne KJ. Ipilimumab-induced immune-
related renal failure–a case report. Anticancer Res (2012) 32(10):4607–8.

60. Qualls D, Seethapathy H, Bates H, Tajmir S, Heidari P, Endres P, et al. Positron
emission tomography as an adjuvant diagnostic test in the evaluation of checkpoint
inhibitor- associated acute interstitial nephritis. J Immunother Cancer (2019) 7(1):356.
doi: 10.1186/s40425-019-0820-9

61. Seethapathy H, Herrmann SM, Sise ME. Immune checkpoint inhibitors and
kidney toxicity: Advances in diagnosis and management. Kidney Med (2021) 3
(6):1074–81. doi: 10.1016/j.xkme.2021.08.008
frontiersin.org

https://doi.org/10.2214/AJR.10.6198
https://doi.org/10.2214/AJR.10.6198
https://doi.org/10.1148/rg.352140121
https://doi.org/10.1148/rg.352140121
https://doi.org/10.3389/fonc.2020.01290
https://doi.org/10.1093/annonc/mdy162
https://doi.org/10.1038/s41571-019-0218-0
https://doi.org/10.1016/S1470-2045(15)70076-8
https://doi.org/10.1016/S1470-2045(15)70076-8
https://doi.org/10.1038/s41572-020-0160-6
https://doi.org/10.1038/s41572-020-0160-6
https://doi.org/10.1007/s11926-018-0770-0
https://doi.org/10.1016/j.ejca.2018.10.017
https://doi.org/10.1186/s40425-019-0645-6
https://doi.org/10.1016/j.ejca.2018.10.017
https://doi.org/10.1016/j.cell.2021.02.011
https://doi.org/10.4110/in.2020.20.e9
https://doi.org/10.4110/in.2020.20.e9
https://doi.org/10.1093/annonc/mdx286
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_60
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_60
https://doi.org/10.1097/RLU.0000000000002453
https://doi.org/10.1016/j.ctrv.2020.102134
https://doi.org/10.1002/ijc.32132
https://doi.org/10.1136/jitc-2021-002435
https://doi.org/10.3389/fphar.2017.00049
https://doi.org/10.3389/fphar.2017.00049
https://doi.org/10.1158/2326-6066.CIR-15-0102
https://doi.org/10.2214/AJR.12.9751
https://doi.org/10.1007/s00261-015-0560-3
https://doi.org/10.36401/JIPO-21-21
https://doi.org/10.2967/jnmt.121.262151
https://doi.org/10.1007/s00261-019-01935-2
https://doi.org/10.2217/imt-2018-0146
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1007/s10637-013-9939-6
https://doi.org/10.1097/RLU.0000000000000606
https://doi.org/10.1016/j.cpet.2019.08.006
https://doi.org/10.1016/j.cpet.2019.08.006
https://doi.org/10.2967/jnumed.112.108530
https://doi.org/10.2967/jnmt.119.233353
https://doi.org/10.1186/s40425-019-0604-2
https://doi.org/10.1007/s10637-017-0453-0
https://doi.org/10.1007/s10637-017-0453-0
https://doi.org/10.1007/s00261-020-02531-5
https://doi.org/10.1136/gutjnl-2012-302779
https://doi.org/10.1136/gutjnl-2012-302779
https://doi.org/10.1093/jnci/djw260
https://doi.org/10.1093/annonc/mdw626
https://doi.org/10.1016/j.acra.2016.08.005
https://doi.org/10.2215/CJN.00990119
https://doi.org/10.2215/CJN.00990119
https://doi.org/10.1016/j.kint.2016.04.008
https://doi.org/10.1186/s40425-019-0820-9
https://doi.org/10.1016/j.xkme.2021.08.008
https://doi.org/10.3389/fimmu.2023.1133207
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Berz et al. 10.3389/fimmu.2023.1133207
62. Chuzi S, Tavora F, Cruz M, Costa R, Chae YK, Carneiro BA, et al. Clinical
features, diagnostic challenges, and management strategies in checkpoint inhibitor-
related pneumonitis. Cancer Manag Res (2017) 9:207–13. doi: 10.2147/CMAR.S136818

63. Nishino M, Giobbie-Hurder A, Hatabu H, Ramaiya NH, Hodi FS. Incidence of
programmed cell death 1 inhibitor-related pneumonitis in patients with advanced
cancer: A systematic review and meta-analysis. JAMA Oncol (2016) 2(12):1607–16.
doi: 10.1001/jamaoncol.2016.2453

64. Rizvi NA, Mazières J, Planchard D, Stinchcombe TE, Dy GK, Antonia SJ, et al.
Activity and safety of nivolumab, an anti-PD-1 immune checkpoint inhibitor, for
patients with advanced, refractory squamous non-small-cell lung cancer (CheckMate
063): a phase 2, single-arm trial. Lancet Oncol (2015) 16(3):257–65. doi: 10.1016/S1470-
2045(15)70054-9

65. Naidoo J, Wang X, Woo KM, Lyriboz T, Halpenny D, Cunningham J, et al.
Pneumonitis in patients treated with anti-programmed death-1/Programmed death
ligand 1 therapy. J Clin Oncol (2017) 35(7):709–17. doi: 10.1200/JCO.2016.68.2005

66. Nishino M, Ramaiya NH, Awad MM, Sholl LM, Maattala JA, Taibi M, et al. PD-
1 inhibitor-related pneumonitis in advanced cancer patients: Radiographic patterns
and clinical course. Clin Cancer Res (2016) 22(24):6051–60. doi: 10.1158/1078-
0432.CCR-16-1320

67. Zhang Q, Tang L, Zhou Y, He W, Li W. Immune checkpoint inhibitor-
associated pneumonitis in non-small cell lung cancer: Current understanding in
characteristics, diagnosis, and management. Front Immunol (2021) 12:663986 : s.n.
doi: 10.3389/fimmu.2021.663986

68. Shen CI, Yeh YC, Chiu CH. Progressive pleural effusion as an immune-related
adverse event in NSCLC: A case report. JTO Clin Res Rep (2021) 2(5):100156.
doi: 10.1016/j.jtocrr.2021.100156

69. Sawada R, Matsui Y, Uchino J, Okura N, Morimoto Y, Iwasaku M, et al. Late-
onset pleural and pericardial effusion as immune-related adverse events after 94 cycles
of nivolumab. Intern Med (2021) 60(22):3585–8. doi: 10.2169/internalmedicine.7219-
21

70. Gandy N, Arshad MA, Wallitt KL, Dubash S, Khan S, Barwick TD.
Immunotherapy-related adverse effects on 18 f-FDG PET/CT imaging. Br J Radiol
(2020) 93(1111):20190832. doi: 10.1259/bjr.20190832

71. Carter BW, Halpenny DF, Ginsberg MS, Papadimitrakopoulou VA, de Groot
PM. Immunotherapy in non-small cell lung cancer treatment: Current status and the
role of imaging. J Thorac Imaging (2017) 32(5):300–12. doi: 10.1097/
RTI.0000000000000291

72. Nishino M, Hatabu H, Hodi FS. Imaging of cancer immunotherapy: Current
approaches and future directions. Radiology (2019) 290(1):9–22. doi: 10.1148/
radiol.2018181349

73. Spitzer MH, Carmi Y, Reticker-Flynn NE, Kwek SS, Madhireddy D, Martins
MM, et al. Systemic immunity is required for effective cancer immunotherapy. Cell
(2017) 168(3):487–502.e15. doi: 10.1016/j.cell.2016.12.022

74. Rambhia PH, Reichert B, Scott KF, Feneran AN, Kazakov JA, Honda K, et al.
Immune checkpoint inhibitor-induced sarcoidosis-like granulomas. Int J Clin Oncol
(2019) 24(10):1171–81. doi: 10.1007/s10147-019-01490-2

75. Gkiozos I, Kopitopoulou A, Kalkanis A, Vamvakaris IN, Judson MA, Syrigos
KN. Sarcoidosis-like reactions induced by checkpoint inhibitors. J Thorac Oncol (2018)
13(8):1076–82. doi: 10.1016/j.jtho.2018.04.031

76. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the warburg
effect: the metabolic requirements of cell proliferation. Science (2009) 324(5930):1029–
33. doi: 10.1126/science.1160809

77. Zhang G, Li J, Wang X, Ma Y, Yin X, Wang F, et al. The reverse warburg effect
and 18F-FDG uptake in non-small cell lung cancer A549 in mice: a pilot study. J Nucl
Med (2015) 56(4):607–12. doi: 10.2967/jnumed.114.148254

78. Sachpekidis C, Larribère L, Kopp-Schneider A, Hassel JC, Dimitrakopoulou-
Strauss A. Can benign lymphoid tissue changes in 18 f-FDG PET/CT predict response
to immunotherapy in metastatic melanoma? Cancer Immunol Immunother (2019) 68
(2):297–303. doi: 10.1007/s00262-018-2279-9
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Glossary

AKI acute kidney injury

CAR chimeric antigen receptor

CMRI cardiac magnetic resonance imaging

CT computer tomography

CTCAE Common Terminology Criteria for Adverse Events

CTLA-4 cytotoxic T-lymphocyte-associated protein-4

FLAIR fluid-attenuated inversion recovery

GZP granzyme B-targeted PET tracer

ICI immune checkpoint inhibitor

irAE immunotherapy-related adverse events

irRC immune-related response criteria

irRECIST immune-related RECIST

LGE late gadolinium enhancement

mAb monoclonal antibody

MRCP magnetic resonance cholangiopancreatography

MRI magnet resonance imaging

PANCS primary angiitis of the central nervous system

PD-1 programmed cell death protein-1

PD-L1 PD-1 ligands

PET positron emission tomography

RECIST 1.1 Response Evaluation Criteria in Solid Tumors version 1.1

STIR short-tau inversion recovery

SUV standard uptake value

TTE transthoracic echocardiography

US ultrasound

18F-FDG 2-deoxy-2-[18F]fluoro-D-glucose
F
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Advances in immune checkpoint
inhibitors induced-cardiotoxicity
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Immune checkpoint inhibitors (ICIs) are approved as the first-line drug for

treating many cancers and has shown significant survival benefits; however, it

also causes immune-related adverse events (irAEs) while activating the immune

system, involving multiple organs. Among them, cardiovascular immune-related

adverse events (CV-irAE) are rare, but common causes of death in ICIs treated

cancer patients, which manifest as myocardial, pericardial, vascular and other

cardiovascular toxicities. Therefore, it is important that irAEs, especially CV-irAE

should be carefully recognized and monitored during the whole ICIs treatment

because early detection and treatment of CV-irAE can significantly reduce the

mortality of such patients. Consequently, it is urgent to fully understand the

mechanism and management strategies of CV-irAE. The effects of ICIs are

multifaceted and the exact mechanism of CV-irAE is still elusive. Generally, T

cells identify tumor cell antigens as well as antigen in cardiomyocytes that are the

same as or homologous to those on tumor cells, thus causing myocardial

damage. In addition, ICIs promote formation of cardiac troponin I (cTnI) that

induces cardiac dysfunction and myocardial dilatation; moreover, ICIs also

increase the production of cytokines, which promote infiltration of

inflammation-linked molecules into off-target tissues. Currently, the

management and treatment of cardiovascular toxicity are largely dependent

on glucocorticoids, more strategies for prevention and treatment of CV-irAE,

such as predictive markers are being explored. This review discusses risk factors,

potential pathophysiological mechanisms, clinical manifestations, and

management and treatment of CV-irAE, guiding the development of more

effective prevention, treatment and management strategies in the future.

KEYWORDS

cardiotoxicity, immune checkpoint inhibitors, immune-related adverse events,
Myocarditis, Pericarditis, Vasculitis
1 Introduction

During tumorigenesis, tumor cells inhibit the activation and effector process of T cells

by hijacking immune checkpoints molecules, then evade the surveillance and attack of the

immune system. Thus, immune checkpoint related to the regulation of T-cell activity is an

important target for anti-tumor therapy (1). Tumor microenvironmental factors also
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modify the anti-tumor immune response, such as T-cell infiltration

and expression of immune checkpoint proteins (2). Currently, the

main immune checkpoints include cytotoxic T-lymphocyte antigen

4 (CTLA-4), programmed cell death receptor 1 (PD-1),

programmed cell death ligand 1 (PD-L1) and lymphocyte

activation gene 3 protein (LAG3). Immune checkpoint inhibitors

(ICIs) are now approved for treating many malignancies and

significantly prolonged the survival of cancer patients (3–6). At

the beginning of ICIs application, reports of immune-related

adverse events (irAEs) were rare and did not attract broad

attention. However, with the rapidly increased use of ICIs and the

improvement of patients’ survival, the importance of cardiovascular

immune-related adverse events (CV-irAE) therapy has come to the

forefront. Despite its low incidence, immune-related adverse events

(CV-irAEs) require high attention from clinicians (7). Therefore,

through exploring the underlying mechanisms of CV-irAE, we

developed more effective prevention, treatment, and management

strategies, thus improving the quality of life and patients’ survival.

Herein, we review the pharmacological mechanisms of ICIs, current

research progression in CV-irAEs epidemiology, risk factors,

potential pathophysiological mechanisms as well as clinical

manifestation, the management and treatment of CV-irAEs

mentioned in guidelines and literatures. The above statements are

gross generalizations based on our synthesis of the current

litereature.Some statements are not accepted by all, but most of

them are based on guidelines published by prestigious

professional organizations.
2 Epidemiology

Current reports about epidemiology of CV-irAE are limited

because of its low incidence (8). CV-irAEs occur as early as a few

days after ICIs initiation, but may also present late until one year

after ICIs treatment, the median onset time of CV-irAE was 34 days

after starting ICIs (9, 10). In a Danish national study, patients with

lung cancer and malignant melanoma had a higher risk rate of CV-

irAE in patients treated with ICIs than those who did not receive

ICIs therapy (11). Wang et al. (12) performed a retrospective

analysis of published irAEs queried in the pharmacovigilance

database (Vigilyze) and found that myocarditis had the highest

fatality rate among all CV-irAEs (39.7%). Rubio et al. analyzed 1265

papers published before August 31, 2020 and found the total

incidence of CV-irAE was about 1.3%, among them myocarditis

was the most common irAE, accounting for 50.8%. Notably, a high

mortality rate of 24.6% of patients died due to CV-irAE (13). In this

study, ICIs included ipilimumab, tremelimumab, nivolumab,

pembrolizumab, atezolizumab, durvalumab and avelumab. In

addition to these ICIs, there are emerging ICIs, which may also

occur CV-irAEs such as relatlimab, a emerging monoclonal

antibody that targets LAG-3, relatlimab had a higher incidence in

myocarditis (14, 15). Since relatlimab has been approved soon,

relatlimab related cardiotoxicity needs to be further explored. The

incidence of CV-irAE appears to increase in recent years, probably

due to the increased scope and frequency of use of ICIs and the

heightened awareness of cardiotoxicity (16–18). However, the real-
Frontiers in Immunology 0240
world prevalence of CV-irAE may be higher than expected, and we

currently lack the support of large-sample clinical studies that could

offer further in-depth investigation (9, 17).
3 Risk factors for CV-irAE

The risk factors of CV-irAE need further investigation, dual

ICIs combination therapy is the greatest risk factor for CV-irAE

over other risk factors such as autoimmune diseases (19). Several

investigations have also confirmed that dual ICI leads to a higher

incidence of CV-irAE than monotherapy or ICI plus chemotherapy

(19, 20). A meta-analysis of CV-irAE concluded that the incidence

was 3.1% for ICI monotherapy, 2.5% for ICI plus chemotherapy and

5.8% for dual ICIs treatment (anti-PD-1 plus anti-CTLA-4/anti-

PD-1 plus anti-PD-L1) (13). The emerging bispecific antibody also

causes CV-irAE. The incidence of CV-irAE is 0.9% in 458 patients

treated with Cadonilimab (anti-PD-1/CTLA-4) (21). Cardiotoxicity

of AK112 (NCT04047290)—anti-PD-1/VEGF and IBI318

(NCT03875157)—anti-PD-1/PD-L1 has not been reported.

It was demonstrated that the PD-1 modulates radiation-

induced cardiotoxicity in an animal model, acute toxicity was

increased with anti-PD-1 treatment in mice with radiotherapy,

but further research is needed to get a deep insight (22). Osaka

Medical School in Japan established a mouse model of experimental

autoimmune myocarditis (EAM) by administration of PD-1

antibodies in mice (23). The study indicated that ICIs-induced

autoimmune myocarditis may be related to autoimmunity prior to

ICIs administration (23). CV-irAE is more frequently reported in

patients diagnosed with autoimmune diseases (24). In a

retrospective case-match control study comparing 251 ICI-treated

patients who had autoimmune diseases with 251 ICI-treated

patients who did not have autoimmune diseases, the risk of CV-

irAEs was higher in patients with autoimmune diseases than those

without (hazard ratio:1.77) (25).

In addition, the observation of sporadic ICIs-associated

myocarditis cases revealed that patients with diabetes were more

common in these cases (9, 26). In addition, the patients’ pre-existing

cardiovascular risk factors (age ≥80 years, hypertension, diabetes

mellitus and chronic kidney disease) and the presence of

cardiovascular toxicity caused by previous anti-neoplastic drugs

should also be brought to our attention (27). Comparing 35 patients

who had ICIs-related myocarditis with 105 ICIs-treated patients

who did not have ICIs-related myocarditis, 34% of patients with

ICIs-related myocarditis had pre-existing diabetes but only 13% of

ICIs-treated patients without myocarditis had diabetes (28).
4 Mechanism of CV-irAE

4.1 Pharmacological mechanism of ICIs

The immune system plays an important role in the surveillance

and wiping malignant cells. T cells undergo positive and negative

selection in thymic to ensure self-tolerance and specific recognition

of abnormal cells (including cancer cells) (29). Tumor cells
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presenting or releasing tumor antigens are engulfed by antigen

presenting cells (APCs), which process tumor antigens and present

MHC-I and MHC-II molecular complexes to CD8+ T-cell and CD4

+ T-cell receptors then accurately identify cancer cells. A

combination of B7, on the surface of APCs, and CD28, on the

surface of T cells, constitute synergistic signals in T cells activation,

the combination of CD28-B7 lead to cytoskeleton remodelling,

cytokines secretion and T cells differentiation. Activated CD4+ T

cells secrete cytokines to stimulate CD8+ T cells proliferation in

lymph nodes. Activated CD8+ T cells can reach the tumor through

circulation, recognize the MHC-I molecular complex on the tumor

cells, and kill tumor cells (30–33). Activated CTLA-4, PD-1 and

LAG-3 to protect the host from self-attack by abnormally activated

T cells (6, 34, 35). CTLA-4, a CD28 homolog, has stronger affinity

than CD28, and can induce trans-endocytosis of B7 ligands to

reduce the co-stimulatory signal (36–38). PD-1, combined with PD-

L1, negatively mediates T cell proliferation and activation (39, 40).

CTLA-4 not only competes with CD28 for B7 but also induces

regulatory T cells (Treg, inhibitory immune cells) to death, leading

to unbalance between Treg and cytotoxic T cells (41, 42). CTLA-4

monoclonal antibody clears Treg in tumor effectively through FcR

mediated ADCC (antibody-dependent cell-mediated cytotoxicity),

thus relieving immunosuppressive of Treg to achieve anti-tumor

(42–44). However, Treg cells are important in peripheral tolerance

(45). Reducing peripheral Treg cells lead to the immune system

attacking organism, resulting in serious side effects (45, 46). PD-1

plays an important role in T-cell homeostasis and inflammatory

inhibition in peripheral tissues (34, 47). Lymphocyte activation gene

3 protein (LAG3) is a negative immunomodulator that regulates the

function of T cells and dendritic cells (DC) by binding with MHC-II

(6). LAG-3 has an intracellular short tail domain that inhibits the

function of LAG-3 in effector CD4+ T cells and an extracellular

domain similar to CD4 but possess higher affinity to combine with

MHC-II than CD4 (6, 48). FGL1, the ligand of LAG-3, expressed on

the surface of cancer cells. When FGL1 combines with LAG-3 on

the surface of T cells, immune system mistake cancer cells as

normal, contributing to immune-escape of tumor cells (49). After

immunoediting (50–52), tumor cells would also express immune

checkpoint, so ICIs are designed to reactivate anti-tumor immune

response by targeting specific immune checkpoint (Figure 1).

Therefore, CTLA-4, PD-1, PD-L1and LAG3 inhibitors have been

approved for clinical treatment in several cancer types by Food and

Drug Administration (FDA) (1, 53). In addition, new-type ICIs

through targeting inhibitory receptors [e.g,. T cell immunoglobulin

domain and mucin domain-3 (TIM-3), T cell Ig and ITIM domain

(TIGIT) and BTLA (CD272)] and ligand of the B7 family [e.g., V-

domain Ig suppressor of T cell activation (VISTA), B7-H3] are

being actively investigating and developed for clinical trials in

increasing numbers (54–57).
4.2 Potential pathophysiological
mechanisms of CV-irAEs

The mechanism of CV-irAE might be ICIs disrupt the

autoimmune tolerance of myocardial cell (58). irAEs are
Frontiers in Immunology 0341
reversible in most cases treated appropriately; however, heart is a

vital organ so CV-irAE can be fatal (20, 59). Though the effects of

ICIs are multifaceted, the exact mechanisms of CV-irAE are still

elusive (52) (Figure 2).

4.2.1 The common antigens in tumor cells and
cardiomyocytes leading to cross-reaction

T cells identify tumor cell antigens as well as antigen in

cardiomyocytes same with or homologous to those on tumor

cells simultaneously. In two cases of fulminant myocarditis

caused by ICIs, postmortem found that T cell marker (CD3)

was positive in myocardial and skeletal muscle infiltrating cells.

T cells receptor sequence revealed that patients had high

frequency of shared T cell receptor sequences in cardiac and

skeletal muscle and tumor infiltrating cells (20). Taken together,

these suggest that activated T cells not only attacked tumor cells

but also caused cross-reaction with common antigens on skeletal

and cardiac muscles, but the specific antigen was not identified in

the study. T cells-mediated immune responses in the heart may

cause abnormal heart electrical rhythm and irreparable damage

to myocardium (58).
4.2.2 Increase of autoantibody
ICIs promote the formation of autoantibodies. Lack of PD-1

caused autoimmune dilated cardiomyopathy in mouse model with

Pdcd1 gene knockout, and high titers of circulating immunoglobulins

(IgGs) deposited on surface of mouse cardiomyocytes (60).

Subsequent experiments showed that the autoantibodies are against

cTnI. cTnI induced cardiac dysfunction and myocardial dilatation by

means of chronically stimulating influx of calcium ions in

cardiomyocytes (61).
4.2.3 Cardiac myosin
drive cell-mediated cytotoxicity

Won et al. (62) used anti-PD-1 monoclonal antibodies to induce

the development of myocarditis in mice and they found that

myosin-specific T cells were increased in such mice. Axelrod et al.

(63) has established Pdcd1-/-/Ctla4+/- mouse model to characterize

ICIs-related myocarditis. Single-cell RNA and T cell receptor (TCR)

sequencing were arranged and found increasing CD8+T cells in

ICIs-related myocarditis. They subsequently found that specific

TCRs recognize a-myosin, suggesting a-myosin may drive

cytotoxic T-cell-mediated killing.
4.2.4 High level of cytokines
Cytokines that recruit immune cells to tumor microenvironment

are significant modulators for immune response (58). ICIs lead to

increased pro-inflammatory cytokines, which activate T-cells

proliferation and result in anti-tumor immune response (64–66).

Tarhini et al. (64) found that restraining immune checkpoints result

in higher circulating pro-inflammatory cytokines [interferon (IFN)-g,
tumor necrosis factor (TNF)-a, interleukin (IL), and granulocyte

macrophage colony-stimulating factor (GM-CSF)]. Those cytokines

contribute to ICIs penetration into non-target organs (including

cardiovascular cells) (64, 65, 67, 68).
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4.2.5 Immune tolerance
Immune checkpoints inhibit T cells activation is called immune

tolerance. For example, the PD-1/PD-L1 pathway prevents T cells

overactivation to maintain immune balance. Blocking PD1/PD-

L1will not only promote anti-tumor immunity but also inhibit Treg

cells and Forkhead Box P3 (FOXP3) expression, leading to loss of

self-tolerance (69). Treg cells have an effective role in keeping

peripheral tolerance. Systemic application of ICIs may disrupt

immune homeostasis between cytotoxic T cells and Treg cells in

normal myocardial tissue, causing the development of

cardiotoxicity (70, 71).
4.2.6 Atherosclerosis
Atherosclerosis is the inflammation of large arteries (72). PD-1

and CTLA-4 restrain formation of atherosclerosis. PD-1 deficient
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bone marrow progenitor cells up-regulate genes involved in

cholesterol synthesis and ingestion, leading to elevated cholesterol

(73). Blockading CTLA-4 increases T cells abundance in plaques

and exacerbates atherosclerosis in mouse model (74). Banerjee et al.

(75) found that senescence-associated secretory phenotype (SASP)

are intersections of cancer and cardiovascular events, and SASP can

aggravate atherosclerosis. More importantly, ICIs can lead to

therapy-induced SASP and accelerate atherosclerosis, so

atherosclerosis should be monitored while using ICIs ( (75, 76). A

matched cohort study (77) showed that patients treated with ICIs

have a 3-fold increase risk for cardiovascular events (77). Autopsies

were performed on tumor decedents who received ICIs and those

who did not, and the result showed that the ratio of CD3/CD68 was

significantly elevated in atherosclerotic plaques among patients

undergoing ICIs (78). After treated with ICIs, inflammation in

atherosclerotic plaques was dominated by lymphocytes rather than
FIGURE 1

Pharmacological mechanism of ICIs. APCs present MHC molecular complexes to TCR on T cells and activate T cells. CD4+ T cells secrete cytokines
and stimulate CD8+ T cells proliferation. Activated CD8+ T cells kill tumor cells precisely. Normally, PD-L1 binds to PD-1, FGL-1 binds to LAG-3,
inactivating CD8+ T cells and leading to autoimmune tolerance. After immunoediting, tumor cells express PD-L1 and FGL-1 and T cells express
CTLA-4 and LAG-3, receptors on T cells bound with ligands on tumor cells or APCs, which will inactivate T cells. ICIs devitalized the PD-1/PD-L1,
LAG-3/FGL-1 and CTLA-4/B7 signals and reactivated T cells to kill tumor cells.
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macrophages, which is usually primary cell of atherosclerosis (78).

Lymphocytes have a significant effect on the development of

atherosclerosis, and in mouse model Th1 cells promote the

development of atherosclerosis by secreting IFN-g (79–81). In

summary, this evidence suggests that ICIs may contribute to

plaques and coronary events by altering the type of inflammation

in atherosclerotic plaques (78).

4.2.7 ADCC(antibody-dependent
cell-mediated cytotoxicity)

ICIs interact with proteins expressed on myocardial tissue, such

as CTLA-4, FGL1, LAG-3, PD-1 and PD-L1, resulting in

complement-mediated tissue injury. The Fc region of human

IgG1 monoclonal antibodies binds to receptors on natural killer

(NK) cells mediating ADCC. Therefore, most immune checkpoint

monoclonal antibodies are IgG4 that do not mediate ADCC;

however, avelumab is a human IgG1 anti-PD-L1 monoclonal

antibody. Theoretically, the antibodies, bind to PD-L1 on surface
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of cardiomyocytes, and may mediate killing of cardiomyocytes by

NK cells through ADCC (82–84).
5 Clinical manifestations of CV-irAE

CV-irAE may appear as symptoms from the myocardial,

pericardial and vascular system of the body (71, 85).
5.1 Myocardial disease

5.1.1 Myocarditis
Myocarditis appears as early as 2 weeks after ICIs, and the

median time is 65 days (86, 87). Myocarditis is the most frequent

CV-irAE, possibly shown as asymptomatic myocarditis with an

increase of cardiac biomarkers, or could be severe cardiac damage,

even break out fulminant or life-threatening manifestations such as
A

B
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G
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FIGURE 2

Possible mechanisms of CV-irAE. (A) Activated T cells not only attack tumor cells but also cross-reactivate with cardiac muscle. (B) Cardiac
myocytes secrete cTnI antibodies after using ICIs. (C) Myosin-specific T cells TCRs can recognize myosin and drive cytotoxic T-cell-mediated killing.
(D) ICIs can lead to increased levels of pro-inflammatory cytokines. (E) Systemic application of ICI may disrupt immune homeostasis between
cytotoxic T cells and Tregs. (F) ICIs may contribute to plaques progression and coronary events. (G) Anti-PD-L1 monoclonal antibodies may mediate
NK cells killing cardiomyocytes through the ADCC pathway.
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cardiogenic shock, heart failure, arrhythmias, advanced

atrioventricular block or ventricular tachycardia (9, 20, 86, 88).

Progression of ICIs-associated myocarditis is fulminant but can also

be doubted by clinical symptoms, electrocardiography and

biomarkers [troponin, brain natriuretic peptide (BNP)] and

imaging (17). Myocardial biopsy is the definitive standard to

identify myocarditis. The typical myocarditis clinical symptoms

include palpitations, chest pain, heart failure and a range of other

manifestations (89).

5.1.2 Takotsubo syndrome
Takotsubo syndrome usually appears between 15 weeks to 8

months after ICIs; however, due to its low incidence,

epidemiological data are lacking and the literatures are still

limited to only case reports (87). Takotsubo syndrome is an acute

and transient syndrome of regional left ventricular insufficiency

(90). It was first identified in Japan and characterized by

myocardium dilating like a balloon and may lead to several

dangerous symptoms. It was usually caused by severe stress. For

clinical examination, echocardiograph shows apical or mid-left

ventricular dyskinesia and troponin and NT-proBNP will elevate

(91–93). A melanoma patient present takotsubo syndrome after

ICIs combination therapy, and echocardiograph showed apical

motion with ballooning, electrocardiogram showed V2-V6 ST

elevation 1-2 mm. Cardiac MRI showed that left ventricular

ejection fraction (LVEF) and systolic function returned to normal

after corticosteroid treatment (94).

5.1.3 Dilated cardiomyopathy
Activated T cells result in an immune response in vessels and

myocardium lead to development of dilated cardiomyopathy (95).

Similarly, epidemiological data on ICIs-induced dilated

cardiomyopathy is insufficient due to its low incidence.

Nishimura et al. (60) found that PD-1 knockout mice developed

severe dilated cardiomyopathy. Subsequently, they found that cTnI

can induce cardiac dysfunction and myocardial dilatation in

cardiomyocytes. Although the clinical manifestation of Takotsubo

syndrome and dilated cardiomyopathy is similar, the

echocardiogram of dilated cardiomyopathy does not have apical

ballooning syndrome (96). There is a dilated cardiomyopathy

patient after Nivolumab treatment. Echocardiography shows

diffuse hypokinesis and 20% Left Ventricular Ejection Fractions

(LVEF), and myocardial biopsy found inflammatory cells and

interstitial fibrosis, which did not consistent with myocarditis (96).
5.2 Pericardium

ICIs related pericardium include pericarditis and pericardial

effusion (97, 98). In a retrospective study, the median onset time

was 40 days for pericardial effusion in 6.7% of patients treated with

ICIs (99). However, it can also occur very late after the start of ICIs.

In a case of advanced non-small cell lung cancer, after Nivolumab

the patient developed pericardial thickening and effusion after 18

months (100). Pericarditis and pericardial effusion may be
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asymptomatic or mild and life-threatening symptoms may also

occur when hemodynamic is unstable (101). Breathlessness is the

predominant symptom and is followed by tachycardia and chest

pain (102). At the time of diagnosis, the effusion should be

distinguished between tumor progression related pericarditis and

CV-irAE by TTF-1 immunohistochemical staining (101).
5.3 Vascular diseases

5.3.1 Vasculitis
Vasculitis caused by self-immune disorder can occur in vessels

of all sizes (103). The incidence of ICIs-associated vasculitis is lower

than 1%, and there was no clear epidemiological data on the median

time (104). In a retrospective analysis of 1215 patients treated with

ICIs, cardiovascular events occurred in approximately 1% of

patients, and the median time to event was 97 days after ICIs

(105, 106). Currently, irAE about vasculitis are reported mainly

about large vessel and neurological vasculitis (107). ICIs lead to the

activation of T cells and NK cells and the secretion of pro-

inflammatory cytokines, resulting in inflammation of the vessel

wall, revascularization and even vascular occlusion (108, 109). CT

or MR can diagnose vasculitis that is characterized by diffuse

peripheral thickening of the vessel wall, enhanced wall thickness,

or thrombosis (104). Daxini et al. (107) reviewed 20 case reports

that met the criteria by searching multiple medical databases, and

the results showed that the most common types of ICIs-related

vasculitis were macrovasculitis, such as giant cell arteritis (GCA).

GCA is an inflammation of blood vessels that occurs in people older

than 50 years and primarily affects the great and middle arteries,

especially the extracranial branches of the aorta and external carotid

arteries (108). The manifestations of GCA are various based on the

vessels, leading to blindness, stroke and aneurysms (110). GCA can

develop into vascular occlusion, leading to tissue ischemia and

should be considered in patients with lately reported headache,

visual impairment, claudication of the jaw and polymyositis

rheumatica (PMR) symptoms (110). Atherosclerosis is an

inflammation of the large arteries, and the primary outcome of

accelerated atherosclerosis after ICIs was the occurrence of

cardiovascular events (defined as a combination of myocardial

infarction, coronary revascularization, and ischemic stroke) (77).

A previous study found that atherosclerotic plaque can be

ameliorated by the concomitant use of corticosteroids and

statins (77).
6 Management and treatment
of CV-irAE

6.1 Screening of baseline cardiovascular
disease and risk factor

Prior to ICIs, physicians need to assess the potential

cardiotoxicity of ICIs and educate patients to report suspicious

symptoms to medical personnel in time (27). According to the
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European Society of Cardiology recommendations, risk factors of

baseline include pre-existing cardiovascular disease, elevated

cardiac biomarkers, and previous cardiotoxic antineoplastic

drugs history (27). Baseline assessment includes physical

examinat ion and auxi l iary examinat ion, such as an

electrocardiogram (ECG), echocardiogram and cardiac troponin

and natriuretic peptide etc. Individualized baseline monitoring

improves the survival of patients. Patients with abnormal baseline

examination results (ECG, cardiac biomarkers) require therapy

under the guidance of an integrated oncology and cardiology team

(111, 112).
6.2 Monitoring of toxicity

Toxicity monitoring is performed through the process of ICIs,

especially in patients with prior cardiac injury. Physicians should

assess the possibility of CV-irAE at each follow-up visit. Monitoring

of toxicity includes electrocardiogram, echocardiograms,

myocard ia l markers , t roponin and NT-proBNP: (1)

electrocardiogram is routinely performed before each cycle of

treatment, (2) patients are advised to follow-up regularly for

echocardiograms and myocardial markers every 2-4 cycles and 6/

12 months after ending using ICIs (86, 111, 113), (3) As

recommended by 2021 American Society of Clinical Oncology

(ASCO) guideline, there is no clear recommendation on the

frequency of troponin and NT-proBNP (114). But a literature

recommended testing troponin and NT-proBNP at baseline and

2-4 cycles (28).Toxicity monitoring may detect abnormal

biomarkers prior to symptoms of CV-irAE. When troponin is

elevated, physicians should look out for potential triad myositis-

myositis, muscle weakness, and myocarditis. For patients suspicious

of myositis, not only creatine kinase (CK) but also lactate

dehydrogenase (LDH) should be tested because cardiotoxicity,

myositis and myalgia may happen in the same patient. Once the

patient appears suspicious clinical symptoms, a cardiology specialist

should immediately be consulted (16, 17, 108, 111).
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6.3 Diagnosis of CV-irAE

Diagnosis of CV-irAE is a challenge because there are many

manifestations of CV-irAEs (115). The clinical presentation is

similar to viral myocarditis which may confuse the diagnosis. The

evaluation should include telemetry monitoring, serum marker

(e.g., cardiac markers, CK, LDH), electrocardiogram and cardiac

magnetic resonance (CMR) (116). Myocardial and vascular biopsies

are the standard for diagnosing CV-irAE. Finally, diagnosis of CV-

irAE should be integrated by a multidisciplinary cardio-oncology

team (117).
6.4 Management and treatment of CV-irAE

6.4.1 Grade and management
Management and treatment of CV-irAE mainly depend on

toxicity grading, based on the dose and dosage of given

immunosuppressants. ASCO, National Comprehensive Cancer

Network (NCCN) and Chinese Society of Clinical Oncology

(CSCO) have classified CV-irAE in detail (Table 1).

6.4.2 Similarities and differences
between guidelines

Although the incidence of CV-irAE is low, ESMO/ASCO/

NCCN/CSCO guidelines all consider CV-irAE as a disease

characterized by diverse manifestations, rapid progression and

high mortality. However, different recommended doses for

glucocorticoid were given. ASCO guidelines recommended

methy lpredniso lone 1-2 mg/kg•d, NCCN guide l ines

recommended pulsed methylprednisolone 1 g/d, and ESMO/

CSCO guidelines recommend 500 to 1000mg/d (114, 116,

118) (Table 2).

6.4.3 Steroid refractory CV-irAE
Other immunosuppressive agents (e.g., gammaglobulin,

anti-thymocyte globulin, infliximab and morte-macrolimus)
TABLE 1 Grading, manifestation, and management of CV-irAE.

Grade Manifestation Management

G1 No cardiovascular symptoms, cardiac biomarkers (creatine kinase, troponin) or electrocardiogram
abnormalities

(1) If cardiac markers are mildly abnormal and remain
stable, continue ICIs
(2) Otherwise, ICIs should be discontinued until the
markers recover to normal.

G2 Mild or moderate symptoms of activity or fatigue, abnormalities in cardiac biomarkers and
electrocardiograms

(1) Discontinue ICIs
(2) Be hospitalized
(3) Cardiology consultation
(4) High-dose steroids such as methylprednisolone
pulse dosing 1 g/d IV for 3-5 days
(5) ICIs should be used cautiously even if relevant
indicators recover to normal.

G3 Cardiovascular symptoms at rest or after mild activity, ULN<cardiac biomarkers ≤ 3ULN,
significant changes of echocardiographic, but no hypotension.

(1) Terminate using ICIs
(2) High-dose steroids such as methylprednisolone
pulse dosing 1 g/d IV for 3-5 days
(3) MDT
(4) Advanced Life Support in ICU

G4 Moderate to severe decompensation, hemodynamic instability (hypotension), and cardiac
biomarkers >3ULN.
ULN, upper limit of normal; ICU, intensive Care unit; MDT, Multi-Disciplinary Treatment.
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can be added if glucocorticoid mono-treatment fails after 24

hours. However, it should be noted that high-dose infliximab is

forbidden if the patients have moderate to serious heart failure.

Pacemakers can be installed in patients with arrhythmias if

necessary, and mechanical hemodynamic support should be

given promptly in critical patients (111, 118–120). All

guidelines’ recommendations are based on high levels of

evidence and recommended high doses of glucocorticoids. The

different doses of glucocorticoid in guidelines maybe due to

differences in panel references and reference areas. NCCN/

ASCO have published many clinical practice guidelines with

high level of evidence which have been recognized and followed

by clinicians worldwide. The CSCO guidelines include a large

number of toxicity data from China, and is more suitable

for Chinese.
6.4.4 Re-challenge of ICIs
ASCO guidelines recommended to terminate the use of ICIs in

all patients with CV-irAE, while NCCN/CSCO guidelines

recommend patients with grade 1-2 cardiotoxicity restart ICIs

after symptom remission.
7 Emerging predictive markers

When patients show symptoms of CV-irAE, myocardial

damage already exists. In addition to conventional markers, more

sensitive predictive markers are needed to prevent myocardial

damage in advance. Few studies of toxicity prediction of

myocarditis have been reported, but a promising toxicity

prediction marker of CV-irAE need to be further explored.

Drobni et al. (121) conducted a case-control study in patients

with ICIs myocarditis or without CV-irAE after ICIs treatment,

showing that significantly higher neutrophil/lymphocyte ratio

(NLR) was found in patients with ICI related myocarditis (121).

Another study compared echocardiographic global longitudinal

strain (GLS) in patients with ICIs myocarditis or without CV-

irAE after ICIs treatment. They found that GLS is lower in patients

with ICI related myocarditis and suggested a poor prognosis (122).

In summary, NLR and GLS are potential makers of immune-

mediated myocarditis.
Frontiers in Immunology 0846
8 Discussion

CV-irAE is lethal, so we expect to detect abnormalities before

irreversible myocardial damage happens; therefore, more sensitive

and reliable makers are urgently needed (123–125). Although ICIs

have been widely used in treating cancer and achieved good results,

a series of adverse events may happen after the application of ICIs.

Cardiovascular toxicities are rare but usually fatal when it occurs.

Therefore, we should continually explore the mechanism of CV-

irAE, summarizing the cases that have occurred, strengthening

awareness of prevention and improving the management of CV-

irAE, and introducing of a new surveillance strategy.
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TABLE 2 Recommended doses of glucocorticoids in different guidelines.

Guideline Grade Dose of steroids

2022ESMO Methylprednisolone 500-1000 mg/d, 3 days or
until clinically stable

2021ASCO G2-G4 Methylprednisolone 1-2 mg/kg•d,
oral or IV depending on the symptoms

2022NCCN G1-G4 Methylprednisolone 1g/d IV, 3–5 days

2021CSCO G2 Methylprednisolone 1-2 mg/kg•d, 3–5 days

G3-G4 Methylprednisolone 500-1000mg/d, 3–5 days
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cGAS-dependent
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immune homeostatic
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and Domenico Grieco1,2*

1CEINGE Biotecnologie Avanzate Franco Salvatore, Naples, Italy, 2Dipartimento di Medicina
Molecolare e Biotecnologie Mediche (DMMBM), University of Naples “Federico II”, Naples, Italy
Taxanes are Microtubule-Targeting Agents (MTAs) that exert potent anticancer

activity by directly killing cancer cells. However, recent evidence suggests that

they may also stimulate inflammation and anticancer adaptive immunity and that

these actions strongly contribute to their therapeutic efficacy. Details on how

Taxanes may modulate inflammation and anticancer immunity are, nevertheless,

still missing. We show here that at very low doses the Taxane Paclitaxel (Pxl)

indeed induces a potent proinflammatory response in various cancer cell types in

a cyclic GMP-AMP (cGAMP) synthase (cGAS)- and Stimulator of Interferon Genes

(STING)-dependent manner, leading to interferon (IFN) signaling. However, we

find that Pxl treatment also strongly upregulates the expression of the immune

checkpoint protein Programmed Death-Ligand 1 (PD-L1) in cancer cells,

therefore, inducing an inhibitory response to adaptive immunity potentially

attenuating anticancer immunity and therapeutic success. These observations

provide a mechanistic explanation of why clinical benefit may derive from the

combination of Pxl with Immune Checkpoint Inhibitors (ICIs) and suggest that

more accurately tailoring dosage and schedule of this combination therapy may

provide benefit in the management of a larger number of cancer types

and stages.

KEYWORDS

microtubule-targeting agents, Paclitaxel, cGAS, STING, IFN, PD-L1, immune
checkpoint inhibitors
Introduction

Microtubule-Targeting Agents (MTAs) are very widely used and effective anticancer

drugs. In particular, the microtubule stabilizer MTA Paclitaxel (Pxl) is used for the therapy

of a variety of different cancers. By perturbing microtubule dynamics, Pxl affects mitotic

progression by activating the spindle assembly checkpoint (SAC), a safeguard mechanism
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that delays mitosis exit when spindle assembly is incomplete or

abnormal (1–3). Prolongation of mitosis may result in activation of

apoptotic pathways and efficient cancer cell killing, however, cancer

cells can adapt to the SAC and slip through an abnormal mitosis

and this may result in cancer resistance to Pxl treatment (4). Cancer

cell response to Pxl appears, therefore, somewhat variable and

evidence also suggests that the therapeutic efficacy of Pxl

correlates with induction of chromosome segregation defects

rather than with delayed mitosis (5).

Chromosome segregation errors are often accompanied by the

formation of micronuclei (1). Indeed, chromosomes that are

segregated asynchronously relatively to the majority will be

enveloped in a nuclear membrane separated from that of the

main nucleus, forming micronuclei (1). In addition, micronuclear

membrane can be different from the membrane of the main nucleus

and micronuclear DNA can undergo damage, fragmentation and

rearrangements, a phenomenon called chromothripsis (6). While

chromothripsis may be a mechanism that increases genome

instability and fuels carcinogenesis, endogenous damaged DNA,

altered micronuclear membrane as well as DNA bridges resulting

from abnormal chromosome segregation induced by Taxanes also

promote activation of the cytosolic DNA sensor cyclic GMP-AMP

(cGAMP) synthase (cGAS) (1, 7, 8). The cGAS enzyme was

originally identified as an important regulator of the innate

immunity in response to infection because of its ability to

recognize pathogen DNA in the cytoplasm of an infected cell (9).

More recently, cGAS has been shown to be activated also by binding

to endogenous cytosolic DNA fragments, as in senescent or

damaged cells, or to endogenous DNA within micronuclei that

form in cells following chromosome segregation errors (8–11).

Indeed, the membrane of micronuclei is often prone to breakage,

due to alterations in assembly of the micronuclear lamina, and

broken micronuclear membrane causes cytosolic exposure of

micronuclear DNA that can consequently interact with cGAS and

activate it (7–11).

Active cGAS generates the cyclic dinucleotide cGAMP that,

acting as a second messenger, binds the adaptor protein Stimulator

of Interferon Genes (STING), resident in the endoplasmic

reticulum (9, 11, 12). cGAMP binding to STING promotes

conformational changes in STING that allows its interaction with

TANK-binding kinase 1 (TBK1), resulting in TBK1 activation (9).

Active TBK1 phosphorylates and activates the Interferon

Regulatory Factor 3 (IRF3) leading to upregulation of expression

of interferons (IFNs) and promoting the inflammatory response (9,

11–13). The inflammatory response and IFN-pathway activation

may further call in the intervention of the adaptive immune system

(13). These observations have led to the hypothesis that Taxane-

based cancer therapy may also work because it promotes

inflammation, rendering “hot” the tumor microenvironment, and

favoring the intervention of the adaptive immune system to kill

cancer cells (1, 14, 15).

Here, by analyzing the effect of low doses of Pxl in various

cancer cell lines, we show that Pxl treatment indeed results in a

cGAS-dependent activation of a proinflammatory cascade.

However, we also find that Pxl stimulates, in a cGAS-dependent

fashion, upregulation of the expression of the immune checkpoint
Frontiers in Immunology 0251
protein PD-L1 in cancer cells that, on the other hand, may favor

cancer cell evasion form immunosurveillance. On the basis of these

findings, we propose that Plx treatment may prime cancer cells to

susceptibility to therapy with Immune Checkpoint Inhibitors (ICIs)

and that the timing and dosage of the combination therapy of Pxl,

and possibly other Taxanes, with ICIs may strongly affect

treatment efficacy.
Materials and methods

Cell lines and cell culture

A549, HeLa, MCF7, MDA-MB231cells were form CEINGE Cell

Culture Facility. A549 cells were grown in Roswell Park Memorial

Institute Medium - 2% L-glutamine (RPMI-1640; Cat# R8758;

Sigma-Aldrich, St. Louis, MO, USA), HeLa cells were grown in

Dulbecco’s Modified Eagle Medium - high glucose (DMEM; Cat#

D6429; Sigma-Aldrich), MCF7 cells were grown in Minimum

Essential Medium - 2% L-glutamine (MEM; Cat# M4655; Sigma-

Aldrich), MDA-MB231 cells were grown in Dulbecco’s Modified

Eagle Medium – low glucose (DMEM; Cat# D6046; Sigma-Aldrich),

all supplemented with 10% fetal bovine serum (FBS; Cat#

CHA30160L; GE Healthcare Life Sciences, Pittsburgh, PA, USA),

1% penicillin/streptomycin (Cat# ECB3001D; Euroclone, Pero, MI,

Italy), and incubated in a humidified incubator at 37° C with

5% CO2.
Cell treatments and chemicals

For biochemical and immunofluorescence studies, cells were

seeded at a cell density of 7000/cm2 either into 10 cm dishes or onto

glass coverslips and treated with vehicle, dimethylsulfoxide

(DMSO), as control or Paclitaxel (Plx; Cat# T1912; Calbiochem,

Merck Millipore, Billerica, MA, USA) at the indicated doses, after

24 hours from seeding. Cell samples were taken at the indicated

time points, washed once in PBS (Cat# ECB4004LX; 10Euroclone)

and lysed with 5 volumes of lysis buffer (LB; 0.2% Igepal; 80 mM b-

glycerophosphate, 10 mM MgCl2, 20 mM EGTA, 250 mM NaCl;

Sigma-Aldrich) or fixed as described in Immunofluorescence

fixation and staining section. Lysates were incubated 30 min on

ice and then spun for 20 min at 13.200 rpm in a refrigerated

microcentrifuge (4°C; Eppendorf centrifuge 5424R). For cell

counting and viability assays, cells were seeded at 7000 cells/cm2

density. After 24 hours of incubation, one cell sample per cell type

was trypsinized, collected and resuspended in PBS and loaded into a

Bürker counting chamber, cells were counted manually under a

microscope for the Time 0 cell count. Other cell samples were

treated with either vehicle (DMSO) as control or with 2, 4 and 8 nM

Plx and incubated for 48 hours, then cells were trypsinized and

resuspended in PBS, mixed to an equal volume of Trypan Blue and

counted (Trypan Blue solution 0.4%; Cat# 15250061; Gibco -

Thermo Fisher Scientific, Waltham, MA, USA). Cell counting was

conducted manually under a microscope and cell viability was

determined by Trypan Blue exclusion.
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RNA interference

RNA interference via siRNAs was performed using

DharmaFECT 1 siRNA Transfection Reagent (Cat# T200103;

Dharmacon). For efficient knock-down cells were plated 24 hours

prior to treatment and transfected with 25 nM of non-targeting or

targeting siRNAs duplex using DharmaFECT 1, according to the

manufacturer’s protocol. DharmaFECT 1 and siRNAs were mixed

in RPMI-1640 medium and incubated at room temperature (rt) for

20 min, then, the mixture was added to the cells and incubated for

24 hours before Paclitaxel addition. Non-targeting or human cGAS-

targeting siRNAs (Non-Targeting SMARTpool Cat# L-009326-00-

0020; MB21D1-Targeting SMARTpool Cat# L-015607-02-0020)

were purchased from Dharmacon.
Immunoblotting

Immunoblotting was performed as described (16). Briefly,

samples were prepared by adding SDS loading buffer (Laemmli

sample buffer; Cat# 1610747; BioRad, MI, Italy) to lysates. Samples

were boiled for 10 min at 99°C before being separated on SDS-PAGE

(poly-acrylamide percentage spanning from 10 to 12%). Proteins

were blotted onto nitrocellulose membrane (Cat# GEH10600002; GE

Healthcare) using a wet-transfer system (Cat# EI0001;

ThermoFisher). Membranes were incubated with 5% not fat dry

milk (NFDM; Cat# A0830; AppliChem GmbH, DA, Germany) or 3%

bovine serum albumin (BSA; Cat# A7030; Sigma-Aldrich) in PBS or

TBS (tris buffered saline; Cat# T5912; Sigma-Aldrich) supplemented

with 0.01% Tween20 (Cat# P9416; Sigma-Aldrich; TPBS or TTBS,

respectively) for 1 hour at rt. Then, membranes were incubated with

primary antibodies, diluted in TPBS or TTBS, at 4°C overnight. After

washing twice with TPBS or TTBS, filters were incubated with

secondary peroxidase-conjugated antibodies, diluted in TPBS or

TTBS, for 1 hour at rt. Detection was performed using an

Enhanced ChemiLuminescence (ECL) kit (Cat# GEHRPN2106; GE

Healthcare). Blots were acquired using Canon CanoScan LiDE 300

scanner (Canon) and scanned at 300 dpi. Primary and secondary

antibodies used for immunoblotting are listed in Table 1.
Immunofluorescence

Cells were plated onto glass coverslips 24 hours prior to Paclitaxel

addition. After 48 hours Plx treatment, coverslips were briefly washed

in PBS and cells fixed with 4% paraformaldehyde (Cat# P6148; Sigma-

Aldrich) in PBS (Euroclone) for 10 min at rt. Cells were washed twice

with PBS and permeabilized with 0.25% Triton X- 100 (Cat# T9284;

Sigma-Aldrich) in PBS for 15 min. The permeabilization step was

omitted for PD-L1 immunofluorescence. Then, cells were washed once

with PBS and incubated with 3% bovine serum albumin (BSA; Sigma-

Aldrich) in PBS for 1 hour at rt. Coverslips were transferred into a

humidity chamber and incubated with primary antibodies in 1.5% (w/

v) BSA-PBS solution for 2 hours at rt, except for PD- L1

immunofluorescence for which incubation with primary antibody
Frontiers in Immunology 0352
was performed overnight at 4°C. After incubation, cells were washed

three times with PBS and incubated with fluorescently labelled

secondary antibodies, diluted in 1.5% BSA-PBS solution, for 1 hour

at rt. DNA was stained with Hoechst 33258 (1 mg/mL; Cat# 94403;

Invitrogen, Waltham, MA, USA) by incubation for 10 min. Finally,

cells were washed four times with PBS and slides mounted with

Mowiol 40-88 (Cat# 81381; Sigma-Aldrich). Primary and secondary

antibodies used for immunofluorescence are listed in Table 1.
Microscopy

Fixed cells were photographed using an inverted confocal

fluorescence microscope LSM 980 (Zeiss) equipped with a 63X/

1.4 oil objective (Zeiss). Representative images were obtained

collecting 5 Z-stack series. The acquisitions were deconvoluted

and projected into one plane using the ZEN3.1 software.
TABLE 1 Antibodies used in this study.

Antibodies Source Catalog
number

Primary

rabbit anti-cGAS Cell Signaling Technology,
Danvers, MA, USA

15102S

mouse anti-a-tubulin Sigma-Aldrich, St. Louis, MO,
USA

T9026

rabbit anti-phospho-
serine-366-STING
(p-S366-STING)

Cell Signaling Technology 50907S

rabbit anti-STING Cell Signaling Technology 13647S

rabbit anti-phospho-
serine-386-IRF3
(p-S386-IRF3)

Thermo Fisher Scientific,
Waltham, MA, USA

PA5-99387

rabbit anti-IRF3 Cell Signaling Technology 4302S

rabbit anti-phospho-
tyrosine-701-STAT1
(p-Y701-STAT1)

Cell Signaling Technology 9167S

rabbit anti-STAT1 Cell Signaling Technology 14994S

mouse anti-g-tubulin Sigma-Aldrich T5326;
Clone GTU-

88

rabbit anti-PD-L1 Cell Signaling Technology 15165S
86744S

Secondary

sheep anti-mouse IgG
HRP linked

GE Healthcare Life Sciences,
Pittsburgh, PA, USA

NA931

donkey anti-rabbit IgG
HRP linked

GE Healthcare NA934

goat anti-mouse IgG
Alexa Fluor 488

Thermo Fisher Scientific A11029

donkey anti-rabbit IgG
Alexa Fluor 594

Thermo Fisher Scientific A21207
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Results

Pxl treatment induces formation of cGAS-
positive micronuclei

It has been proposed that chromosome segregation defects in

chromosomally unstable cancer cells or upon treatment of cancer cells

with Taxanes can cause formation of cGAS-positive micronuclei and

activation of proinflammatory pathways (1, 15, 17). To investigate

potential immunomodulatory effects of the Taxane Pxl, we started

asking whether treatment with low doses of Pxl promoted formation of

cGAS-positive micronuclei in various cancer cell lines: lung

adenocarcinoma A549 cells, triple negative breast cancer (TNBC)

MDA-MB231 cells, hormone-responsive breast cancer MCF7 cells

and cervical cancer HeLa cells. We chose a low Pxl concentration

range, between 2 and 8 nM, because it is known that Pxl concentrates

within cells about 50 to 1000 folds, depending on the cell type, so that

after a 20-hour treatment with Pxl concentrations in the low nM range

in the cell culture medium, Pxl can reach intracellular concentrations

similar to those reached, in vivo, in tumor cells of patients treated with

Pxl infusions (5). In addition, since Pxl-induced micronucleation

requires passage through mitosis, we chose a treatment time of 48

hours since, under our experimental conditions, the cell doubling time

was approximately 22 hours for A549, 24 hours for HeLa, 27 hours for

MCF7 and 29 hours forMDA-MB231 in control cells (treated just with

dimethylsulfoxide, DMSO, vehicle; Supplementary Figure 1), so that by
Frontiers in Immunology 0453
48 hours all cell types had undergone mitosis at least once (1, 5).

Moreover, a 48-hour Pxl treatment had mostly a cytostatic effect at the

doses used in all cell lines tested, while cytotoxicity was relatively

modest since the highest drop of cell viability (measured by trypan blue

exclusion) was around 20% in MDA-MB231 cells treated with 8 nM

Pxl (Supplementary Figure 1).

Thus, to determine whether Pxl treatment promoted formation

of cGAS-positive micronuclei, the four cell lines were treated with

vehicle, as control, or with 4 nM Pxl for 48 hours and the presence

of cGAS-positive micronuclei assessed by immunofluorescence (IF;

Figure 1). In all cell lines tested, including MDA-MB231 that are

very genetically unstable and show a higher basal level of cGAS-

positive micronuclei, Pxl treatment strongly increased the number

of cells with cGAS-positive micronuclei (Figure 1).

Chromatin bridges that form during altered mitosis exit

induced by Pxl have also been shown to recruit cGAS and

activate the cGAS-STING pathway involved in activation of cGAS

(17). We also found evidence of Pxl-induced cGAS-positive

chromatin bridges under our experimental conditions (an

example is shown in Supplementary Figure 2).

Pxl induces a proinflammatory cascade in
cancer cells

Next, we analyzed whether Pxl treatment led to activation of a

proinflammatory cascade in cancer cells. To this end we analyzed
FIGURE 1

Pxl increases cGAS-positive micronuclei formation. A549, MDA-MB231, MCF7 and HeLa cells were treated for 48 hours with either vehicle (DMSO)
as control or Pxl (4 nM), fixed and processed for indirect immunofluorescence (IF) staining for the indicated antigens. Representative IF images are
shown. Scale bar: 5 mm. Lower graphs show a quantitation of cGAS-positive micronuclei (error bars refer to variability within three independent
experiments; around 200 cells were scored for control and Pxl treatment per experiment).
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the phosphorylation status of STING at serine 366 (S366), a site

known to be phosphorylated by TBK1 and required for further

activation of IRF3, and the STING-TBK1-dependent, activating,

phosphorylation of IRF3 at serine 386 (S386) upon treatment of

A549, MDA-MB231, MCF7 and HeLa cells with increasing doses of

Pxl in the low nanomolar range (2, 4 and 8 nM; Figure 2) (18, 19).

Indeed, the Pxl treatment induced S366-STING and S386-IRF3

phosphorylations in all cell lines (Figure 2). The phosphorylated

forms of STING and IRF3 tended to decline at 8 nM relatively to 4

nM Pxl treatment (Figure 2; see quantitative graphs of the

phosphorylated forms). We do not have an exact explanation for

this phenomenon, but we believe that it may possibly indicate that

negative feedbacks, that attenuate excess proinflammatory signals,

are initiated at the highest Pxl concentration (20).
Pxl upregulates STAT1 phosphorylation as
well as cGAS and PD-L1 protein levels in
cancer cells

Following IRF3 activation, IFN type 1 genes are potently

transcribed and IFN proteins produced and secreted (21). IFNs

activate the JAK/STAT signaling cascade and phosphorylation of

STAT1 at tyrosine 701 (Y701) is a hallmark of IFN pathway

activation (22). Moreover, IFN and cGAS have been shown to be
Frontiers in Immunology 0554
linked by positive feedback loops in which cGAS-dependent IFN

induction further stimulates cGAS expression (23). In addition to

the innate immunity-promoting action of cGAS, also recruitment of

cytolytic CD8 T cells in the tumor microenvironment has been

shown to be very dependent on cGAS activity (24). Considering that

Pxl has also been shown to upregulate MHC class I, these effects of

Pxl treatment may, indeed, strongly favor antitumor adaptive

immunity (14).

Nevertheless, several lines of evidence also link the cGAS-

STING pathway, STAT1 activation and IFN signaling to the

upregulation of the expression of the immune checkpoint protein

PD-L1 in cancer cells as well in cells of the immune system (25, 26).

Thus, if the Pxl-activated cGAS/STING pathway would increase

PD-L1 expression in cancer cells, this might promote, on the other

hand, cancer cell escape from surveillance by the adaptive immune

system (25, 26).

We thus asked whether Pxl treatment led to Y701-STAT1

phosphorylation and upregulated cGAS and PD-L1 protein levels.

To this end, A549, MDA-MB231, MCF7 and HeLa cells were

treated for 48 hours with low doses of Pxl and the levels of

phosphorylated Y701-STAT1 (p-Y701-STAT1) and of cGAS and

PD-L1 protein analyzed (Figure 3A). Indeed, in all cell lines tested

Pxl induced Y701-STAT1 phosphorylation, marker of IFN pathway

activation, and significantly upregulated cGAS and PD-L1

expression (Figure 3A). In addition, Pxl treatment induced a
FIGURE 2

Pxl induces activating phosphorylations of STING and IRF3. A549, MDA-MB231, MCF7 and HeLa cells were treated for 48 hours with either vehicle
(DMSO; 0 nM Pxl) or the indicated doses of Pxl (2, 4, 8 nM), lysed and proteins probed for the indicated antigens (the blots shown are representative
of three independent experiments giving similar results). Lower graphs show a quantitation of optical density values of the phosphorylated STING
and IRF3 signals normalized to the optical density values of the relative total protein signal.
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substantial increase of PD-L1 at the cell surface in all cell types, as

shown by PD-L1 immunofluorescence of non-permeabilized

cells (Figure 3B).
Pxl-induced upregulation of STAT1
phosphorylation and PD-L1 protein levels
is cGAS-dependent

We asked whether Pxl-induced upregulation of STAT1

phosphorylation and of PD-L1 expression were mediated by the

cGAS/STING pathway. To this end, MDA-MB231 cells were

treated with non-targeting (NT-siRNAs) or cGAS-targeting small
Frontiers in Immunology 0655
interfering RNAs (cGAS-siRNAs) 24 hours before Pxl (4 nM) or

vehicle (Pxl 0 nM; as control) addition, then, cells were taken after

further 48 hours incubation (Figures 4A, B). The siRNAs treatment

resulted in more than 90% downregulation of the cGAS protein

expression in cGAS-siRNA-treated cells compared with NT-

siRNAs-treated cells (Figure 4A). Moreover, induction of Y701-

STAT1 phosphorylation as well as the increase of PD-L1 protein

expression induced by Pxl in control (NT-siRNA-treated) cells were

completely blunted in the cGAS-downregulated (cGAS-siRNA-

treated) cells, while the levels of total STAT1 protein were not

affected by cGAS downregulation (Figure 4B). Similar results were

obtained by downregulating cGAS expression in A459 cells under

similar treatment conditions as described for MDA-MB231 cells
A

B

FIGURE 3

Pxl upregulates STAT1 phosphorylation and cGAS and PD-L1 protein levels in cancer cells. (A) A549, MDA-MB231, MCF7 and HeLa cells were treated
for 48 hours with either vehicle (DMSO; 0 nM Pxl) or the indicated doses of Pxl (2, 4, 8 nM), lysed and proteins probed for the indicated antigens (the
blots shown are representative of three independent experiments giving similar results). (B) A549, MDA-MB231, MCF7 and HeLa cells were treated
for 48 hours with DMSO (Control) or 8 nM Pxl (Pxl). Cells were fixed and processed for indirect PD-L1 immunofluorescence and DNA staining. Scale
bar: 5 mm.
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(Figure 4C). These data indicate that IFN pathway activation and

upregulation of PD-L1 protein in cancer cells treated with Pxl are

indeed cGAS-dependent.
Discussion

Recent evidence suggests that MTAs like Taxanes are efficient

anticancer drugs because, in addition to directly kill cancer cells, they

induce a proinflammatory response that may strongly contribute to

their therapeutic effects (1, 14, 17, 27). By upsetting chromosome

segregation and producing micronuclei or DNA bridges, Taxanes

ultimately activate the cGAS/STING pathway that helps killing

cancer cells through several inflammation-dependent mechanisms,

including induction of higher sensitivity to apoptosis and increased

recruitment of anticancer adaptive immunity (17, 25, 28). Indeed, the

proinflammatory effects of Taxanes have stimulated the idea that

their combination with ICIs could improve the therapeutic outcome.

In fact, several clinical trials have shown some benefit from this

therapeutic combination (27, 29, 30).

Our data from cancer cell cultures confirm, indeed, that Pxl

promotes a cGAS-STING pathway-dependent proinflammatory
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cascade, but they also show that Pxl treatment induces a strong

upregulation of the PD-L1 protein in cancer cells in a cGAS-STING

pathway-dependent manner (see Figures 3, 4). These observations

are consistent with the view that negative feedbacks regulate the

inflammatory response and with notion that the inflammatory

response may have opposite effects on cancer development (20,

31). Indeed, the upregulation of PD-L1 expression by cancer cell is

believed to substantially contribute to cancer cell resistance to

immunosurveillance and to promote cancer cell growth and

migration in an auto/paracrine manner as well (32). In addition,

our data indicate that micronucleation, activation of a

proinflammatory cascade and PD-L1 upregulation are induced by

very low doses of Pxl (see Figures 1–3).

On the basis of these findings, we believe that combination

therapy of Pxl, and possibly its derivatives, with ICIs should be

tailored in way that takes into account that low doses of Pxl are

indeed sufficient to induce a proinflammatory cascade, so that even

poorly inflamed, “cold”, tumors can be turned into “hot” tumors

increasing the recruitment of immune cells in the tumor

microenvironment, but at the same time low Pxl doses are as well

able to upregulate immune checkpoint proteins like PD-L1 that

would, on the contrary, block adaptive immunosurveillance (33–
A

B

C

FIGURE 4

Pxl induction of STAT1 phosphorylation and PD-L1 upregulation require cGAS. (A, B) MDA-MB231 cells were treated with non-targeting (NT-siRNAs)
or cGAS-targeting small interfering RNAs (cGAS-siRNAs) 24 hours before vehicle (DMSO; 0 nM Pxl) or Pxl (4 nM) addition, then, cells were taken
after further 48 hours incubation. (A) The siRNAs treatment resulted in more than 90% downregulation of the cGAS protein expression in cGAS-
siRNA-treated cells compared with NT-siRNAs-treated cells. (B) Lysates of NT-siRNA- or cGAS-siRNA-treated cells treated with vehicle (DMSO; 0
nM Pxl) or Pxl (4 nM) were probed for the indicated antigens. (C) A549 cells were treated with non-targeting (NT-siRNAs) or cGAS-targeting small
interfering RNAs (cGAS-siRNAs) 24 hours before Pxl (4 nM) addition. Cells were further incubated for 48 hours, then, lysed and proteins probed for
the indicated antigens. The blots shown are representative of three independent experiments giving similar results.
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35). In addition, although Taxanes have been shown to upregulate

MHC molecules and reduce immunosuppressive T regulatory cells,

thus favoring anticancer adaptive immunity, like other

chemotherapeutic drugs, they are strongly myelosuppressive and

may cause overall lymphopenia (36).

Indeed, the Taxane/ICI combination therapy has been already tested

in clinic and appears to result in beneficial effects (29, 30, 37, 38).

Nevertheless, based on our findings, we would like to propose that the

combination therapy may require further testing in terms of Taxane

dosing and scheduling relatively to the ICI treatment in clinical trials to

further improve clinical benefit (33–35, 39). In particular, we would like

to propose that combination therapies with Pxl, and possibly its

derivatives, and ICIs, especially anti PD-L1/PD targets, should be

approached first by a low dosage, rather than near to maximum

tolerated, Pxl regimen in order to render “hot” the tumor

microenvironment and to “prime” cancer cells for a sequential, rather

than concurrent, treatment with ICIs (see Figure 5) (14, 15, 27, 35, 39). In

addition, our data further support the evaluation of cGAS levels as a

biomarker, that could bemore technically reliable than evaluation of PD-

L1 itself, to predict beneficial effects of an ICI adjuvant treatment when

Pxl and derivatives are used in neodjuvant setting (40).
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FIGURE 5

A scheme to potentiate Pxl + ICI combination therapy. Low Taxane dose induces micronucleation and cytosolic exposure of DNA. The following
cGAS-STING pathway activation leads to release by cancer cells of proinflammatory signals that render “hot” the tumor microenvironment and help
recruitment of cytotoxic T cells. At the same time, however, the cGAS-STING pathway leads to the upregulation of PD-L1 expression in cancer cells
that inhibits T cell activation. The sequential treatment with ICIs unlocks the cancer cell killing potential of T cells.
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Immunotherapy is widely regarded as a promising treatment for cancer. However,

the immune effector phase suppression of tumor microenvironment (TME) and the

generation of immune-related adverse events limit its application. Research

indicates that sonodynamic therapy (SDT) can effectively activate antitumor

immunity while killing tumor cells. SDT produces cytotoxic substances of tumors,

and then cell apoptosis and immunogenic death occur by selectively activating the

sonosensitizer under ultrasound. In recent years, various SDT alone as well as SDT in

combination with other therapies have been developed to induce immunogenic cell

death (ICD) and enhance immunotherapy. This paper overviews the research

progress of SDT and nanotechnology in recent years, including the strategies

involving SDT alone, SDT-based synergistic induction of antitumor immunity, and

immunotherapy based on SDT for multimodal immunotherapy. Finally, the

prospects and challenges of these SDT-based therapies in cancer immunotherapy

are discussed.

KEYWORDS

sonodynamic therapy (SDT), immunogenic cell death, cancer immunotherapy,
nanoplatforms, tumor therapy
Abbreviations: TME, Tumor microenvironment; irAEs, Immune-related adverse events; SDT, Sonodynamic

therapy; PDT, Photodynamic therapy; CDT, Chemodynamic therapy; ICD, Immunogenic cell death; CTL,

Cytotoxic lymphocyte; TAAs, Tumor-associated antigens; ROS, Reactive oxygen species; CRT, Calreticulin;

ATP, Adenosine triphosphate; DAMPs, Damage-associated molecular patterns.
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1 Introduction

In recent years, immunotherapy, as a new generation of

anticancer therapy, has developed rapidly in clinical application,

especially checkpoint blockade immunotherapy and chimeric

antigen receptor T-cell immunotherapy, which has led to the

significant development of clinical research direction (1, 2).

Unlike traditional treatment methods, immunotherapy adjusts

and strengthens the antitumor effect and produces a therapeutic

effect to mobilize the body’s immune function. Under physiological

conditions, the immune system can recognize tumor antigens and

attack tumor cells with the help of immune adjuvants. However,

with the tumor progressed and an immunosuppressive tumor

microenvironment (TME) established, immunotherapy failed to

drive an efficient immune response (3). As a result, only a few

patients have proven to respond to immunotherapy, and adverse

immune-related adverse events are often triggered during

treatment. Therefore, enhancing the immune reactivity of tumor

sites is of great significance for enhancing antitumor immunity.

Induction of local immunogenic cell death (ICD) in tumor areas

can transform low immunogenicity into high immunogenicity,

which is an effective strategy to potentiate antitumor immunity.

After some physical or chemical stimulation, tumor cells can

transform low immunogenicity into high immunogenicity, which

is an effective strategy to potentiate antitumor immunity (4–6). The

host immune response can be reactivated by stimulating the

antitumor immune effect, resulting in a better therapeutic effect

and prognosis, which is of great significance to improving the

prognosis and prolonging the survival of patients.

At present, more and more research has proven that antitumor

immunity can be triggered under multiple treatments, such as

chemotherapy, radiotherapy, photodynamic therapy (PDT), and

sonodynamic therapy (SDT) (7–10). However, chemotherapy and
Frontiers in Oncology 0260
radiotherapy inevitably cause damage to normal tissues, and the

phototoxicity and low penetrability of PDT limit its further

application. SDT is an emerging cancer treatment based on PDT

(11). Similar to PDT, SDT can also be used as an effective cancer

vaccine for antitumor therapy (12–14). SDT is a safe and noninvasive

local treatment that can selectively kill tumor cells under ultrasound

irradiation and cause minor damage to adjacent normal tissues (15–

17). The penetration depth in soft tissues can reach tens of centimeters

(18, 19), and has excellent potential for inducing immunogenicity and

activating antitumor immunity in deep tumor therapy (20, 21).

SDT effectively induces and releases the tumor-associated antigens

(TAAs) and damage-associated molecular patterns (DAMPs), thereby

activating inflammatory responses in TME and draining lymph nodes

(dLNs), inducing systemic antitumor immunity and immune memory,

and inhibiting tumor growth and recurrence (Figure 1) (22, 23).

However, cancer immunotherapy based on SDT is insufficient to

achieve satisfactory therapeutic effects. Therefore, designing

an effective combined treatment strategy for SDT-driven

immunotherapy is necessary.

SDT is considered a promising strategy for immune cancer

treatment. Combining SDT or SDT-based multimodal therapy

with immunotherapy plays an essential role in antitumor

immunotherapy (24). In this review, we will discuss the mechanisms

of SDT-driven immunotherapy, and then provide an overview of the

strategies involving SDT and SDT in combination with other therapies

for immune therapy (Figure 2). Finally, we conclude with a brief

overview of the limitations and future of SDT.

2 Main mechanism of SDT
induction ICD

SDT has a direct killing effect on tumor cells. To date, the

potential mechanisms of SDT have not been fully elucidated.
FIGURE 1

Process of Immunogenic Sonodynamic Therapy in tumor immunotherapy (Created with BioRender.com).
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Conventional mechanisms have been accredited that reactive

oxygen species produced by sonosensitizers and the cavitation

effect induced by ultrasound irradiation act mainly during SDT

(25). Activate the enriched sonosensitizer in the local disease site

under ultrasound, thereby generating reactive oxygen species

(ROS). Extreme oxidative properties stimulate biochemical

reactions, including reduced intracellular mitochondrial

membrane potential, DNA fracture, cytoskeletal contraction, and

chromatin condensation, which causes irreversible damage to

tumor cells (26). At the same time, the ultrasound-mediated

cavitation effect causes the bubbles in the fluid to contract and

expand periodically with ultrasound, which can enhance the

permeability of the adjacent cell membrane. The generation of

sharp shock when the bubbles undergo rupture can cause

mechanical damage to the cells (27).

SDT induces tumor cell death, such as apoptosis and necrosis, and

promotes the exposure and release of TAAs, enhancing tumor cells’

antigenicity. At the same time, SDT also generates a series of adjuvant-

like signaling molecules, namely DAMPs, including calreticulin (CRT)

exposed on the cell surface, high mobility group protein 1 (HMGB1)

secreted out tumor cells, adenosine triphosphate (ATP) and heat shock

proteins (HSP70, HSP90) released by cells. Coordination of TAAs with

DAMPs is necessary to recruit and mature antigen-presenting cells

such as dendritic cells (DCs). Exposure or release of DAMPs can be

recognized by pattern recognition receptors (PRRs) on the DC cell

surface, facilitating DCs recruitment and enhancing the uptake of

tumor antigens, initiating a series of cytological responses and

ultimately activating antitumor immune responses.

During traditional antitumor treatment, tumor cell apoptosis causes

intracellular components to become hypoimmunogenic by activating

apoptotic executioner caspase-3 to prevent autoimmunity. Meanwhile,

DAMPs exposed to the microenvironment are subject to oxidative
Frontiers in Oncology 0361
degradation and thus lose immunogenicity. Interestingly, partial cell

death became more immunogenic during this treatment process by

affecting necrosis or necrosis-like cell death (28). Necrosis is considered

an inherently immunogenic form of cell death. The disintegration of the

plasma membrane induced inflammatory response and antitumor

immunoreaction. SDT has the potential to activate cell immunogenic

death events. Due to DAMPs released without exposure to harsh

conditions that lead to oxidation and proteolysis, the immunogenicity

of DAMPs will not be significantly affected.

Hydrophobic sonosensitizers generally preferentially

congregate in the hydrophobic inner layers of the plasma

membrane, nucleus, endoplasmic reticulum, or mitochondrial

membrane. During the ultrasound, the activated sonosensitizer

degrades the plasma membrane by lipid peroxidation, thereby

leaking intact or less denatured DAMPs to reverse

hypoimmunogenicity. Notably, ROS produced can kill tumor

cells, trigger endoplasmic reticulum pressure, and damage

mitochondria. Endoplasmic reticulum oxidative stress can

promote the high expression of CRT and HSPs. The destruction

of mitochondria can promote the secretion of ATP and HMGB1.

ICD outcomes have generally been accepted to correlate positively

with ROS levels. Besides, the cavitation effect of ultrasound can also

cause cell membrane cleavage and release of immunogenic DAMPs.

Interestingly, it has been proved that ultrasonic cavitation can

enhance the rate of ROS production and ICD induction (29, 30).

In recent years, several studies related to SDT have demonstrated

that SDT induces immunogenic death of tumor cells as an “in situ

vaccine” that activates the body’s immune response against tumors

and has been verified in vitro and in vivo (31–33).
3 Strategies

3.1 SDT for ICD induction

Several studies have confirmed that SDT can transform the

non-immunogenic “cold” TME into a “hot” TME under the effect of

ultrasound, which helps to enhance the effect of antitumor immune

response (Table 1) (53, 54).

3.1.1 Ultrasonic cavitation enhanced ICD
However, the efficiency of SDT-induced ICD generation

remains a limitation. During apoptosis, the immunogenicity of

TAAs and DAMPs is inhibited by protein kinase 3 (RIPK3). To

improve the immunogenicity of SDT-triggered cell death, Parkp

et al. (33) prepared a phase-change nano-sonosensitizer PFP@PEG-

CMD-Ce6 (NBs) complex, which was able to cause tumor cell

necrosis through bubble mediated cell membrane rupture, but not

trigger RIPK3-dependent necrotizing apoptotic through the process

of SDT. The expression of HMGB1 in cells was analyzed by

Western blot and flow cytometry in vitro. The results showed that

cancer cells treated with NBs released biologically active DAMPs

compared to NPs. The results suggest that cell death induced by

ultrasonic cavitation is more immunogenic. Similarly, Yuan et al.

(34) constructed LIP-PFH phase-change nanoparticle-mediated
FIGURE 2

Schematic representation of SDT for inducing immunogenic cell
death and potentiating cancer immunotherapy (Created with
BioRender.com).
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SDT to enhance the antitumor immune response by inducing ICD

in breast cancer. These results suggest that ultrasonic cavitation-

induced cell death is more immunogenic. Further, to amplify the

cavitation-enhanced ICD effect, Zhang et al. (29) constructed a

nano-sonosensitizer (MON-PpIX-LA-CO2) with a continuous

cavitation function. L-arginine (LA) has a good function of

adsorption/desorption of CO2. These complexes can continuously

release CO2 and induce ultrasound-triggered inertial cavitation

(UIC) under ultrasound irradiation. That is conducive to

producing abundant ROS, thus successfully inducing robust ICD,

more antigen exposure, and presentation enhanced DCs maturation

and more activated effector CD8+ T cell infiltration in vitro. The

results suggest that this strategy of ultrasonic cavitation-enhanced

SDT-induced ICD successfully converts the “cold” TME into a

“hot” one with significantly enhanced suppressive effects in primary

and metastatic tumors.
Frontiers in Oncology 0462
3.1.2 Remodeling the undesirable TME
The TME, such as pH, glutathione (GSH), growth factors, oxygen

levels, and immune cells, are closely related to the effect of SDT-

induced antitumor therapy. Overcoming the hypoxic

microenvironment is necessary to enhance the SDT immune

response (35, 55). The breakdown of endogenous H2O2 to O2 using

H2O2 catalysts has been recognized as an effective strategy to alleviate

tumor hypoxia and improve the efficacy of cancer therapy. Zhang et al.

(56) constructed an in situ microenvironmental nano-regulator that

can act as an in situ oxygen generator and macrophage transducer.

LMWHA-MPB has excellent peroxidase activity and generates O2 to

alleviate tumor hypoxia through the catalytic breakdown of

endogenous hydrogen peroxide (H2O2). In addition, LMWHA-MPB

can remodel the phenotype of tumor-associated macrophages (TAMs)

after being taken up byM2macrophages (pro-tumorM2! antitumor

M1). Improving the TME inhibited 4T1 tumor proliferation and
TABLE 1 Main strategy and characterizations of the sonodynamic therapy.

Therapy Nanoparticles Characterizations Model Refs.

SDT HiPorfin (HPD) Immunogenic sonodynamic therapy Hep3b/H22/S180 (14)

FA-MnPs Stronger penetration ability of ultrasound 4T1 (21)

PFP@PEG-CMD-Ce6 (NBs) Ultrasound-triggered inertial cavitation (UIC) CT26 (33)

LIP-PFH Ultrasound-triggered inertial cavitation (UIC) 4T1 (34)

MON-PpIX-LA-CO2 Ultrasound-triggered inertial cavitation (UIC) 4T1 (35)

LMWHA-MPB Catalyzing H2O2 to produce oxygen 4T1 (30)

HABT-C@HA Catalyzing H2O2 to produce oxygen 4T1 (36)

PALF Reducing oxygen consumption 4T1 (37)

Mn-MOF Relieve tumor hypoxia and decrease GSH 4T1 (38)

SDT+Chemotherapy DTX/X-NPs Delivery oxygen enhance immunity B16F10 (39)

CS–Rh–PFC Delivering O2 to tumor sites B16F10 (40)

Lipo-Ce6/TPZ@MH Tumor microenvironment response B16F10 (20)

SDT+CDT PEGylated CoFe2O4 nanoplatforms (CFP) Catalyzing H2O2 to produce oxygen 4T1 (41)

SDT+Gas therapy PIH-NO Delivering O2 to tumor sites 4T1 (42)

N@CAu-BMSNs Enhanced tumor-targeting ability 4T1 (43)

SDT+PTT ZrO2-x@PEG/cRGD (ZPR) Photothermal-augmented SDT 4T1 (44)

SDT+PDT PARN Difunctional sono-/photo-sensitizers B16/Hela (45)

SDT+PDT+PTT g-C3N4/Ce6 Difunctional sono-/photo-sensitizers 4T1 (46)

SDT+PDT+chemotherapy OIX_NPs Delivering O2 to tumor sites ID8 (47)

SDT+Immunotherapy TiO2-Ce6-CpG+aPD-L1 Combination with adjuvants Hepa1-6 (48)

HMME/R837@Lip+aPD-L1 Combination with adjuvants and checkpoint blockade 4T1/CT26 (49)

PEG-CDMaPD-L1/Ce6 Combination with checkpoint blockade B16F10 (50)

PFCE@THPPpf-COPs+antiCD47 Combination with checkpoint blockade CT26 (51)

SCN@B16F10M/PEG-aPD-L1 Combination with checkpoint blockade B16F10 (52)
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metastasis, effectively. Liu et al. (36) constructed a cascade enzyme-

based platform (HABT-C@HA) to regulate hypoxia and

immunosuppressive factors in TME. The excellent enzyme cascade

reaction of HABT-C@HA was utilized to achieve continuous O2

production and abundant ROS generation, effectively overcoming

hypoxic TME at tumor sites and enhancing the therapeutic effect.

The RNA-seq results revealed that HABT-C@HA+US activated

immune response and down-regulated MPP2, BHLHE40, and other

negative related factors, which improved immune infiltration and

reversed breast tumor immunosuppression.

In contrast, reducing oxygen consumption in tumor cells is also

a strategy to alleviate tumor hypoxia. Dai et al. (37) constructed a

metallic-phenol network-based nano-complex embedded with

lactate oxidase (LOX) and atovaquone (ATO), a mitochondrial

respiration inhibitor. The nano-complex reversed the tumor’s

immunosuppressive state by inhibiting mitochondrial respiration

and assisting the lactate depletion process for alleviating tumor

hypoxia and acidic TME. It exhibited effective immunostimulatory

properties under US irradiation, such as releasing inflammatory

factors (i.e., TNF-a, IL-6, IL-12), decreasing polarization of M2

macrophages, and increasing infiltration of activated T cells into

tumor tissue, achieving a characteristic enhancement of SDT and

inhibiting tumor proliferation and metastasis.

In addition to hypoxia, SDT is also severely limited by high

glutathione (GSH) in TME. To improve the efficacy of SDT-

induced antitumor immune response, Gan et al. (38) constructed

a manganese porphyrin-based metal-organic framework. Mn-MOF

exhibited peroxidase-like and GSH-lowering activities in vitro.

Upon effective internalization into cancer cells, Mn-MOF

catalyzed the generation of O2 from tumor-overexpressed H2O2

to alleviate tumor hypoxia. Meanwhile, Mn-MOF reduced

intracellular GSH content and GPX4 activity. In addition, Mn-

MOF reduced the number of bone marrow-derived suppressor cells

in tumor tissues by increasing the number of activated CD8+ T cells

and mature dendritic cells. Thus, research suggests that it has strong

anticancer and antimetastatic activities in the in vivo treatment of

H22 and 4T1 tumor-bearing mouse models.
3.2 SDT-based synergistic induction ICD

Although SDT is widely used for anticancer immunity, it still

has some limitations, which are insufficient to elicit a robust

immune response. Recently, multiple combination therapy

strategies have been used to improve the efficiency of SDT. SDT-

based synergistic induction of anticancer immunity is a

potential strategy.

3.2.1 SDT combined with chemotherapy for
ICD induction

Studies proved that chemotherapeutic drugs, including

doxorubicin, oxaliplatin, cyclophosphamide, and paclitaxel, can also

promote ICD in tumor cells and elicit host immune responses (53, 54).

Chemo-SDT synergistic has produced a more excellent antitumor
Frontiers in Oncology 0563
immune response than SDT alone. For instance, Zhai et al. (39)

created a multi-responsive drug release nanoplatform (DTX/X-NPs)

that enabled the release of the docetaxel DTX loaded with the cross-

linked sonosensitizer chlorin e6 (Ce6) via redox/enzyme/ultrasound

responsive for combined chemo-sonodynamic to initiate antitumor

immune responses. Cytotoxic lymphocyte (CTL) infiltration increased

in the TME following Chemo-SDT compared to the CTL percentage

in the SDT group, and the CTL percentage increased by 1.3%. In

addition, both SDT-NPs and Chemo-SDT treatment increased INF-

expression, with a more pronounced treatment trend for Chemo-SDT.

The aforementioned experimental findings show that chemo-SDT

improves immune activation and the effectiveness of fighting in-situ

cancers vs. metastasis.

The relationship between hypoxic tumor tissue and sustained

oxygen depletion severely hampers the antitumor effect of oxygen-

dependent Chemo-SDT. To enhance the Chemo-SDT antitumor

immune response, Zhai et al. (40) designed a novel redox/

ultrasound-responsive oxygen-carrying nanoplatform (CS–Rh–PFC).

The CS–Rh–PFC encapsulated sonosensitizer Rhein (Rh),

chemotherapeutic medication docetaxel (DTX) and perfluorocarbon.

PFC transports oxygen and raises the oxygen concentration of B16F10

melanoma cells, finally enhancing the effectiveness of Chemo-SDT-

induced ICD. Notably, DTX-loaded CS-Rh-PFC NPs elicited more

“eat-me” signals and had higher CRT exposure on B16F10 cells.

Increased secretion of IFN-g, TNF-a, IL-2, and IL-6 cytokines and

increased levels of CD4+ and CD8+ T cells infiltrating the tumor after

treatment suggested that immunogenic chemotherapy-ultrasound

kinetic treatment based on oxygen-carrying nanoparticles could

significantly activate the immune system.

Utilizing the particular hypoxic tumor environment for SDT

combined with hypoxia-induced chemotherapy is also an effective

strategy. Wang et al. (20) constructed a biomimetic decoy, loaded

the sonosensitizer Ce6 and hypoxia-activated tirapazamine (TPZ)

in pH-sensitive liposomes, and fused them with PLT and RBC

membranes to produce lipid Ce6/TPZ@MH. Ce6 generates toxic

ROS upon US irradiation, and the resulting hypoxia

microenvironment activates TPZ for high-effective synergistic

therapy. SDT combined with hypoxia-induced chemotherapy

induces ICD synergistically, releasing the DAMPs (including

CRT, HMGB1, etc.) and successfully promoting antitumor

immunotherapy. Meanwhile, Lipo-Ce6/TPZ@MH decoys

maintain binding interactions with high levels of HMGB1 to

prevent platelet-mediated tumor metastasis. Combined treatment

with SDT and hypoxia-activated TPZ shows excellent potential in

eliminating tumors in situ and inhibiting lung metastasis

from melanoma.

3.2.2 SDT combined with other therapy
for ICD induction

In addition, several other combination therapy modalities have

been explored for synergistic induction of ICD, such as gas therapy,

photothermal therapy (PTT), PDT, chemodynamic therapy (CDT),

etc. Gas therapy delivers gases, e.g., carbon monoxide (CO) and

nitric oxide (NO), to tumor sites to relieve and treat disease. Liu
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et al. (43) developed an ultrasound-driven biomimetic nanosystem

(N@CAu-BMSNs) to verify whether SDT/CO gas therapy could

trigger burst ICD. In this study, the expression of CRT, as a

biomarker during ICD, in 4T1 cells after N@CAu-BMSN

treatment was detected. Compared to the control group, N@cau-

BMSN+US-treated 4T1 tumor cells could more effectively increase

CRT expression in vitro and in vivo. In addition, effective immune

response and long-term immune memory were achieved by

combining with indoleamine 2,3-dioxygenase (IDO) signaling

blockade. Based on SDT/Gas therapy and IDO signaling

inhibition may be promising strategies to prevent tumor

recurrence and lung metastasis in future clinical translation. Ji

et al. (42) designed a US-responsive oxygen and NO-loaded

sonosensitive nanoparticle (PIH-NO) for combined SDT/NO gas

therapy. The effectiveness of sensitization was validated on the

breast cancer model in vitro and in vivo. PIH-NO preferentially

accumulates in mitochondria, and the burst release of O2 and NO

under US treatment simultaneously generates large amounts of

ROS and RNS, enhances SDT to inhibit tumor growth, and

amplifies ICD. Furthermore, PIH-NO promoted the maturation

of DCs and caused the clustering of M2 macrophages to M1

pheno t yp e , r e du c ed MDSC r e c r u i tmen t , r e v e r s e d

immunosuppression of TME in vivo, and enhanced immune

response. Studies have demonstrated that O2-enhanced SDT

combined with NO treatment induces and amplifies ICD,

triggering an antitumor immune response.

Most photosensitizers, such as Rose Bengal (RB), Ce6, and

indocyanine green (ICG), are also sensitive to ultrasound. Liu et al.

(45) designed a nano-sonosensitizer (PARN) consisting of difunctional

sono-/photo-sensitizers (RB) for SDT combined with PDT, which has

a good immune activating antitumor effect and a favorable prognosis.

Chen et al. (46) developed a metal-free g-C3N4/Ce6 nanohybrid.Metal-

free g-C3N4 nanosheets loaded with Ce6 as a dual-function photo/

sonosensitizer. Under ultrasound andNIR irradiation, the g-C3N4/Ce6

nanoplatform significantly combines PDT and SDT with pronounced

antitumor effects. More importantly, the photothermal greatly

promotes immunoreaction, significantly enhancing long-term

immune responses and inhibiting tumor recurrence in 4T1 tumor-

bearing mice. Chang et al. (47) prepared phase-changeable core-shell

nanoparticles (OIX_NPs) with an oxygen-carrying core and the

photosensitizer indocyanine green (ICG)/oxaliplatin (OXP) in the

shell for PSDT (SDT/PDT) combined with chemodynamic therapy

for ovarian cancer. This combined strategy can induce ICD through the

passive release of HMGB1 and promote surface exposure of CRT. In a

bilateral syngeneic mouse model, OIX_NPs mediated PSDT promoted

infiltration of cytotoxic T lymphocytes within the tumor, inhibiting the

primary tumor and the growth of distant tumors. The study suggests

that PSDT combined with chemodynamic therapy is an effective

therapeutic strategy to induce systemic antitumor immunity.

Similar to PDT, noninvasive PTT converts light into heat. PTT

is based on near-infrared light (NIR-II) absorption-mediated

photothermal conversion therapy. It has been shown that mild

PTT could alleviate the hypoxic conditions in the tumor region and

facilitate SDT-mediated ROS generation (59). Xue et al. (44)
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developed an oxygen-deficient zirconia-based nanoplatform with

surface PEGylation and cyclic-Arg-Gly-Asp (cRGD) peptide

functionalization (ZrO2-x@PEG/cRGD, ZPR). It successfully

induces ICD and promotes the photothermal enhancement of

SDT antitumor effects in the NIR-II biological window. Upon

confocal microscopy, SDT/PTT enhanced the CRT expression of

ZPR+L/US. Compared with the control group, the intracellular

CRT level in the ZPR+L/US group increased about 1.86-fold

compared with the ZPR+US group, while the HMGB1 release

decreased by about 55.7% and the intracellular ATP level

decreased by about 60.5%, which was consistent with the

extracellular decrease level. Overall, ZPR NPs promoted the ICD

more significantly under NIR-II/US irradiation due to the crud-

based ligand anchoring effect.

CDT utilizes Fenton or Fenton-like reagents (typically Fe2+/3+) to

catalyze excess H2O2 producing high ROS that kill tumor cells and

have been shown to trigger ICD (58, 60). Xue et al. (41) synthesized a

bioreactor PEGylated CoFe2O4 (CFP) for augmented SDT/CDT and

elicit robust immune response by a typical solvothermal method. CFP

is a novel and efficient SDT sonosensitizer with peroxidase-like

activity, which can react with endogenous hydrogen peroxide to

generate molecular oxygen. High O2 levels may promote 1O2

production during SDT. Besides, the fenton-like reaction can be

produced by the Co2+/3+ and Fe2+/3+ redox pair by CoFe2O4 to

produce ROS for CDT. The therapeutic effect of CFP-mediated SDT/

CDT combined with anti-PD-L1 checkpoint blockade was also

further evaluated in an aggressive lung metastasis model in BALB/c

mice carrying bilateral 4T1 tumors. A few metastatic nodules were

found in “CFP+US+aPD-L1” mice. CFP-enhanced SDT/CDT

combined therapy effectively triggered ICD and promoted

antitumor immunity while suppressing primary and distant tumors.
3.3 Multimodal immunotherapeutics on
basis of SDT-induce ICD

Various strategies have been explored to enhance SDT and induce

ICD in tumor cells to activate the host immune response to cancer.

Based on the successful induction of the ICD, cancer immunotherapy

can be triggered more effectively by fully activated antigen-presenting

cells. However, the immunosuppression-related phenotype of tumor

cells can interfere with the recognition of tumors by effector T cells,

thus reducing the efficacy of tumor immunotherapy. Therefore,

unimodal cancer immunotherapy based on SDT is insufficient for

satisfactory treatment. Consequently, it is necessary to use

immunotherapy on basis of SDT for multimodal cancer

immunotherapy (57, 61, 62).

3.3.1 Combination with checkpoint blockade
Immune checkpoints are a class of immunosuppressive

molecules that regulate immune responses, thereby avoiding

damage and destruction of normal tissues, which become one of

the main causes of immune tolerance during tumorigenesis and

development. Immune checkpoint blocking (ICB) is a therapeutic
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approach to regulate T-cell activity to kill tumor cells through

pathways such as co-inhibition or co-stimulatory signaling (63). For

example, Chen et al. (51) constructed perfluorocarbon-loaded

fluorinated covalent organic polymers (PFCE@THPPpf-COPs).

When injected intratumorally, PFCE@THPPpf-COPs alleviated

tumor hypoxia and inhibited tumor growth by inducing ICD in

cancer cells under ultrasound irradiation. Combined anti-CD47

immunotherapy can synergistically inhibit tumor growth and

recurrence by increasing the efficiency of tumor infiltration by

M1 macrophages and cytotoxic CD3+ and CD8+ T cells while

decreasing the efficiency of immunosuppressive regulatory T cells.

To improve the delivery efficiency of immune checkpoint

inhibitors and to reduce adverse immune reactions, Li et al. (52)

prepared nano-sonosensitizers loaded with programmed cell death

ligand 1 antibody (aPD-L1), and modified malignant melanoma cell

membranes (B16F10M) for target ing melanoma. The

bionanoparticle SCN@B16F10M/PEG-aPD-L1 was used for

homologous and immune checkpoint dual targeting and

enhanced sonodynamic tumor immunotherapy . The

functionalized nano-sonosensitizers showed visible long-term

retention in the tumor, which facilitated synergistic dual targeting

of homologous and immune checkpoints and enhanced in vivo

SDT-immunotherapy. A novel TME-responsive nano-

sonosensitizers design strategy has high spatiotemporal specificity

in the drug-controlled release. Shuai et al. (50) constructed pH and

MMP-2 dual-responsive acoustic sensitizer PEG-CDMaPD-L1/Ce6

with low pH and high MMP-2 expression in the TME to trigger in

situ release of aPD-L1. This strategy of in situ induction of ICD and

release of aPD-L1 has better targeted therapeutic effects and

can induce strong anticancer immunity and long-term

immune memory.

3.3.2 Combination with adjuvants
In addition to SDT combined with immune checkpoint

inhibition therapy, immune adjuvants are also used to enhance

the antitumor immune response. Cytosinphospguanine (CpG), a

toll-like receptor 9 (TLR9) agonist, is a significant antitumor

immune adjuvant in clinical research (64). For example, Wang

et al. (48) constructed TiO2-Ce6-CpG using titanium dioxide

(TiO2) as a carrier loaded with the sonosensitizer Chlorin e6

(Ce6) and the immune adjuvant CpG oligonucleotide (CpG

ODN). The emerging nano-sonosensitizer (TiO2-Ce6-CpG)

effectively kills tumor cells and triggers ICD under ultrasound

irradiation. The immune adjuvant CpG stimulates the immune

system to activate adaptive immune responses. Combined aPD-L1

treatment showed superb inhibition against primary and metastatic

tumors in mice’s bilateral subcutaneous model of hepatocellular

carcinoma. Besides, Chen et al. (49) designed a nanosonosensitizer,

co-encapsulated HMME and immune adjuvant R837 in liposomes

(HMME/R837@Lip). It has demonstrated that the nano-

sonosensitizer can enhance the effect of SDT through applicating

in multiple tumor models. SDT + PD-L1 blockade enhances the

suppression of primary and distant tumors in the 4T1 breast cancer

and CT26 colorectal cancer models. In addition, this combination
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therapy strategy provides a long-term immune memory function

that can prevent tumor recurrence.
4 Discussion

More and more studies have confirmed the application value of

SDT in antitumor immunotherapy. However, there are still various

challenges in inducing immunotherapy during SDT. SDT-induced

immune responses are of limited efficiency. In terms of treatment

strategies, targeted delivery of sonosensitizers to specific organelles,

such as the endoplasmic reticulum, and mitochondria, is expected

to enhance the immunogenicity of tumor cells further. Endoplasmic

reticulum (ER) is a crucial location for ROS production and ICD

induction during SDT. The sonosensitizers accumulated in the ER

significantly impact the activation of ICD (5). However, in most

current studies, sonosensitizers are unable to the subcellular

localization of ER, and can only produce ER stress response

through indirect ROS activity. Therefore, a sononanoplatform

that can directly target ER and effectively trigger ER stress is

required. Peptides targeting ER, such as pardaxin peptides, and

decorated nanomaterials are expected to solve the problem (65).

Targeting peptides-modified nanoparticles could carry

sonosensitizers accumulated specifically in the ER. The ER-

localized SDT strategy improves primary ROS production and

provides a promising modality for ICD-assisted immunotherapy

(19). In terms of treatment mode, the effect of a single SDT

treatment is often limited. Therefore, combining multiple modes

is the treatment method to improve the efficiency of antitumor

immunity. Many studies have confirmed that different strategies,

such as SDT combined with chemotherapy, PDT, PTT, and SDT

combined with immunoblockers are expected to improve the effect

of tumor immunotherapy.

Although SDT-synergized immunotherapy has rapid

development, several limitations associated with SDT and

immunotherapy remain to be addressed. Combining immune

checkpoint blockade therapy is often administered by systemic

injection, leading to insufficient drug targeting, low drug

utilization, and even susceptibility to immune-related adverse

events. Targeting tumor delivery by loading immunotherapeutic

drugs onto nanocarriers can solve these problems. The integration

of sonosensitizers with various nanoplatform overcomes the

challenges of SDT, such as hypoxia and poor targeting, and

enhances SDT-based ICD induction and immunotherapy through

synergistic delivery strategies. However, in clinical translations, the

stability and biocompatibility of nano-sonosensitizers need to

be evaluated.

In addition, even though tumor-derived HMGB1 is critical for

SDT-related immunogenicity, researchers found that HMGB1 is also

involved in tumor progression. Wang et al. proved that extracellular

HMGB1 is an essential factor for TLR4 interaction with platelets and

promotes melanoma tumor cells’ interaction with aggregation,

extravasation, and metastasis. Preventing HMGB1-mediated tumor

growth and metastasis should be further studied (20).
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In summary, the antitumor immune response is a highly complex

process, and disruption of any of these steps can reduce the

effectiveness of antitumor immunotherapy. In the future, it is

necessary to design more effective multifunctional sonosensitizer

nanoparticles rationally to obtain satisfied antitumor immunotherapy.
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Evaluation of neoadjuvant
immunotherapy and traditional
neoadjuvant therapy for
resectable esophageal cancer: a
systematic review and single-
arm and network meta-analysis

Hesong Wang, Chunyang Song, Xiaohan Zhao,
Wenzhao Deng, Jing Dong and Wenbin Shen*

Department of Radiation Oncology, Fourth Hospital of Hebei Medical University, Shijiazhuang,
Hebei, China
Objective: This systematic review and meta-analysis aimed to investigate the role

of neoadjuvant immunochemotherapy with or without radiotherapy [NIC(R)T]

compared to traditional neoadjuvant therapies, without immunotherapy [NC(R)T].

Summary background data: NCRT followed by surgical resection is

recommended for patients with early-stage esophageal cancer. However, it is

uncertain whether adding immunotherapy to preoperative neoadjuvant therapy

would improve patient outcomes when radical surgery is performed following

neoadjuvant therapy.

Methods:We searched PubMed, Web of Science, Embase, and Cochrane Central

databases, as well as international conference abstracts. Outcomes included R0,

pathological complete response (pCR), major pathological response (mPR),

overall survival (OS) and disease-free survival (DFS) rates.

Results: We included data from 5,034 patients from 86 studies published

between 2019 and 2022. We found no significant differences between NICRT

and NCRT in pCR or mPR rates. Both were better than NICT, with NCT showing

the lowest response rate. Neoadjuvant immunotherapy has a significant

advantage over traditional neoadjuvant therapy in terms of 1-year OS and DFS,

with NICT having better outcomes than any of the other three treatments. There

were no significant differences among the four neoadjuvant treatments in terms

of R0 rates.

Conclusions: Among the four neoadjuvant treatment modalities, NICRT and

NCRT had the highest pCR and mPR rates. There were no significant differences
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in the R0 rates among the four treatments. Adding immunotherapy to

neoadjuvant therapy improved 1-year OS and DFS, with NICT having the

highest rates compared to the other three modalities.

Systematic Review Registration: https://inplasy.com/inplasy-2022-12-0060/,

identifier INPLASY2022120060.
KEYWORDS

neoadjuvant therapy, immunotherapy, neoadjuvant immunotherapy, curative
resection, esophageal carcinoma, meta-analysis
1 Introduction

Esophageal cancer is the seventh most common malignant

tumor and the sixth leading cause of cancer-related mortality

worldwide (1). Surgical resection has advocated for the treatment

of early-stage esophageal cancer (2). The CROSS trial showed that

neoadjuvant chemoradiation followed by surgical resection was

more beneficial for esophageal cancer (3). Accordingly, the

National Comprehensive Cancer Network guidelines recommend

it as the standard therapy (4). Nevertheless, the treatment efficacy

for esophageal cancer remains poor, with a 5-year survival rate of

approximately 20% (5, 6).

Immunotherapy has become an effective treatment for many

malignancies including esophageal cancer (7–9). By rescuing the

immune checkpoint pathway to resist carcinoma, the anti-tumor

action of T cells is blocked by immune checkpoint blockade.

Immunotherapy has proven beneficial as a third-, second-, and

even first-line treatment for patients with esophageal cancer.

However, it remains unclear whether adding immunotherapy

therapy to preoperative neoadjuvant confers an overall benefit to

patient outcomes when radical surgery is performed after

neoadjuvant therapy. Several studies have documented benefits

when immunotherapy is added to neoadjuvant therapy (10, 11);

on the other hand, adding immunotherapy to neoadjuvant therapy

increases the severity of toxic side effects (12, 13).

Therefore, this systematic review and meta-analysis was conducted

to evaluate the outcomes of patients treated with either of two

neoadjuvant immunotherapies – neoadjuvant immunotherapy

combined with chemoradiotherapy (NICRT) and neoadjuvant
rapy combined with

hemotherapy; NCRT,

emotherapy; PRISMA,

Meta-Analyses; PICOS,

d Study Design; pCR,

al response; OS, overall

logical Index for Non-

al; SCC, squamous cell

tive score; TPS, tumor
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immunochemotherapy (NICT) – compared with two traditional

neoadjuvant therapies – neoadjuvant chemoradiotherapy (NCRT)

and neoadjuvant chemotherapy (NCT).
2 Methods

This study was conducted using the Preferred Reporting Items

for Systematic Reviews and Meta-Analyses (PRISMA) 2020

(14). The present study was registered in the INPLASY

(identifier: INPLASY2022120060).
2.1 Search strategy and eligibility criteria

We searched PubMed, Web of Science, Embase, and Cochrane

Central databases, as well as international conference abstracts from

American Society of Clinical Oncology, European Society for

Medical Oncology and American Association for Cancer

Research, along with various other resources, until December 16,

2022. The detailed search strategies are summarized in

Supplementary Table 1. We searched for studies that explored

patients with histologically confirmed-, resectable-, esophageal

carcinoma who received either NICRT or NICT followed by

surgery. Meanwhile, the patients treated with traditional

neoadjuvant therapy (NCRT or NCT) were all derived from

control patients in these studies, rather than from other studies

that did not involve NICRT or NICT. We followed the Population,

Intervention, Comparison, Outcome, and Study Design (PICOS)

principles (Supplementary Table 2). The detailed inclusion and

exclusion criteria are shown in Supplementary Table 3.
2.2 Study selection and data extraction

Two authors (CS and XZ) independently assessed each study

and extracted the pertinent information therefrom. Another author

(WD) resolved any differences that might have arisen in the process.

Relevant parameters were extracted from each included study:

author, year, country, study type, registration number,

intervention model, type of article, treatment modalities and side
frontiersin.org
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effects, sample size, age, sex, histologic subtype, relevant clinical

characteristics, and outcome data of interest.
2.3 Outcomes

The outcome indicators in this study included direct measures

of treatment efficacy – R0, pathological complete response (pCR),

and major pathological response (mPR) rates – as well as survival-

related indicators, including overall survival (OS), disease-free

survival (DFS), and death within 30 days after surgery. We did

not include treatment-related adverse events during neoadjuvant

therapy or post-operative complications, as the evaluation criteria

used to evaluate these indicators were not uniform across different

studies. The primary goal of our study was to explore immediate

post-treatment efficacy and subsequent survival outcomes, to

investigate the effectiveness of neoadjuvant immunotherapy.
2.4 Quality assessment

Two authors (CS and XZ) independently evaluated the quality

of each study. If there were any disagreements in the process,

another author (JD) settled it. The Methodological Index for Non-

randomized Studies (MINORS) was used to assess single-arm and

retrospective dual-arm studies (15, 16). Each item was scored from

0 to 2. There were 8 items for non-comparative studies and 12 items

for comparative studies. For non-comparative studies, an overall

score > 12 was considered high, between 8 and 12 was considered

intermediate, and < 8 was considered low. The Cochrane Risk of

Bias tool was used to assess randomized controlled trials (RCT) (17,

18). The tool scores RCT studies according to five items. The overall

bias included low risk of bias, some concerns, and high risk of bias.

The quality of this systematic review and meta-analysis was

evaluated according to the PRISMA 2020 Checklist (14) and the

AMSTAR-2 Checklist (19).
2.5 Statistical analysis

All analyses were performed by STATA (STATA, version 14.0,

College, TX),. Survival curve data from included studies which were

not reported were extracted by Engauge Digitizer, version 12.1

(http://markummitchell.github.io/engauge-digitizer/). We

performed a single-group meta-analysis of all included studies. In

order to compare the four different neoadjuvant treatment modalities

with each other and to rank their respective efficacies, we performed a

network meta-analysis of the comparative studies among them. The

significance level of the results was set at P <0.05, as per the

convention. The combined risk ratio (RR) and 95% confidence

interval (CI) were used as the outcome indicators. For OS and DFS

rates, the number of events used to calculate the RR value was the

number of survivors rather than the number of deaths. Therefore, in

the present study, RR and 95% CI > 1 indicated that treatment was

more conducive to survival, whereas RR and 95% CI < 1 indicated
Frontiers in Immunology 0370
that treatment was more detrimental to survival (Detailed data

synthesis are shown in Supplementary Table 4).

Subsequently, we merged NICRT and NICT into the

neoadjuvant immunotherapy group and NCRT and NCT into the

traditional neoadjuvant therapy group. We performed a traditional

pairwise meta-analysis of these two groups, with head-to-head

studies to explore the comparative advantages of neoadjuvant

immunotherapy vs. traditional neoadjuvant therapy. Exploratory

subgroup analyses were performed based on the study type

(prospective or retrospective), intervention model (single-arm or

dual-arm), immunotherapy drugs (PD-1 or PD-L1 inhibitors), and

cancer type (squamous cell carcinoma [SCC] or adenocarcinoma

[AC]). Additionally, sensitivity analyses were performed by

omitting each study to evaluate the stability of the results.

Publication bias was assessed using the Begg’s funnel plot (20).
3 Results

3.1 Characteristics

From the 1,755 considered studies, we eventually selected 86

studies (10–13, 21–102) describing a total of 5,034 patients

(Figure 1). This number consisted of 16 dual-arm studies and 70

single-arm studies, five RCTs and 81 non-RCTs.

All studies were published between 2019 and 2022, most of

which were conducted in China. Among these studies, the number

of patients who received NICRT, NICT, NCRT, and NCT were 427,

3508, 701, and 398, respectively. The median age of all patients

ranged from 42.7 to 68.8. For cancer type, the studies included SCC

only (n=73), AC only (n=6), mixed SCC and AC (n=5), and
FIGURE 1

PRISMA flow diagram.
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undetailed pathology (n=2). For neoadjuvant immunotherapy, PD-

1 inhibitors were the most common, with only 6 studies using PD-

L1 inhibitors. The radiation doses ranged from 30 Gy to 56 Gy. All

neoadjuvant chemotherapy regimens were conventional treatment

regimens. Detailed characteristics of each study are shown in

Table 1 and Supplementary Tablea 5-8.
3.2 Clinical outcomes of NICRT, NICT,
NCRT and NCT

A total of 56 trials reported R0 rates (pooled R0 rate and 95% CI:

NICRT - 95.6% [91.8%-99.3%]; NICT - 97.5% [96.9%-98.2%]; NCRT

- 94.9% [90.3%-99.5%]; NCT - 96.6% [93.5%-99.6%]) (Figure 2).

Overall, 80 trials provided pCR rates (pooled pCR rate and 95% CI:

NICRT - 38.9% [32.1%-45.6%]; NICT -27.2% [24.8%-29.6%]; NCRT

- 35.5% [21.3%-49.7%]; NCT - 8.6% [2.9%-14.3%]) (Figure 2).

Totally, 51 trials analyzed mPR rates (pooled mPR rate and 95%

CI: NICRT - 64.2% [53.8%-74.7%]; NICT - 51.8% [46.7%-56.8%];

NCRT - 47.8% [10.5%-85.1%]; NCT - 43.6% [9.5%-77.7%])

(Figure 3). In terms of survival outcomes, 28 trials reported death

within 30 days after surgery (pooled rate and 95% CI: NICRT - 2.0%

[0.0%-4.2%]; NICT - 0.3% [0.0%-0.6%]; NCRT - 1.7% [0.6%-2.8%];

NCT - 1.3% [0.0%-2.7%]) (Figure 3). Thirteen trials provided 1-year

OS rates (pooled 1-year OS rate and 95% CI: NICRT - 87.3% [80.9%-

93.6%]; NICT - 96.2% [94.2%-98.1%]; NCRT - 86.2% [79.2%-93.1%];

NCT - 85.1% [74.9%-95.3%]) (Figure 4). And a total of 16 trials

analyzed 1-year DFS rates (pooled 1-year DFS rate and 95% CI:

NICRT - 77.7% [70.9%-84.6%]; NICT - 90.0% [86.2%-93.7%]; NCRT

- 73.2% [64.4%-82.0%]; NCT - 76.6% [64.5%-88.7%]) (Figure 4).

To compare different neoadjuvant treatment modalities with each

other, we included 16 dual-arm trials in the network meta-analysis.

Network evidence plots and contribution plots are shown in

Supplementary Figures 1, 2. The network estimates are shown in

Figure 5 and Supplementary Figures 3, 4. There were no significant

differences in pCR and mPR rates between NICRT and NCRT (pooled

RR and 95% CI of pCR rate: NICRT vs.NCRT - 1.39 [0.82,2.37]; pooled

RR and 95% ofmPR rate: NICRT vs.NCRT - 1.02[0.87,1.19]). Both were

superior to NICT (pooled RR and 95% CI of pCR rate: NICRT vs.NICT

- 1.83 [1.10,3.05], NCRT vs.NICT - 1.32 [1.00,1.74]; pooled RR and 95%

CI of mPR rate: NICRT vs. NICT - 1.17[1.05,1.31], NCRT vs. NICT -

1.15[1.01,1.31]), and NCT had the poorest results (pooled RR and 95%

CI of pCR rate: NICRT vs. NCT - 5.43 [2.80,10.51], NCRT vs. NCT -

3.90 [2.36,6.47], NICT vs.NCT - 2.96 [1.93,4.54]; pooled RR and 95% CI

of mPR rate: NICRT vs. NCT - 1.93 [1.56,2.39], NCRT vs. NCT - 1.90

[1.52,2.37], NICT vs. NCT - 1.65[1.35,2.00]). For 1-year OS and DFS

rates, NICT showed the best rates compared to other three treatments

(pooled RR and 95% CI of 1-year OS rate: NICT vs. NICRT - 1.10

[1.01,1.19], NICT vs. NCRT - 1.10 [1.01,1.20], NICT vs. NCT - 1.11

[1.00,1.26]; pooled RR and 95%CI of 1-year DFS rate: NICT vs.NICRT -

1.16 [1.05,1.27], NICT vs.NCRT - 1.22 [1.08,1.38], NICT vs.NCT - 1.16

[1.00,1.37]), with the other three treatments not having any statistically

significant difference in these parameters amongst each other. None of

the treatmentmodalities stood out from the others in terms of R0 rates or

death within 30 days after surgery.
Frontiers in Immunology 0471
3.3 Neoadjuvant immunotherapy (NICRT
and NICT) versus traditional neoadjuvant
therapy (NCRT and NCT)

Next, we pooled the data for the NICRT and NICT cases into

the neoadjuvant immunotherapy group and the NCRT and NCT

cases into the traditional neoadjuvant therapy group. A total of 16

trials were included in this head-to-head pairwise meta-analysis.

Patients in the neoadjuvant immunotherapy group exhibited

significantly higher 1-year OS and DFS rates than those in the

traditional neoadjuvant therapy group (pooled RR and 95% CI of

the traditional group vs. immunotherapy group: 1-year OS rate -

0.90 [0.83-0.98]; 1-year DFS rate - 0.83 [0.74-0.93]) (Figure 6).

However, there were no significant differences between the two

groups in terms of R0, pCR, mPR, or death within 30 days after

surgery (Figure 6).
3.4 Exploratory subgroup analysis

To explore the potential association of immunotherapy between

NICRT and NICT, we conducted exploratory subgroup analysis

based on study type (prospective or retrospective), intervention

model (single-arm or dual-arm), immunotherapy drugs (PD-1 or

PD-L1 inhibitors), and cancer type (SCC or AC), respectively. The

results of the subgroup NICRT and NICT analyses were generally

consistent with the above results in terms of R0, pCR, mPR, death

within 30 days after surgery, 1-year OS, and 1-year DFS

(Supplementary Figures 5–10).
3.5 Quality evaluation, sensitivity analysis
and publication bias

The details of the risk of bias are provided in Supplementary

Tables 9, 10. The MINORS was used to evaluate the 81 non-

randomized studies. All the 81 studies were of high or intermediate

quality. The Cochrane Risk of Bias tool was used to evaluate the five

randomized studies, and it indicated that there was no high risk of

bias in any of the evaluated categories among the five RCTs in our

data set. Supplementary Tables 11, 12 show the quality evaluation of

the present study using the PRISMA 2020 Checklist and AMSTAR-

2 Checklist. Sensitivity analysis, conducted by omitting each study,

indicated that all results were stable except for death within 30 days

after surgery (Supplementary Figure 11). Similarly, there was no

significant publication bias except for death within 30 days after

surgery (Supplementary Figure 12).
4 Discussion

To the best of our knowledge, the present study is the first

systematic review and meta-analysis to explore the effectiveness of

four different neoadjuvant therapies (NICRT, NICT, NCRT, and

NCT) followed by curative surgery for esophageal cancer, and then
frontiersin.org
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1

SCC:314

(100.0%)

Camrelizumab

Sintilimab

Tislelizumab

Pembrolizumab

TP/TC/DP/FP –
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G.Yin 2022 China retrospective – – single-arm full text NICT 34 59.0

(52.0-

69.0)

male:30

(88.2%

female:

(11.8%

Y.Yang 2022 China retrospective – – dual-arm full text NICRT 30 62.0

(42.0-

68.0)

male:28

(93.3%

female:

(6.7%)

NICT 299 64.0

(43.0-

81.0)

male:24

(83.3%

female:

(16.7%

W.Yang 2022 China prospective ChiCTR2000028900 – single-arm full text NICT 23 58.6

(48.6-

68.7)

male:22

(95.7%

female:

(4.3%)

G.Yang 2022 China retrospective – – single-arm Conference

abstract

NICT 47 – –

X.Yan 2022 China prospective ChiCTR2000037488 TD-NICE single-arm full text NICT 45 68.8

(56.9-

70.7)

male:27

(60.0%

female:

(40.0%

X.Xu 2022 China prospective NCT04437212 – single-arm Conference

abstract

NICRT 20 – –

W.Xu 2022 China prospective – – single-arm Conference

abstract

NICT 46 – –

L.Xu 2022 China retrospective – – dual-arm full text NICT 314 >60:184

(58.6%)

≤60:130

(41.4%)

male:26

(83.8%

female:

(16.2%

73
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TABLE 1 Continued

No. (%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

SCC:154

(100.0%)

– TP/TC/DP/FP 32.4-50.4

SCC:46

(100.0%)

Camrelizumab – –

SCC:55

(100.0%)

Pembrolizumab

Sintilimab

Tislelizumab

Camrelizumab

TP –

SCC:94

(100.0%)

– TP 40-50.4

SCC:66

(100.0%)

Camrelizumab TP/TC –

SCC:59

(100.0%)

Camrelizumab TC –

SCC:22

(100.0%)

Pembrolizumab DP –

SCC:30

(100.0%)

Camrelizumab DP –

SCC:3

(13.6%)

ACC:19

(86.4%)

Avelumab TC 41.4
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Type of Article Treatment Sample Size,

No

Age, y Gender

NCRT 154 >60:78

(50.6%)

≤60:76

(49.4%)

male:132

(85.7%)

female:22

(14.3%)

L.W.Xu 2022 China prospective NCT04506138 – single-arm full text NICT 46 63.3

(57.6-

70.0)

male:44

(95.7%)

female:2

(4.3%)

X.Xiao 2022 China retrospective – – dual-arm full text NICT 55 66.0

(61.0-

71.0)

male:46

(83.6%)

female:9

(16.4%)

NCRT 94 64.0

(57.0-

69.0)

male:77

(81.9%)

female:17

(18.1%)

P.Xia 2022 China retrospective – – single-arm full text NICT 66 67.5

(59.0-

71.0)

male:60

(90.9%)

female:6

(9.1%)

X.Wang 2022 China prospective – – single-arm full text NICT 59 59.0

(43.0-

79.0)

male:46

(79.3%)

female:12

(20.7%)

W.Wang 2022 China prospective – – single-arm Conference

abstract

NICT 22 – –

R.Wang 2022 China prospective ChiCTR2000033252 – single-arm Conference

abstract

NICT 30 – –

N.V.Uboha 2022 USA prospective NCT03490292 – single-arm Conference

abstract

NICRT 22 64.0 male:20

(90.9%)

female:2

(9.1%)
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TABLE 1 Continued

(%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

SCC:48

(100.0%)

Camrelizumab – –

SCC:206

(100.0%)

– – –

SCC:62

(100.0%)

Camrelizumab DP –

SCC:12

(100.0%)

Nivolumab DCF –

SCC:34

(100.0%)

Pembrolizumab

Camrelizumab

Sintilimab

Toripalimab

Tislelizumab

TP –

SCC:96

(100.0%)

Sintilimab TP/DP –

SCC:60

(100.0%)

Camrelizumab TC –

SCC:56

(100.0%)

Camrelizumab TP –

SCC:20

(100.0%)

Sintilimab TP –

(Continued)
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Y.Qiao 2022 China retrospective – – dual-arm full text NICT 48 64.2

(56.9-

71.4)

male:38

(79.2%)

female:10

(20.8%)

NCT 206 62.2

(55.1-

69.3)

male:147

(71.4%)

female:59

(28.6%)

Y.Qi 2022 China prospective NCT03917966 – single-arm Conference

abstract

NICT 62 66.0 –

S. Matsuda 2022 Japan prospective NCT03914443 JCOG1804E single-arm Conference

abstract

NICT 12 – –

X.Ma 2022 China retrospective – – single-arm full text NICT 34 61.0

(47.0-

74.0)

male:31

(91.2%)

female:3

(8.8%)

H.Lv 2022 China retrospective – – single-arm full text NICT 96 65.0

(60.0-

69.0)

male:67

(69.8%)

female:29

(30.2%)

Jun.Liu 2022 China prospective ChiCTR1900026240 NICE study single-arm full text NICT 60 65.0

(48.0-

74.0)

male:50

(83.3%)

female:10

(16.7%)

J.Liu 2022 China prospective NCT04225364 NIC-

ESCC2019

single-arm full text NICT 56 61.0

(40.0-

70.0)

male:42

(75.0%)

female:14

(25.0%)

Z.Li 2022 China prospective – – single-arm Conference

abstract

NICT 20 67.5

(47.0-

75.0)

male:16

(80.0%)

female:4

(20.0%)
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TABLE 1 Continued

Gender, No. (%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

SCC:32

(100.0%)

Socazolimab TP –

SCC:32

(100.0%)

– TP –

SCC:8

(23.5%)

AC:26

(76.5%)

Sotigalimab TC 50.4

le:26

.3%)

ale:6

.7%)

SCC:4

(12.5%)

AC:28

(87.5%)

Nivolumab

Relatlimab

TC 41.1

le:30

.8%)

ale:17

.2%)

SCC:47

(100.0%)

Pembrolizumab

Camrelizumab

Toripalimab

Sintilimab

TP/FP –

le:33

.2%)

ale:14

.8%)

SCC:47

(100.0%)

– TP/FP –

SCC:23

(100.0%)

Toripalimab TC 30.0

SCC:10

(100.0%)

Camrelizumab

Sintilimab

Tislelizumab

TP –

le:41

.4%)

ale:10

.6%)

SCC:51

(100.0%)

Camrelizumab

Nivolumab

Pembrolizumab

Sintilimab

Tislelizumab

TP/DP –
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Y.Li 2022 China prospective NCT04460066 – dual-arm Conference

abstract

NICT 32 – –

NCT 32 – –

A.H.Ko 2022 USA prospective NCT03165994 – single-arm Conference

abstract

NICRT 34 – –

R.J.Kelly 2022 USA prospective NCT03044613 – single-arm Conference

abstract

NICRT 32 65.0

(39.0-

73.0)

m

(8

fem

(1

S.Jing 2022 China retrospective – – dual-arm full text NICT 47 >60:34

(72.3%)

≤60:13

(27.7%)

m

(6

fem

(3

NCT 47 >60:35

(74.5%)

≤60:12

(25.5%)

m

(7

fem

(2

N.Jiang 2022 China prospective ChiCTR2100045104 SCALE-1 single-arm Conference

abstract

NICRT 23 – –

B.Jiang 2022 China prospective – – single-arm Conference

abstract

NICT 10 – –

S.J.Huang 2022 China retrospective – – single-arm full text NICT 51 60.0

(54.0-

65.0)

m

(8

fem

(1
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TABLE 1 Continued

o. (%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

SCC:155

(100.0%)

Camrelizumab

Pembrolizumab

Sintilimab

Tislelizumab

Toripalimab

Nivolumab

TP/DP –

SCC:26

(100.0%)

Camrelizumab

Pembrolizumab

Sintilimab

TP –

SCC:48

(92.3%)

non-SCC:4

(7.7%)

– TP/FP –

SCC:32

(100.0%)

Camrelizumab

Pembrolizumab

Sintilimab

TP –

SCC:32

(100.0%)

– TP/FP 40.0-56.0

SCC:20

(100.0%)

Toripalimab TC –

SCC:15

(100.0%)

Sintilimab TP –

SCC:38

(100.0%)

Pembrolizumab

Tislelizumab

Camrelizumab

Sintilimab

Toripalimab

TP –
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S.Huang 2022 China retrospective NCT04822103 RICE-Retro single-arm full text NICT 155 61.0

(55.0-

66.0)

male:121

(78.1%)

female:34

(21.9%)

Z.Hong 2022 China retrospective – – dual-arm full text NICT 26 68.5

(51.1-

65.9)

male:22

(84.6%)

female:4

(15.4%)

NCT 52 61.0

(54.6-

67.4)

male:42

(80.8%)

female:10

(19.2%)

Z.N.Hong 2022 China retrospective – – dual-arm full text NICT 32 62.0

(55.0-

67.0)

male:21

(65.5%)

female:11

(34.5%)

NCRT 32 60.0

(54.0-

65.0)

male:27

(84.3%)

female:5

(15.7%)

W.He 2022 China prospective NCT04177797 – single-arm full text NICT 20 62.1

(51.5-

72.3)

male:15

(75.0%)

female:5

(25.0%)

J.Guo 2022 China prospective ChiCTR2000040345 – single-arm Conference

abstract

NICT 15 – –

Y.M.Gu 2022 China retrospective – – single-arm full text NICT 38 66.0

(46.0-

80.0)

male:27

(71.1%)

female:11

(28.9%)

77
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TABLE 1 Continued

er, No. (%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

SCC:37

(100.0%)

Sintilimab – –

SCC:20

(100.0%)

Toripalimab DP –

SCC:285

(100.0%)

Nivolumab

Pembrolizumab

Camrelizumab

Tislelizumab

Sintilimab

TC –

SCC:18

(100.0%)

Pembrolizumab TP/DP –

SCC:28

(100.0%)

Camrelizumab TP –

SCC:40

(100.0%)

Pembrolizumab

Tislelizumab

Camrelizumab

Sintilimab

Toripalimab

TP/FP –

SCC:109

(100.0%)

– TP/FP 40.0-50.0

SCC:38

(100.0%)

Camrelizumab TC –
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T.Gong 2022 China retrospective – – single-arm Conference

abstract

NICT 37 62.0

(47.0-

76.0)

male:30

(81.1%)

female:7

(18.9%)

L.Gao 2022 China prospective ChiCTR2100052784 ESONICT-

2

single-arm full text NICT 20 58.3

(49.0-

69.0)

male:17

(85.0%)

female:3

(15.0%)

J.Feng 2022 China retrospective – – single-arm full text NICT 285 63.5

(56.9-

70.1)

male:267

(93.7%)

female:18

(6.3%)

H.Duan 2022 China prospective ChiCTR2100048917 PEN-ICE single-arm full text NICT 18 64.0

(35.0-

78.0)

male:14

(77.8%)

female:4

(22.2%)

Y.Dong 2022 China prospective ChiCTR2100050057 – single-arm Conference

abstract

NICT 28 – –

J.Cheng 2022 China retrospective – – dual-arm full text NICT 40 64.3

(55.4-

73.2)

male:30

(75.0%)

female:10

(25.0%)

NCRT 109 62.7

(55.4-

69.9)

male:93

(85.3%)

female:16

(14.7%)

F.Chen 2022 China retrospective – – single-arm full text NICRT 38 60.2

(54.4-

66.0)

male:31

(81.6%)

female:7

(18.4%)
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TABLE 1 Continued

. (%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

SCC:30

(100.0%)

Toripalimab TP –

SCC:40

(100.0%)

Sintilimab TC –

SCC:30

(100.0%)

Sintilimab TP –

SCC:25

(100.0%)

Camrelizumab T+S1 –

SCC:16

(100.0%)

Camrelizumab TC –

SCC:12

(100.0%)

Camrelizumab T+S1 –

– Nivolumab CF –

SCC:30

(100.0%)

Toripalimab TP –

SCC:30

(100.0%)

Camrelizumab Oxaliplatin +

docetaxel

–

SCC:30

(100.0%)

– Oxaliplatin +

docetaxel

–
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L.Zhao 2021 China prospective – – single-arm Conference

abstract

NICT 30 – –

Z.Zhang 2021 China prospective – – single-arm Conference

abstract

NICT 40 – –

Z.Y.Zhang 2021 China prospective ChiCTR2100045659 ESONICT-

1

single-arm full text NICT 30 58.3

(51.2-

65.4)

male:26

(86.7%)

female:4

(13.3%)

X.Zhang 2021 China prospective ChiCTR2000029807 – single-arm Conference

abstract

NICT 25 – –

P.Yang 2021 China prospective ChiCTR2100051903 – single-arm full text NICT 16 60.5

(56.0-

67.3)

male:14

(87.5%)

female:2

(12.5%)

G.Z.Yang 2021 China retrospective – – single-arm full text NICT 12 56.0

(50.0-

65.0)

male:7

(58.3%)

female:5

(41.7%)

S.Yamamoto 2021 Japan prospective NCT03914443 FRONTIER single-arm Conference

abstract

NICT 13 62.0

(34.0-

75.0)

–

W.Xing 2021 China prospective NCT03985670 – single-arm full text NICT 30 63.8

(57.7-

69.9)

male:22

(73.3%)

female:8

(26.7%)

Y.Xiao 2021 China prospective – – dual-arm full text NICT 30 42.7

(27.1-

58.2)

male:15

(50.0%)

female:15

(50.0%)

NCT 30 43.6

(31.1-

56.2)

male:14

(46.7%)
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TABLE 1 Continued

(%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

SCC:38

(100.0%)

Pembrolizumab

Camrelizumab

Sintilimab

TP/TC –

SCC:20

(100.0%)

Toripalimab

Sintilimab

Pembrolizumab

Camrelizumab

Tislelizumab

TP –

SCC:26

(100.0%)

Camrelizumab DP –

AC:40

(100.0%)

Atezolizumab TC 41.4

AC:25

(100.0%)

Durvalumab FOLFOX –

AC:143

(100.0%)

– – –

SCC:28

(100.0%)

Nivolumab

Pembrolizumab

Camrelizumab

TC –

SCC:42

(100.0%)

Pembrolizumab TP –

(Continued)
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female:16

(53.3%)

Z.Wu 2021 China retrospective – – single-arm full text NICT 38 61.0

(57.0-

75.0)

male:36

(94.7%)

female:2

(5.3%)

P.Wu 2021 China retrospective – – single-arm Conference

abstract

NICT 20 65.0 male:17

(85.0%)

female:3

(15.0%)

F.Wang 2021 China prospective – – single-arm Conference

abstract

NICT 26 63.0 male:17

(65.3%)

female:9

(34.7%)

T.V.D.Ende 2021 Netherlands prospective NCT03087864 PERFECT single-arm full text NICRT 40 63.0

(40.0-

75.0)

male:35

(87.5%)

female:5

(12.5%)

S.Sihag 2021 USA retrospective NCT02962063 – dual-arm full text NICRT 25 61.5

(53.0-

67.0)

male:22

(88.0%)

female:3

(12.0%)

NCRT 143 64.0

(56.0-

70.0)

male:123

(86.0%)

female:20

(14.0%)

D.Shen 2021 China prospective – – single-arm full text NICT 28 62.2

(48.0-

79.0)

male:27

(96.4%)

female:1

(3.6%)

X.Shang 2021 China prospective NCT04389177 Keystone-

001

single-arm Conference

abstract

NICT 42 – –
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TABLE 1 Continued

o. (%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

AC:40

(100.0%)

Pembrolizumab TC 41.4

AC:40

(100.0%)

– TC 41.4

SCC:48

(100.0%)

Camrelizumab TP –

SCC:28

(100.0%)

Camrelizumab TP –

SCC:101

(100.0%)

– – –

SCC:16

(100.0%)

Camrelizumab TP –

SCC:23

(100.0%)

Toripalimab TP –

SCC:20

(100.0%)

Pembrolizumab TC 41.4

AC:36

(100.0%)

Durvalumab mFOLFOX6 50.4

SCC:23

(100.0%)

Pembrolizumab DP –

SCC:31

(100.0%)

– DP –
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M.A.Shah 2021 USA prospective NCT02998268 – dual-arm Conference

abstract

NICRT 40 68.0

(38.0-

81.0)

male:32

(80.0%)

female:8

(20.0%)

NCRT 40 – –

J.Ma 2021 China prospective ChiCTR2000033761 ESPRIT single-arm Conference

abstract

NICT 48 62.0 –

Lv 2021 China retrospective – – single-arm Conference

abstract

NICT 28 – –

Hui.Lv 2021 China retrospective – – single-arm Conference

abstract

NICT 101 65.0

(43.0-

78.0)

male:71

(70.3%)

female:30

(29.7%)

H.L.Lv 2021 China retrospective – – single-arm Conference

abstract

NICT 16 – –

D.Liu 2021 China prospective ChiCTR1900025318 – single-arm Conference

abstract

NICT 23 – –

C.Li 2021 China prospective NCT03792347 PALACE-1 single-arm full text NICRT 20 62.0

(42.0-

66.0)

male:19

(95.0%)

female:1

(5.0%)

G.Y.Ku 2021 USA prospective – – single-arm Conference

abstract

NICRT 36 – –

B.Huang 2021 China prospective – – dual-arm full text NICT 23 59.2

(51.9-

66.5)

male:21

(91.3%)

female:2

(8.7%)

NCT 31 58.9

(52.5-

65.3)

male:30

(96.7%)
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TABLE 1 Continued

r, No. (%) Histologic Subtype,

No. (%)

ICI

Drugs

CT Regimen RT Dose,

Gy

SCC:38

(100.0%)

Sintilimab

Pembrolizumab

Camrelizumab

TP –

SCC:23

(100.0%)

Sintilimab DP/TP –

SCC:20

(100.0%)

Camrelizumab TC –

AC:15

(100.0%)

Avelumab FLOT –

SCC:24

(100.0%)

Toripalimab T+S1 –

SCC:40

(100.0%)

Pembrolizumab TC 41.4

SCC:16

(100.0%)

Pembrolizumab TC 44.1

SCC:22

(100.0%)

– FP 44.1

SCC:17

(100.0%)

Toripalimab TC –

(Continued)
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Author Year Country Study Type Registration

Number

Study Title Intervention

Model

Type of Article Treatment Sample Size,

No

Age, y Gend

female:1

(3.3%)

Hong 2021 China retrospective – – single-arm full text NICT 38 58.8

(51.2-

66.4)

male:22

(57.9%)

female:16

(42.1%)

H.T.Duan 2021 China prospective – SIN-ICE single-arm full text NICT 23 63.5

(56.0-

81.0)

male:21

(91.3%)

female:2

(8.7%)

C.Cheng 2021 China prospective – – single-arm Conference

abstract

NICT 20 – –

A.Athauda 2021 UK prospective NCT03399071 ICONIC single-arm Conference

abstract

NICT 15 63.0

(25.0-

73.0)

–

G.Zhang 2020 China prospective ChiCTR1900027160 – single-arm Conference

abstract

NICT 24 – –

W.Qi 2020 China prospective – – single-arm Conference

abstract

NICRT 40 61.2

(39.0-

66.0)

male:19

(95.0%)

female:1

(5.0%)

S.Y.Park 2020 Korea retrospective NCT02844075 – dual-arm full text NICRT 16 58.5

(56.5-

66.0)

male:13

(81.3%)

female:3

(18.7%)

NCRT 22 61.5

(56.3-

66.0)

male:18

(81.8%)

female:4

(18.2%)

K.Li 2020 China prospective – – single-arm Conference

abstract

NICT 17 – –
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compare them with each other by not only postoperative outcome

results but also survival-related efficacy outcomes. Drawing from

data taken from 86 different studies, collectively describing 5,034

patients, we explored the comparison of R0, pCR, mPR, OS, DFS,

and death within 30 days after surgery outcomes across treatment

modalities. There were no significant differences in pCR and mPR

rates between NICRT and NCRT; both were superior to NICT, and

NCT had the poorest results. For 1-year OS and DFS rates, NICT

showed the best rates compared to the other three treatments, with

the other three treatments not having any statistically significant

difference in these parameters amongst each other. No significant

differences were observed among any of the four examined

treatment modalities in terms of R0 rates or death within 30 days

after surgery. As for the subgroup analyses based on the study type,

intervention model, immunotherapy drugs, and cancer type, there

were no significant differences between the subgroups, which is

consistent with the above findings.

Although this is, to date, the largest meta-analysis to examine

the role of four different neoadjuvant therapies after curative

resection for esophageal cancer, previous studies on this subject

have been conducted. A meta-analysis conducted by Wang et al.

(103), which included 20 studies with 621 patients, explored the

clinical outcomes of NICRT vs.NICT. Consistent with our findings,

they reported that NICRT had an advantage over NICT in terms of

mPR rates, but found no significant differences in R0 rates.

However, they reported no significant differences in pCR rates

between NICRT and NICT, whereas we found that NICRT had

superior pCR rates to NICT (pooled RR and 95% CI: 1.83 [1.10,

3.05]). This discrepancy may be explained by Wang et al.’s smaller

sample size, which included only two studies that involved NICRT.

In contrast, our study included 14 studies of NICRT, including the

two used by Wang et al. Additionally, the patients in the NCRT and

NCT groups in their study were obtained from a meta-analysis by Li

et al. (104), whereas the patients in our NCRT and NCT groups

were extracted from dual-arm studies with direct head-to-head

comparisons with NICRT or NICT. This significantly reduced

error, increased comparability, and provided assurance of the

quality of the results and conclusions. In addition, with the

addition of follow-up parameters (OS and DFS), our study

included more survival-related outcomes than previous studies.

Our study showed greater 1-year OS and 1-year DFS rates in the

NICT group, while the NICRT group showed no such results. This

difference might be explained by the fact that concurrent

administration of all three treatment modalities in the NICRT

group significantly increased treatment-related adverse effects,

resulting in patients showing no advantage in terms of survival.

Wang et al. (103) reported that the incidence of preoperative grade

3-4 treatment-related adverse events was 51.2% in NICRT, which

was much higher than the 19.4% in NICT. A multicenter dual-arm

study conducted by Yang et al. (29) directly compared the safety of

NICRT and NICT, noting that treatment-related adverse events,

immune-related adverse events, and post-operative complications

all had higher incidences in the NICRT group than in the NICT

group. The toxicity of this treatment may ultimately result in a

failure of NICRT to provide long-term survival benefits. Although

this review concluded that there were no significant differences
T
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among the four different neoadjuvant treatments in terms of death

within 30 days after surgery, this could be attributed to three

reasons. First, the incidence of mortality within 30 days after

surgery was low – close to zero, in fact – regardless of the

treatment type, the differences they exhibited may not be

statistically evident; second, the toxic effects of the treatment did

not appear in such a short period of time and needed some time to

manifest; And third, this outcome showed unstable results in both

sensitivity analysis and publication bias analysis. A meta-analysis by
Frontiers in Immunology 1784
Ge et al. (105) included 27 single-arm studies with 815 patients to

explore the clinical outcomes of NICT. They reported pooled rates

of R0, pCR and mPR were 98.6%, 31.4% and 48.9%, respectively,

largely similar to the results obtained in our study (97.5%, 27.2%,

and 51.8%, respectively). Compared to CROSS (3), which received

NCRT, their R0 rate was 92.0%, which was not significantly

different from the results obtained in our study and those of Ge

et al. (105); however, their pCR rate was 49.0%, which was

significantly higher than our results or those of Ge et al. That
BA

FIGURE 2

Forest Plot of (A) R0 and (B) Pathological Complete Response (pCR).
BA

FIGURE 3

Forest Plot of (A) Major Pathological Response (mPR) and (B) Death within 30 Days after Surgery.
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being said, this result is consistent with our conclusion that the pCR

rate in the NCRT group was higher than that in the NICT group,

while there were no significant differences in terms of R0 rate. A

randomized controlled multicenter study conducted by Liu et al.
Frontiers in Immunology 1885
(106) in 2022 reported that patients receiving NCT experienced a

pCR rate of 20.8% and an mPR rate of 33.3%, consistent with our

findings that the NCT group had the lowest pCR and mPR rates

among the all four neoadjuvant treatments.
BA

FIGURE 4

Forest Plot of (A) 1-year Overall Survival (OS) and (B) 1-year Disease Free Survival (DFS).
FIGURE 5

Results of Comparisons by Risk Ratio (RR) and 95% Confidence Interval (CI) among Four Neoadjuvant Therapies. (*The number of events in the
calculation of the RR value is the number of survivors rather than the number of deaths. RR and 95% CI > 1 indicates that treatment is more
conducive to survival, while RR and 95% CI < 1 indicates that treatment is more detrimental to survival.) Pathological Complete Response (pCR),
Major Pathological Response (mPR), Overall Survival (OS), Disease Free Survival (DFS).
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When we combined treatment modalities based on the

inclusion or absence of immunotherapy (regardless of the

presence of radiation therapy), we found that the neoadjuvant

immunotherapy group had a significant advantage over the

traditional neoadjuvant therapy group in terms of 1-year OS

and DFS rates, while there were no significant differences

between the two groups in other outcomes. It can be seen that

the addition of immunotherapy can significantly prolong the

survival of patients. This adds further evidence to the growing

pile attesting to the benefit of immunotherapy in neoadjuvant

therapy. As for the other results of the same, because the results

obtained in this study were that there were no significant

differences among the four different neoadjuvant treatments in

R0 rates and death within 30 days after surgery, there were also no

differences in the comparison between the combined groups.

Regarding pCR and mPR rates, since the incidences were
Frontiers in Immunology 1986
highest in the NCRT cohort and lowest in the NCT cohort,

when these two were combined together in the traditional

group, it canceled out the difference that had been seen when

the four cohorts were being compared individually. This

systematic review and meta-analysis also had limitations. First,

as most of the studies included in this review were single-armed,

potential bias may arise; second, since immunotherapy is still in

the process of exploration, some studies have not yet released their

final results. Moreover, survival endings could only be extracted

for 1 year, as for the follow-up of long-term survival, follow-up

studies are needed to report; third, there were only five RCTs in

this review, and the lack of RCTs may potentially lead to bias;

fourth, as previously noted, both sensitivity and publication bias

analysis indicated instability in the data used for death within 30

days after surgery in this review, which prohibits rigorous

conclusions from being drawn therefrom; more studies and data
B

C D

E F

A

FIGURE 6

Forest Plot of Traditional Neoadjuvant Therapy (left) and Neoadjuvant Immunotherapy (right). (A) R0, (B) Pathological Complete Response (pCR),
(C) Major Pathological Response (mPR), (D) Death within 30 Days after Surgery, (E) 1-year Overall Survival (OS) and (F) 1-year Disease Free Survival (DFS).
(For 1-year OS and 1-year DFS, the number of events in the calculation of the RR value is the number of survivors rather than the number of deaths. RR
and 95% CI > 1 indicates that treatment is more conducive to survival, while RR and 95% CI < 1 indicates that treatment is more detrimental to survival.).
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will be needed to verify the relevant findings of this study; fifth,

due to the lack of available data, the role of effective biomarkers,

for instance, combined positive score (CPS) and tumor proportion

score (TPS), in neoadjuvant immunotherapy could not be

investigated; Sixth, due to the inconsistent guidelines for and

definitions of treatment-related adverse events in the different

studies used in this meta-analysis, we were unable to properly

compare them, instead focusing on the endpoints of efficacy

and survival.
5 Conclusion

In conclusion, among the four neoadjuvant treatment modalities

NICRT, NICT, NCRT, and NCT, NICRT and NCRT had the highest

pCR and mPR rates. There were no significant differences in R0 rates

among the four neoadjuvant treatment modalities. Adding

immunotherapy to neoadjuvant therapy improved 1-year OS and

DFS, with the NICT group having significantly higher longer survival

according to both these metrics than any of the other three

modalities. The results of this review provide a basis for future

studies. Further, large multicenter RCTs and longer-term follow-

ups are needed to refine these findings.
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solid tumors
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KRAS mutation is a significant driving factor of tumor, and KRASG12V mutation has

the highest incidence in solid tumors such as pancreatic cancer and colorectal

cancer. Thus, KRASG12V neoantigen-specific TCR-engineered T cells could be a

promising cancer treatment approach for pancreatic cancer. Previous studies

had reported that KRASG12V-reactive TCRs originated from patients’ TILs could

recognized KRASG12V neoantigen presented by specific HLA subtypes and

remove tumor persistently in vitro and in vivo. However, TCR drugs are

different from antibody drugs in that they are HLA-restricted. The different

ethnic distribution of HLA greatly limits the applicability of TCR drugs in

Chinese population. In this study, we have identified a KRASG12V-specific TCR

which recognized classII MHC from a colorectal cancer patient. Interestingly, we

observed that KRASG12V-specific TCR-engineered CD4+ T cells, not CD8+ T cells,

demonstrated significant efficacy in vitro and in xenograft mouse model,

exhibiting stable expression and targeting specificity of TCR when co-cultured

with APCs presenting KRASG12V peptides. TCR-engineered CD4+ T cells were co-

cultured with APCs loaded with neoantigen, and then HLA subtypes were

identified by the secretion of IFN-g. Collectively, our data suggest that TCR-

engineered CD4+ T cells can be used to target KRASG12V mutation presented by

HLA-DPB1*03:01 and DPB1*14:01, which provide a high population coverage

and are more suitable for the clinical transformation for Chinese, and mediate

tumor killing effect like CD8+ T cells. This TCR hold promise for precision therapy

in immunotherapy of solid tumors as an attractive candidate.

KEYWORDS

KRAS G12V mutation, T cell receptor-engineered-T cell, immunotherapy, human
leukocyte antigen-DPB*0301, human leukocyte antigen-DPB*1401, solid tumor
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1 Introduction
Pancreatic ductal adenocarcinoma (PDAC) is mostly diagnosed in

advanced stage, and the five-year survival rate is less than 9%, which is

a difficult problem in human refractory cancer (1). Although

immunotherapy has significant efficacy in many malignant tumors

(2–5), for PDAC, many clinical trials such as immune checkpoint

inhibitors, cancer vaccines, adoptive cellular immunotherapy and so on

show unsatisfactory efficacy, and the key factor is its

immunosuppressive tumor microenvironment (6, 7). T cell

infiltration is positively correlated with the improvement of PDAC

clinical outcome, and the overall survival time of PDAC patients with

high effect T cell infiltration is longer (8–10). Preclinical studies have

proved the feasibility of isolating and amplifying TIL from PDAC and

other solid tumors in vitro (11, 12). Therefore, the therapeutic strategy

of using antigen-specific recombinant T cells to accurately target tumor

cells to overcome the problem of immunosuppressive

microenvironment is a promising treatment. With the development

of new antigen identification, single cell sequencing and recombinant

TCR construction, adoptive cell therapy (ACT) has become a powerful

strategy for the treatment of cancer (13–16). The infusion of a large

number of tumor effector T cells specific to neoantigen can accurately

clear the tumor. In addition, the injected T cells can also differentiate

into memory T cells to maintain effective effector function and achieve

the goal of long-term treatment (17). Compared with CAR, TCR can

recognize almost all intracellular and cell surface antigens through

MHC restriction system, and can detect lower levels of antigens to

achieve hypersensitive recognition (18). In addition, under high antigen

pressure, despite the restriction of HLA, TCR-T cells have higher

expansion efficiency and lower expression of co-suppressor molecules

than CAR-T cells (19). Clay TM et al. reported for the first time that

transferring TCR gene into PBL of melanoma patients can produce

CTL with anti-tumor response in vitro (20). Compared with peripheral

blood T cells, natural TIL obtained from resected tumor suspensions or

fragments has higher specific T cell concentration, but due to the

malignant microenvironment of tumors, TIL is mostly aging, failure

and sensitive to apoptosis, which weakens the long-term survival of

functional T cells (21, 22). Therefore, the extraction of sensitive and

effective effector T cells from TIL and T cell receptor modification may

improve the tumor immunosuppressive microenvironment, which can

greatly enhance the efficacy of ACT. Many TCR-T products based on

CD8+ T cells have been tested in clinical trials (23, 24), most of which

are aimed at melanoma. Paul F Robbins et al. have demonstrated that

adoptive autologous T cells (CD8+ T cells account for more than 2/3)

transduced by T cell receptor (TCR) targeting NY-ESO-1 can mediate

tumor regression in patients with metastatic melanoma and synovial

cell sarcoma, with response rates of 45% and 67% respectively (25). In

addition to the fact that effector CD8+ T cells can be used as the main

killing effector cells of recombinant TCR-T cells, CD4+T cells have also

been shown to excrete cytokines IFN-g and tumor necrosis factor

(TNF) through a variety of mechanisms, thus eliminating tumor cells

in vivo independently of CD8+ T cells to play an anti-tumor effect (26–

32). Therefore, it can also construct recombinant TCR as effective

memory cells to kill tumor cells. Eric Tran et al. demonstrated that the

tumor infiltrating lymphocytes (TIL) of metastatic lung tumors from
Frontiers in Immunology 0292
patients with metastatic cholangiocarcinoma contain CD4+ T cells that

recognize ERBB2IP mutations expressed in the tumor, and reactive

CD4+ T cells are dominant. Tumor regression was observed in all

lesions after transfusion of ERBB2IP mutation-specific CD4+ T cells

into the patient. Subsequent experiments showed that these CD4+ T

cells were effective memory CD4+ T cells with cytolytic potential (33).

The selection of appropriate tumor antigens has always been a

challenge to construct recombinant engineering T cell targets. KRAS

gene is the most frequently mutated oncogene in cancer, 95% of PDAC

patients show KRAS oncogene mutations, and KRAS mutations are

often associated with poor prognosis and drug resistance of tumors (34,

35). Codon 12 of KRAS, such as G12V, G12D, G12C, etc, has the

highest mutation frequency in pancreatic cancer, colorectal cancer and

non-small cell lung cancer, accounting for about 90% of all KRAS

mutations (35). Among them, KRAS G12V and G12D mutations are

themost common, accounting for about 60% of pancreatic cancer, 20%

of colorectal cancer, and 8% of non-small cell lung cancer (36, 37).

Therefore, KRAS G12V and G12D mutations are ideal targets for

PDAC (38–40). Eric Tran et al. found a polyclonal CD8+ T cell

response to mutant KRASG12D from tumor infiltrating lymphocytes

obtained from a patient with metastatic colorectal cancer, and infused

HLA-C*08:02-restricted recombinant TCR-T cells targeting KRASG12D

into the patient, and observed the objective regression of the tumor

(41). Rom Leidner et al. treated a patient who had progressive

metastatic pancreatic cancer with a single infusion of 16.2×109

autologous HLA-C*08:02–restricted TCR-engineered T cells targeting

mutant KRAS G12D, and mediated the objective regression of

metastatic pancreatic cancer (42).

Here, we isolated and screened a KRASG12V-specific TCR

derived from CD4+ T cells of patient’s TILs. Then we identified

the HLA restriction of the TCR as HLA-DPB1*03:01 and

DPB1*14:01, and tested the neoantigen epitopes and key amino

acids of the KRASG12V mutation. In order to validate that this

neoantigen-reactive TCR could recognize KRASG12V mutation, we

constructed the KRASG12V-specific TCR-engineered CD4+ T cells

and CD8+ T cells, and co-cultured them with APC cells and PDAC

cell lines loaded with mutant peptides. Notably, we investigated the

TCR specificity in functional assays of CD4+ T cells but not CD8+ T

cells, indicating the restriction of this TCR for CD4+ T cells. We

then validated the antitumor activity of KRASG12V specific TCR in

vivo by xenograft mouse model, and found that treatment with

KRASG12V-specific TCR could significantly reduce tumor growth.

Taken together, we proved the effectiveness of this KRASG12V-

specific TCR and expanded the available clinical subtypes of HLA

for the development of TCR-based ACT.
2 Materials and methods

2.1 Cell lines and cell culture

SW620, CFPAC-1, 293T were purchased from ATCC. During the

whole duration of this study, all cell lines were regularly tested negative

for mycoplasma contamination. SW620 was cultured in RPMI1640

media (Gibco) supplemented with 10% fetal bovine serum (FBS,

Gibco), 2 mM L-glutamine, and 1X penicillin/streptomycin (All
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https://doi.org/10.3389/fimmu.2023.1161538
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ai et al. 10.3389/fimmu.2023.1161538
from Thermo Fisher Science). CFPAC-1 and 293T were cultured in

DMEM media (Gibco) supplemented with 10% fetal bovine serum, 2

mML-glutamine, and 1X penicillin/streptomycin. The cell lines usually

kept in culture no more than two months.
2.2 Patients and HLA typing of patients

This study was approved by Ethics Committee of Ruijin

Hospital of Shanghai Jiao Tong University. Written, informed

consent was obtained from all patients. All patients studied were

histologically diagnosed with CRC or PDAC and had a confirmed

KRASG12V mutation by whole-exome sequencing (Genergy Bio-

Technology, Shanghai). B13 patient was diagnosed with CRC, and

the tumor stage of B13 patient is IIIB (T3N1M0). Patient

lymphocytes from peripheral blood were genotyped for HLA class

II by high-resolution, high-throughput HLA genotyping with deep

sequencing (Tissuebank, Shanghai) and found to be HLA-

DPB1*03:01 (Supplementary Table S1).
2.3 Isolation and expansion of TILs

After being washed twice by the Dulbecco’s Phosphate-Buffered

Saline (DPBS, Thermo Fisher), fresh tumor samples were chopped

into small pieces about 2-4 mm, and then cultured in 24-well plates,

with Tumor infiltrating T Lymphocytes (TIL) media [X-Vivo15

(Lonza, BE02-060F) +25 mM Hepes+2% human AB Serum +6000

IU/ml IL2 (All from Thermo Fisher)]. Media would be changed

every 2-3 days until Tumor infiltrating T Lymphocytes (TILs)

converged to 60%-80% (containing about 0.5-3.0×106 TILs) of

one 24-well plate. Amplified TILs were harvested and stored in

CryoStor CS10 (Sigma-Aldrich, C2874) cryopreservation solution.
2.4 Antigen presentation mRNA or
peptide preparation

The whole gene containing mutated KRAS genes (e. g. G12V,

G12D) was synthesized and linked to LAMP3 signal peptide

(leading sequence) to form LAMP3 LS-KRASmut, added with

Xenopus globin UTR at both sides, and then cloned into a

pcDNA3.1 plasmid containing prokaryotic T7 promotor,

eukaryotic promotor and ORIP replication starting point. mRNA

was transcribed by mMessage mMachine™ T7 Transcription Kit

(Invitrogen, AM1344) as manufacturer’s instructions in vitro,

packed in 10 mg/tube, and stored at -80°C. A long peptide of 23-

25 length (HPLC, purity > 95%) was synthesized from mutated

KRAS, dissolved into 10mg/ml with DMSO, and stored at -80°C.
2.5 Antigen-presenting cells and KRASG12V

mRNA loading assay

Peripheral blood mononuclear cells (PBMCs) from patients were

isolated by Ficoll-Paque gradient centrifugation and cryopreserved
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for generating LCLs and DCs. Specifically, 0.5-1.0×107 PBMCs were

resuspended in RPMI media supplemented with 10% fetal bovine

serum (FBS) and infected with EBV supernatant from the marmoset

cell line B95.8 to be induced into immortalized B cells called

lymphoblastoid cell line (LCL). During the induction period, half of

the culture medium was changed every 7 days. After being cultured

for 3 to 4 weeks, the induced LCL were amplified and cryopreserved

in cell culture freezing medium. Monocyte-derived immature

dendritic cells (DCs) were sorted by CD14 separate magnetic beads

using MACS CD14 Isolation Kit (Miltenyi Biotec, 130050201)

according to the manufacturer’s instructions, and then cultured in

DC induced media [AIM-Vmedium (Gibco, 12055091) +2%Human

AB serum +1000 IU/ml IL4 + 1000 IU/ml granulocyte-macrophage

colony-stimulating factor (GM-CSF) (All from Thermo Fisher)].

Induced DCs were cultured in fresh media on the third day and

cryopreserved on days 5 to 6. Mature DCs were loaded with mRNA

of KRAS G12V mutations by electroporation. In brief, messenger

RNA coding KRAS G12V mutation was produced by CHINESE

PEPTIDE as instructed by the manufacturer. Mature DCs or LCL

were resuspended in Resuspension Buffer R at a finally density of

1.0×107 cells/ml by The Neon™ Kits (MPK10096, Invitrogen), and

then added 100 µl cell suspension to the tube containing 5-8 mg
mRNA and gently mix. Later, the cell-mRNA mixture was aspirated

into the Neon™ Tip and electroporated at 1500 V for one pulse and

30 ms with the Neon™ device (MPK5000, Invitrogen) as instructed

by Neon™ Transfection System User Guide. After that, transfected

DCs or LCL were resuspended in the complete medium and

transferred to the 24-well plate. GFP control was set to assess

transfection efficiency by fluorescent microscopy.
2.6 Screening of neoantigen-specific T
cells and Single-cell TCR sequencing

Transfected DCs or LCLs were used as APC to stimulate TILs

for cytotoxic T lymphocyte (CTL) induction. 1.2×106 TILs were co-

cultured with pulsed or non-pulsed 0.5×105 DCs cells or 4×105

LCLs in X-Vivo15 medium in 96-well plate. The supernatant of the

culture medium was collected after 16 hours of culture, and the

release of IFN-g in supernatant was determined by Human IFN-g
Flex Set (BD Bioscience, 558269) to evaluate T cells’ ability of

specifically identifying and killing APCs. Neoantigen-specific T cells

were stained with CD3, 41-BB, PI (propidium iodide solution) and

analyzed by flow cytometry to sort out PI-/CD3-/41BB+ T cell

group. Specifically, 1×106 TILs stimulated by APCs were re-

suspended in flow buffer (DPBS solution containing 1% human

AB serum and 2 mM EDTA), added with CD3/CD137 antibody

and PI, incubated at 4 °C for 1 hour, then washed with flow buffer

twice, and sorted by BD FACSAiraII flow sorter. The sorting

population was PI-, CD3+ and CD137+. The selected cells were

stored in RPMI1640 medium containing 10% human AB serum

and placed on ice. The collected sorted cells (PI-, CD3+, CD137+)

were centrifuged at 4 °C, 300 g for 10 minutes, then washed with

DPBS twice, and re-suspended in DPBS. The sorted T cells were

used for the following TCR sequencing analysis by 10X genomics

Single Cell Sequencing. For the quality inspection and counting of
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single cell suspension, the cell survival rate is generally required to

be more than 80%. The qualified cells are washed and re-suspended

to prepare suitable cell concentration at 700~1200 cells/ml for

computer operation of 10X Genomics Chromium™ system.

Using 10X Genomics Chromium™ system, gel Bead with

sequence tags, sorted T cells and reagent premixed liquid and oil

were loaded into their respective injection channels, a “double

cross” cross system was formed through the microfluidic channel

network to finally emerge a single-cell micro-reaction system GEMs

wrapped by oil droplets. The single cell was isolated by gel beads,

and then the mRNA molecule was released by cell cleavage and

reverse-transcribed into cDNA by the polyT primer. The V (D) J

region was amplified by a pair of primers near the 5-terminal UTR

region of the V (D) J region and the gene C region. During the

amplification process, the unique molecular tag (UMI) of the cell

marker and transcript marker were introduced, and the amplified

products were digested with restriction endonuclease to produce the

second generation sequencing library. Finally, the high-throughput

sequencing is carried out by using the double-ended sequencing

mode of Illumina platform. The Cell Ranger- mkfastq subroutine

was used to convert the sequencing data of BCL format into FastQ

format. Using FastQC software to analyze the quality control of

preprocessed data. Cell Ranger- VDJ subroutine was used to

assemble the V (D) J region sequence of TCR gene of every single

cell. IMGT database (https://support.10xgenomics.com/single-cell-

vdj) and VDJ database (https://vdjdb.cdr3.net/) were used to

analyze the results, and Loupe V (D) J Browser was used for the

visualization of analysis results.
2.7 Synthesis and verification of
recombinant TCR

Single cell sequencing data were analyzed and T cell clones were

selected for verification. TCRVa and TCRVb chains were

synthesized and linked to mouse TCR constant region, and P2A

(self-cleaving 2A peptide, 2A) sequence was used to link TCRa and

TCRb to form TCRVa-mTCRa-P2A-TCRVb-mTCRb structure,

which was cloned into lentivirus shuttle vector (GV401) as

manufacturer’s instructions. Transfected 293T cells with lentivirus

shuttle vector as manufacturer’s instructions to package into

lentiviral vector, and harvested supernatants after 24 h and 48 h

of incubation. Human peripheral blood lymphocytes from different

healthy donors (n=4) were used. PBMC (Sailybio, SLB-HP100B/

200365) were activated in 6-well plate coated with CD3 (OKT3) and

CD28 (15E8) antibody at 106 cells/ml for 24 hours, then were

transduced with lentiviral vector containing TCR and cultured for

6-8 days for TCR screening. The transduced T cells were collected

and washed with FACS buffer. 1×106 modified T cells were added

with mouse TCRb constant region antibody for staining to detect

the expression of recombinant TCR. Antigen presenting cells and

the prepared TCR-T cells were co-cultured as 1:1 in the RPMI1640

medium containing 2% FBS in 96Well-plate overnight. The specific

IFN-g release in the supernatant was determined to verify the

specificity of recombinant TCR to Neoantigen.
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2.8 HLA restriction assay of TCR

Engineered-TCR T cells were incubated with LCLs loaded with

neoantigen. The LCLs were from LCL bank (from Shanghai Jikai

Genome Medical Technology Co., Ltd) which have been identified

HLA restriction for each LCL lines and used as the antigen

presenting cell line (Supplementary Table S3). Specifically, LCLs

from different donors were loaded with KRAS G12V-T15 peptide

(TEYKLVVVGAVGV, 10 mg/ml) and co-cultured with Mock T

cells and engineered-TCR T cells in RPMI1640 culture medium

containing 2% fetal bovine serum at the ratio of 2×104: 2×104, and

TCR-T specific IFN-g release was used to determine

HLA restriction.

CIITA gene (Genebank ID: 4261) was overexpressed in SW620

and CFPAC-1 cells by CIITA lentiviral transfection to construct

SW620-CIITA and CFPAC-1-CIITA cell lines. After that, HLA-

DPB1*03:01 and HLA-DPA1*02:02 was overexpressed in SW620

and CFPAC-1 cells by HLA lentiviral transfection to construct

SW620/CFPAC1-CIITA-DPB1*03:01 cell lines and SW620/

CFPAC1-CIITA- DPA1*02:02-DPB1*03:01 cell lines. The above

cells were collected and suspended in RPMI1640 medium and

cultured at 37 °C for 2 hours, then washed twice with DPBS.

Antigen presenting cells (modified SW620 or CFPAC-1) and

B13.14.1 TCR-T cells were cultured overnight in RPMI1640

medium containing 2% fetal bovine serum as the ratio of 2×104:

2×104, and the release of IFN-g in the supernatant was determined.
2.9 Determination of neoantigen epitopes
and key amino acids

Synthet ic pept ides containing G12V mutant si tes

(TEYKLVVVGAVG, G12V-T3; YKLVVVGAVGVG, G12V-T6;

EYKLVVVGAVG, G12V-T9; YKLVVVGAVG, G12V-T10;

KLVVVGAVG, G12V-T11; TEYKLVVVGAV, G12V-T12;

EYKLVVVGAV, G12V-T13; YKLVVVGAV, G12V-T14;

TEYKLVVVGAVGV, G12V-T15; EYKLVVVGAVGV, G12V-

T16; YKLVVVGAVGV, G12V-T17) and alanine substitution

(Supplementary Table S4) were loaded into autologous LCL cells

and co-cultured with TCR-T cells. Neoantigen epitopes and key

amino acids were determined by IFN-g release assay in the

supernatant. Specifically, the 9-23 peptides were synthesized and

then dissolved in DMSO. The autologous LCL cells of B13 patients

were re-suspended in the RPMI1640 culture medium, adding the

above peptides to the final concentration of 1 mg/ml. After

incubating for 2 hours, they were washed twice with DPBS

solution, and then re-suspended with RPMI1640 culture medium

containing 2% fetal bovine serum to 2×105/ml. The antigen

presenting cells loaded with peptides and B13.14.1 TCR-T cells

were cultured overnight according to the ratio of 2×104: 2×104. The

release of IFN g in the supernatant was measured by the Human

IFN-g Flex Set (BD Bioscience, 558269).

By replacing the peptides of KRASG12V epitopes with alanine

one by one, the key amino acids involved in antigen presentation in

KRASG12V epitopes can be screened. Specifically, peptides of
frontiersin.org

https://support.10xgenomics.com/single-cell-vdj
https://support.10xgenomics.com/single-cell-vdj
https://vdjdb.cdr3.net/
https://doi.org/10.3389/fimmu.2023.1161538
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ai et al. 10.3389/fimmu.2023.1161538
KRASG12V epitopes with alanine replaced were synthesized

(Supplementary Table S4). IFN-g or IL2 in the supernatant of

antigen presenting cells co-cultured with B13.14.1 TCR-T were

determined by the Human IFN-g Flex Set (BD Bioscience, 558269).
2.10 Killing assay of Engineered-TCR
T cells

SW620-CIITA-DPB1*03:01 or CFPAC-1-CIITA-DPB1*03:01

cells were re-suspended in RPMI1640 medium containing 2%

FBS and inoculated in 96-well plates as 104/well. Mock-T,

Engineered-TCR-CD4+ T cells and Engineered-TCR-CD8+ T cells

were added separately according to the proportion of 10:1, 3:1, 1:1,

0.3:1, 0.1:1. After 48 hours of co-incubation, the medium was

removed and washed with 200 ml DPBS solution per well. 100 ml
RPMI1640 medium containing 2% FBS and 10 ml CCK8 detection

reagent (Cell Counting Kit-8, Sigma Aldrich, 96992) were added to

each well and incubated at 37 °C for 1 hour to detect 450nm light

absorption. Killing rate was:

Specific Lysis%= 1 - (light absorption value/control hole light

absorption value)
2.11 Engineered-TCR-T cells functional
avidity determination

Autologous LCL cells or the SW620-DPB1*03:01 were loaded

with different concentrations of KRASG12V-T15 peptide

(TEYKLVVVGAVGV) and corresponding wild type peptide

(TEYKLVVVGAGGV) (10 mg/ml, 1 mg/ml, 0.1 mg/ml, 0.01 mg/
ml, 0.001 mg/ml) at 37 °C for 2 hours, then washed twice with DPBS.

The antigen-presenting cells or the SW620-DPB1*03:01 and the

engineered-TCR-T cells were co-cultured overnight in RPMI1640

medium containing 2% fetal bovine serum according to the ratio of

2×104: 2×104, and the release of IFN-g or IL-2 in the supernatant

was determined.
2.12 IFN-g and IL-2 determination assay

Antigen presenting cells were loaded with or without mRNA of

KRAS G12V mutations, or a range of indicated concentrations of

synthetic peptides as previously described. Neoantigen-reactive

CD4+ T cells clones were incubated with the antigen presenting

cells at a ratio of 1:1-1:4 in X-Vivo15 medium overnight. The release

of IFN-g and IL-2 in the supernatant were determined by the

Human IFN-g Flex Set (BD Bioscience, 558269) and Human IL-2

Flex Set (BD Bioscience, 558270). Specifically, the IFN-g or IL-2

standard (2500 pg/ml) was added with Assay Diluent to dilute by

gradient (1: 2, 1: 4, 1: 8, 1: 16, 1: 32, 1: 64, 1: 128, 1: 256), and using

500 ml Assay Diluent as negative control tube (0 pg/ml). The total

amount of capture microspheres and antibodies detected by diluted

PE markers needed to be diluted in the test were determined

according to 50 ml/sample, respectively. The volume of each

captured microsphere and PE labeling antibody detection reagent
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were determined according to 1 ml/sample, respectively. Mix the

capture microsphere with the capture microsphere diluent in a tube

and mark “mixed capture microsphere”. Dilute the PE antibody

detection reagent with the detection antibody diluent, mix it in a

tube, and label “mixed PE to detect antibody”. Use the first 4°C to

avoid light. 50 ml gradient diluted standard substance was added to

each tube of standard quality control, and 50 ml supernatant to be

tested in each sample tube. Scrolled mixed microspheres for at least

5 seconds, and added 50 ml mixed microspheres per tube. Mixed

gently and incubated at room temperature for 1 hour. Then 50 ml
PE labeled antibody was added to each tube and mixed gently and

incubated at room temperature for 2 hours. Added 1ml lotion to

each tube and centrifuged 200 g for 5 minutes. Carefully absorbed

or gently poured out the supernatant, and add 300 ml lotion per tube
to resuscitate cells. Samples should be tested as soon as possible after

the instrument is adjusted. After the sample was collected (FCS2.0

format), the standard curve was drawn and the data was analyzed by

CBA special analysis software FCAPArrayv1.0.
2.13 Mouse xenograft models

SW620-CIITA-DPB1-Luc single clone was generated (SW620

was transfected with CIITA, HLA-DPB1*03:01 and firefly

luciferase) and then was injected subcutaneously into NOD-scid

IL2rgnull (NSG) mice to establish xenograft. TCR-T cells treatment

that intravenous injections of 1×107 engineered CD4+, CD8+ or

mixed T cells (CD4+: CD8+= 1:1) expressing B13.14 TCR separately

was given when the tumor size reached about 50 mm3 after tumor

inoculation. Control mice received no treatment (Mock) T cells.

The tumor size was determined by measuring the vertical diameter

of each tumor with a caliper, and the calculation formula was as

follows: tumor volume (mm3) = [(length) × (width) × (width)]/2.

On day 9, 16 and 34, the mice were anesthetized by intraperitoneal

injection of 0.7% pentobarbital sodium according to the dose of 10

ml/g and were imaged under the living imager to observe

the fluorescence.
2.14 Statistics

Data analysis was performed using GraphPad Prism v8.0

(GraphPad Software, CA). Data represent mean ± SD of

triplicates. Statistical comparison was conducted with Student’s

test, and two-way ANOVA.
3 Results

3.1 Isolation of KRASG12V-reactive T cells
from TIL and TCR sequencing of sorted
KRASG12V-reactive T cells

To obtain KRASG12V-reactive T cells, we collected surgically

resected tumor tissues of 16 patients who were diagnosed with CRC

and 15 patients who were diagnosed with PDAC as experimental
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samples for TIL, and obtained their peripheral blood mononuclear

cells (PBMCs) for DCs and LCLs (Figure 1). PBMCs were induced

to lymphoblastoid cell line (LCL) by EBV (Figure 2A). TIL clones

were subsequently isolated and assessed with their activity and

specificity. To screen tumor-reactive TILs, TILs from different

tumor specimens were separately co-cultured with mature

dendritic cells (DCs) and LCLs loaded with KRASG12V mRNA. As

a result, we found that tumor fractions TIL-B13.1, TIL-B13.4 and

TIL-B13.14 from B13 patient who was diagnosed with colorectal

cancer produced a significantly higher level of IFN-g than other TIL

fractions and its control group (Figure 2B).

B13.1 TILs, B13.4 TILs and B13.14 TILs stimulated by APC cells

were sorted by BD FACSAirall flow sorter and then were sequenced

their TCRa and TCRb chains by 10X genomics Single Cell

Sequencing. Top three TIL clonotypes were identified, and the

percentages of the first ranked TIL clonotypes were 36.55% in B13.1

TILs group, 87.98% in B13.4 TILs group, 47.98% in B13.14 TILs

group, respectively (Figure 2C). Dominant TCRa and dominant

TCRb chains were identified, TRAV26-1*01-J12*01 was paired with
TRBV3-1*01-D1*01-J2-7*01 in B13.1 TILs group, TRAV5*01-

J6*01 was paired with TRBV7-9*01-D1*01-J2-1*01 in B13.4 TILs

group, and TRAV3*01-J10*01 was paired with TRBV19*01-D1*01-

J1-6*02 in B13.14 TILs (Table 1), which suggested that the first

ranked TCR could be most likely tumor-reactive TCR.
3.2 KRASG12V-reactive TCR-engineered
T cells recognized and killed
HLA-DPB1*03:01 tumor cells
loaded with KRASG12V

To obtain KRASG12V-reactive TCR-T cells, the first ranked

TCRs were used for function validation for each TIL group

(Table 1). KRASG12V-reactive TCR gene were synthesized in the

order of TRAVmCa-P2A-TRBVmCb as the results of 10X

genomics Single Cell Sequencing (Table 2) to construct

recombinant TCR modified T cells. The modified TCR-T cells

were added with mouse TCRb constant region antibody for

staining to detect the expression of recombinant TCR, and the

results showed that all 6 recombined TCRs from patient B13 could

indeed be expressed in allogeneic T cells (Supplementary Figure S1).
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To evaluate the ability of these TCR-T cells to specifically identify

and mediate killing functions in response to KRASG12V in vitro, We

performed a co-culture of recombinant TCR modified T cells with

autologous LCL cells which were electroporated with KRASG12V

mRNA, and the results showed that B13.14.1 TCRs could

specifically recognize KRAS G12V mutation but not wild type

KRAS (Figures 3A, B).

The patient was genotyped and found to be HLA-DPB1*03:01

(Supplementary Table S1). SW620 (colorectal cancer lymph node

metastasis) contains KRASG12V homozygous mutation, and

CFPAC-1 cell line (pancreatic cancer) contains KRASG12V

heterozygous mutation. Their HLA-DP matching is shown in the

table (Supplementary Table S2). In order to verify the HLA

restriction, we performed a co-culture experiment using EBV-

LCL cells (Supplementary Table S3) from LCL bank with

B13.14.1 TCR-engineered T cells or mock T cells, the results

suggested that the B13.14.1 TCR can recognize the KRASG12V

antigenic peptides presented not only by HLA-DPB1*03:01 but

also by HLA-DPB1*14:01 (Figure 3C). To verify that the KRASG12V

peptides are endogenously processed and presented on the cells

with corresponding HLA molecules, we overexpressed CIITA gene

and HLA gene in SW620 and CFPAC1 (Supplementary Table S2,

Supplementary Figure S2), and then co-cultured B13.14.1 TCR-

engineered T cells or mock T cells with SW620, SW620-CIITA,

SW620-CIITA-DPB1*03:01, SW620-CIITA-DPA1*02:02-

DPB1*03:01, CFPAC-1, CFPAC1-CIITA, CFPAC1-CIITA-

DPB1*03:01 and CFPAC1-CIITA-DPA1*02:02-DPB1*03:01,

respectively. We here demonstrated that B13.14.1 TCR can

recognize the restricted G12V mutation presented by HLA-

DPB1*03:01, and can be presented better with both HLA-

DPB1*03:01 and HLA-DPA1*02:02 (Figures 3D, E).

To further evaluate the killing efficiency and characteristics of

B13.14.1 TCR-engineered T cells, SW620/CFPAC1-CIITA-

DPA1*02:02-DPB1*03:01 were co-cultured with Mock T cells,

B13.14.1 TCR-engineered CD4+ T cells, and B13.14.1 TCR-

engineered CD8+ T cells, respectively, with different effector/

target cell ratios, i.e., 10:1, 3:1, 1:1, 1:3, and 1:10. The results

showed that B13.14.1 TCR-engineered T cells could kill tumor

cells in a dose-dependent manner and the killing effect of CD4+ T

cells was superior to CD8+ T cells, indicating its dependence on

CD4 (Figures 3F, G).
FIGURE 1

Workflow of this research including TILs isolation, TCR sequencing, tumor-reactive TCR-engineered T cells construction, determination of HLA
restriction, tumor killing assay in vivo and vitro.
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3.3 Identification of KRASG12V mutation
epitopes and key amino acids

To further characterize the KRASG12V mutation epitopes, 9-23

peptides containing G12V mutation were synthesized (Table 3) and

loaded in the autologous LCLs to present the antigen to the B13.14.1
Frontiers in Immunology 0797
TCR-engineered T cells. The results of the release of the IFN-g and
IL-2 showed that G12V-T3, G12V-T9, G12V-T15 and G12V-T16

peptides could effectively induce IFN-g release from B13.14.1 TCR-

engineered T cells, of which G12V-T15 is the most effective,

indicating that HLA-DPB1*03:01 could present the above

peptides (Figures 4A, B). The results also suggested that the
TABLE 1 Top three TCR sequences of B13.1 TILs, B13.4 TILS and B13.14 TILs.

Clonotype TRAV TRAJ TRBV TRBJ CDR3a CDR3b Clonotype Frequency

B13.1 TRAV26-1*01 TRAJ12*01 TRBV3-1*01 TRBJ2-7*01 CIVRVEGSSYKLIF CASSQGGSYEQYF 36.55%

TRAV23/DV6*01 TRAJ58*01 TRBV5-6*01 TRBJ2-7*01 CAASEETSGSRLTF CASSWNLQASYEQYF 32.75%

TRAV26-1*01
TRAV23/DV6*01

TRAJ12*01
TRAJ58*01

TRBV3-1*01
TRBV5-6*01

TRBJ2-7*01
TRBJ2-7*01

CIVRVEGSSYKLIF
CAASEETSGSRLTF

CASSQGGSYEQYF
CASSWNLQASYEQYF

4.68%

B13.4 TRAV5*01 TRAJ6*01 TRBV7-9*01 TRBJ2-1*01 CAEDAGGSYIPTF CASSLEENEQFF 87.98%

– – TRBV7-9*01 TRBJ2-1*01 – CASSLEENEQFF 4.79%

TRAV12-1*01
TRAV5*01

TRAJ7*01
TRAJ6*01

TRBV7-9*01 TRBJ2-1*01 CVVNSLWEQQTRF
CAEDAGGSYIPTF

CASSLEENEQFF 3.82%

B13.14 TRAV3*01 TRAJ10*01 TRBV19*01 TRBJ1-6*02 CAVRDGRGGGNKLTF CASSPGQRDNSPLHF 47.98%

TRAV5*01 TRAJ6*01 TRBV7-9*01 TRBJ2-1*01 CAEDAGGSYIPTF CASSLEENEQFF 33.06%

TRAV3*01
TRAV5*01

TRAJ10*01
TRAJ6*01

TRBV7-9*01 TRBJ2-1*01 CAVRDGRGGGNKLTF
CAEDAGGSYIPTF

CASSLEENEQFF 4.00%
A

B

C

FIGURE 2

Screen of tumor-reactive TILs and identification of TCRa and TCRb sequences of sorted CD4+ T cells. (A) Representative images of the process of
LCLs inducement by EBV. (B) Flow Cytometry measuring secretion of INF-g from B13.1, B13.4, B13.14 TILs following the co-culture with LCLs loaded
with G12V peptide or wild type peptide. (C) Frequencies of top five TILs clonotypes of B13.1, B13.4, B13.14 TILs, respectively.
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peptide containing amino acid residues E (position 2) and G

(position12) of the KRASG12V mutant peptides were essential for

G12V epitope presentation and could effectively activate T

lymphocytes and induce immune response to tumors with

KRASG12V mutations.

Next, the key amino acids involved in antigen presentation in

KRASG12V epitopes was screened by replacing the peptides of

KRASG12V epitopes sequentially with alanine (i.e., “A”) from

position 1 to 13 (Supplementary Table S4). Investigation of the

reactivity of B13.14 TCR-T cells against the autologous LCL cells

loaded with these peptides revealed that the ability of B13.14.1

TCR-T cells to recognize KRAS G12V epitopes decreased after p3Y,

p4K, p5L and p8V were mutated to alanine, especially p3Y, p4K and

p5L (Figures 4C, D). Thus, these amino acid (p3Y, p4K, p5L and

p8V) may be critical for DPB1*03:01 binding or TCR recognition to

DPB1*03:01 and KRASG12V peptide complex, but the binding of the

peptides to the MCH II remains to be verified.
3.4 High functional avidity of the
KRASG12V-reactive TCR-engineered T cells
to KRASG12V mutants

To further investigate the functional characteristics of B13.14.1

TCR-engineered T cells, we carried out a tumor cell line killing

assay with autologous LCL cells or SW620-CIITA-DPB1*03:01

loaded with different concentrations of KRAS G12V-T15 peptide

(TEYKLVVVGAVGV) and corresponding wild type peptide

(TEYKLVVVGAGGV), i.e., 10 mg/ml, 1 mg/ml, 0.1 mg/ml, 0.01

mg/ml, 0.001 mg/ml. The killing efficacy is positively correlated with

the concentrations of the peptide, and the B13.14.1 TCR-engineered

T cells can recognize KRASG12V peptide loaded on autologous LCL

cells and SW620-CIITA-DPB1*03:01 at a low concentration of <10

ng/ml (Figures 5A–C). Therefore, B13.14.1 TCR-engineered T cell

could specifically secrete IFN-g and IL-2 on encountering the

antigen presenting cells in a dose-dependent manner, and it had

high functional avidity and high specificity for KRASG12V mutants.
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3.5 Treatment efficacy of KRASG12V-
reactive TCR-engineered T cells in
xenograft model

To test whether B13.14.1 TCR-engineered T cells had antitumor

functions in vivo, we implanted subcutaneously the KRASG12V-

positive SW620-CIITA-DPB1-luc into NOD-scid IL2rgnull (NSG)
mice. When tumor size reached about 50 mm3, we treated them

with B13.14.1 TCR transduced human CD4 T cells, CD8 T cells and

the mixture of CD4 T cells and CD8 T cells intravenously, and set

intravenous injection of Mock-T (untransduced T cell) and PBS as

control groups. Recombinant TCR expression was determined by

mTCRb expression (Supplementary Figure S3). The results showed

that the growth of tumors in mice treated with B13.14.1 TCR-

engineered CD4+ T cells was significantly suppressed compared

with all control groups (compared with treatment with Mock T

cells; P < 0.0001; Figures 6A, D). Through tacking B13.14.1 TCR-

engineered T cells using human CD3 and mouse TCR constant

region TCRb antibody, we found that B13.14.1 TCR transduced

CD4 T cell showed significantly higher expansion in vivo than other

groups (compared with treatment with B13.14.1 TCR-engineered

mix T cells; P = 0.0024; Figures 6B, C). The results indicated that

B13.14.1 TCR-engineered T cells could inhibit the growth of

SW620-DPB1*03:01 tumor, and exhibited the dependence on CD4.
4 Discussion

Adoptive TILs and CAR-T transfer-based immunotherapy is a

promising therapeutic approach to eliminate a variety of tumors

(43–45). However, the validity of adoptive cell therapy for most

patients with solid tumors has not yet been fully proved (46, 47).

PDAC is a highly immunosuppressive cancer type, and its TILs in

the tumor immune microenvironment is often depleted and senile.

Hence, the generation in vitro of TCR-engineered T cells targeting

tumor-specific neoantigens would be a promising strategy to

overcome the immunosuppressive status. Recent clinical

researches on TCR-T therapy have promising results for curative

tumor regression in solid tumors (25, 41, 42, 48). Currently, the

choice of tumor-specific neoantigens for antitumor TILs is still a

challenge. RAS mutations are the most frequent proto-oncogene

mutations, in which KRAS mutation has the highest incidence in

solid tumors (about 86% of the three RAS mutations), i.e.,

approximately 90% in pancreatic cancer and 40% in colorectal

cancer (49, 50). About 60%-80% of KRAS mutations are found to be

G12V and G12D in pancreatic cancer, and 20%-30% in colorectal

cancer (51, 52). Therefore, KRASG12V may be a good target for

pancreatic cancer. It has been reported that the frequency of the

HLA-DPB1*03:01 in the Chinese Han population is approximately

3.5913% (N=4845), which ranks the 7th in frequency of DPB1 (53).

HLA-DPB1*03:01 and DPB1*14:01 is 3rd rank of HLA-DPB1

alleles in Asian and Caucasian with 20-30% frequency. Also,

HLA-DPB1*14:01 is the highest DPB1 alleles found in south

Americans (>50%). In this study, we isolated and identified the
TABLE 2 TCR sequences of recombinant TCR modified T cells.

Clone Name TCRa TCRb

B13.1.1 TRAV26-1*01,
TRAJ12*01

TRBV3-1*01,
TRBJ2-7*01

B13.1.2 TRAV23/DV6*01,
TRAJ58*01

TRBV5-6*01,
TRBJ2-7*01

B13.4.1 TRAV5*01,
TRAJ6*01

TRBV7-9*01,
TRBJ2-1*01

B13.4.2 TRAV12-1*01,
TRAJ7*01

TRBV7-9*01,
TRBJ2-1*01

B13.14.1 TRAV3*01,
TRAJ10*01

TRBV19*01,
TRBJ1-6*02

B13.14.2 TRAV5*01,
TRAJ6*01

TRBV7-9*01,
TRBJ2-1*01
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HLA-DPB1*03:01-restricted human TILs from patient’s tumor

tissue that recognize natural processed and presented epitopes in

KRASG12V mutants, and cloned the TCRs to construct KRASG12V-

reactive TCR-engineered CD4+ T cells. The reason why the specific

reaction TCR of KRASG12V mutation was not isolated in other

tumor tissue samples may be that the infiltration density of TIL in

tumor tissue samples is too low or the TIL itself is in a suppressed

state with low activity, which is not enough to exert anti-tumor

killing effect.
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Our study not only obtained KRASG12V-reactive TILs but

identified and isolated corresponding KRASG12V-reactive TCRs by

single-cell TCR sequencing. In addition, B13.14.1 TCR could

express stably in primary T cells and mediate the specific

recognition of KRASG12V-HLA-DPB1*03:01 complex, leading to

stronger antitumor response of efficient killing of target cells.

However, the recombined TCR-T cells from B13.1 TILs and

B13.4 TILs showed low secretion of IFN-g, the reason may be

that the sequences of reactive TCRs were not be founded by the 10X
D

A B

E

F G

C

FIGURE 3

Function evaluation and HLA restriction determination of B13.14.1 TCR-CD4+ T cells. (A, B) Flow Cytometry measuring secretion of INF-g and IL-2
from B13.14.1 TCR-engineered T cells or Mock T cells stimulated by autologous LCLs electroporated with KRASG12V mRNA. (C) Flow Cytometry
measuring secretion of INF-g from B13.14.1 TCR-CD4+ T cells or Mock T cells stimulated by EBV-LCLs from LCL bank loaded with KRASG12V mRNA.
(D, E) Flow Cytometry measuring secretion of INF-g and IL-2 from B13.14.1 TCR-CD4+ T cells or Mock T cells stimulated by SW620, SW620-CIITA,
SW620-CIITA-DPB1*03:01, SW620-CIITA-DPA1*02:02-DPB1*03:01, CFPAC-1, CFPAC1-CIITA, CFPAC1-CIITA-DPB1*03:01 and CFPAC1-CIITA-
DPA1*02:02-DPB1*03:01, respectively. For (A–E), each graph shows the mean results of three technical replicates from one donor, and each
experiment has been performed with a different donor. (F, G) Specific lysis of SW620-DPB1*03:01 and CFPAC-1-DPB1*03:01 induced by B13.14.1
TCR-CD4+ T cells under different effector cell/target cell ratios. Five different ratios (10:1, 3:1, 1:1, 1:3, and 1:10) were examined.
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genomics Single Cell Sequencing. We also demonstrated that

B13.14.1 TCR could recognized an additional HLA-DPB1 allele,

HLA-DPB1*14:01, which can therefore broaden application of our

TCR. The sequences of HLA-DPB1*14:01 and DPB1*03:01 differ by

only one amino acid, which may explain why the TCR can respond

to these two allotypes. The results of the high functional avidity of

our TCR further supported its clinical efficacy. Besides, we

compared the functional avidity of B13.14.1 TCR with 6F9 TCR

which recognizes MAGEA3 p243-258 in HLA-DPB1*04:01

restricted manner (54) and founded that functional avidity of

B13.14.1TCR is comparable with 6F9 TCR in the same assay

format (peptide titrated on autologous LCL line). Interestingly, we

found that the B13.14.1 TCR-engineered CD4+ T cells had higher

killing effect than CD8+ T cells in vivo and vitro. In the

immunodeficient mouse models, we found that the response of

engineered-TCR CD4+ T cells were more effective in antitumor

immunity than CD8+ T cells or mix T cells. The reason may be that

the B13.14.1 TCR is derived from CD4+ T cells.

Unlike MHC I which is broadly expressed in majority of tissues

and tumor types, expression of MHC II is limited to antigen

presenting cell, such as DC and B cell reported in previous

publications. Some researches have showed the evidence of MHC

II expression in normal tissue and different tumor types. Evidence

of MHC II expression in normal tissue was concluded from that
Frontiers in Immunology 10100
HLA-A, B, C, DRB1 and DQB1 matched unrelated hematopoietic

cell transplantation patients with HLA-DPB1 mismatch informs

risk of GVHD development (55). HLA-DPB1-mismatched donor-

derived TCRs can recognize human autoantigens presented in

recipient tissue HLA-DPB1, implying that HLA-DPB1 is

expressed to a certain extent in recipient normal tissues. MHCII

expression was reported in various tumor types originated from

different tissues, such as melanoma, breast cancer, colorectal cancer,

ovarian cancer, prostate cancer and NSCLC (56). In recent studies,

expression of MHC II expression was reported in 77.7% of PDAC

(49/63) using immunohistochemistry and half of tumor cells are

expressing MHC II at moderate or high levels (57).

Previous studies on TCR-T cell therapy mostly developed MHC

class I-restricted TCRs (58) and applied CD8+ T cells for killing

cells. However, immunotherapies based on CD8+ T cells have

shown the transient and weak immune response in most patients

(59). Some studies showed evident clinical adverse events of CD8+ T

cell-therapies despite of its remarkable clinical responses (60, 61). In

the meanwhile, the last 5 years have seen many reports recognizing

the critical role of CD4+ T cells driving anti-tumor immunity and in

supporting anti-tumor CD8+ T cell responses (62). CD4+ T cell can

infiltrate and recognize autologous tumor in a MHC II-restricted

manner (28). High infiltration of CD4+ T cell was associated with

improved survival in pancreatic cancer patients while CD8+ T cell

infiltration didn’t have an impact on overall survival (63).

Furthermore, cytotoxic CD4+ T cells in tumors predicts a clinical

response in 244 metastatic bladder cancer patients with anti PDL1

therapy (64). Besides, single cell analysis reveals a CD4+ T cell

cluster is correlated with efficacy of PD1 blockade in NSCLC (65).

Neoantigen specific T cell may be the main player against

human cancer, for example PD1/PDL1 blockade can restore

antitumor activity of neoantigen specific tumor infiltrating

lymphocytes in solid tumor. Evidence of antitumor activity of

neoantigen specific CD4+ T cell has been reported in different

tumor types including breast cancer (33), melanoma (66),

pancreatic cancer (42). Moreover, adoptive CD4+ T cell therapy

using HLA-DPB1*0401 restricted TCR recognizing MAGEA3 has

been proved to be effective in 17 patients with metastatic cancer and

4/17 patients treated with DPB1*0401 restricted TCR-T cells

showed durable clinical response (1CR, 3PR) (67). Proteasome

processing of tumor antigens and presentation in MHC II are

critical for tumor recognition by CD4+ T cells. Lysosomal

processing and presenting on MHC II of acquired exogenous

antigen by tumor cells were considered to be the major antigen

presentation pathway of human CD4+ T cells (68). However, some

studies showed that MHC II can efficiently present intracellular

protein to human CD4+ T cell in non-classical antigen processing

pathways (69, 70). Interestingly, 80% of neoantigen specific TCRs

can recognize autologous tumor cells in MHC II restricted manner

which were isolated from 62 of 75 gastrointestinal cancer patients

(71). A high proportion of MHC II-restricted neoantigen-specific

TCRs can be isolated in more than 80% of different tumor types,

suggesting that MHC II-presented neoantigens may be more

prevalent in human cancers than previously realized. These

studies have shown that CD4+ T cells can promote the killing of

tumor cells in various ways.
TABLE 3 List of KRAS G12V mutation peptides.

No. Length Amino acid sequences

G12V-T1 23 TEYKLVVVGAVGVGKSALTIQLI

G12V-T2 15 AVGVGKSALTIQLI

G12V-T3 12 TEYKLVVVGAVG

G12V-T4 11 VVVGAVGVGKS

G12V-T5 15 VGAVGVGKSALTIQ

G12V-T6 12 YKLVVVGAVGVG

G12V-T7 15 VVVGAVGVGKSALT

G12V-T8 12 LVVVGAVGVGKS

G12V-T9 11 EYKLVVVGAVG

G12V-T10 10 YKLVVVGAVG

G12V-T11 9 KLVVVGAVG

G12V-T12 11 TEYKLVVVGAV

G12V-T13 10 EYKLVVVGAV

G12V-T14 9 YKLVVVGAV

G12V-T15 13 TEYKLVVVGAVGV

G12V-T16 12 EYKLVVVGAVGV

G12V-T17 11 YKLVVVGAVGV

G12V-T18 14 TEYKLVVVGAVGVG

G12V-T19 16 TEYKLVVVGAVGVGK

G12V-T20 16 TEYKLVVVGAVGVGKS

G12V-T21 17 TEYKLVVVGAVGVGKSA
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In addition to the KRASG12V mutation, we also conducted

experiments on the reactivity of B13.14.1 TCR to other KRAS

mutants (G12A, G12D, G12I, G12V, G12S). The result turned out

that B13.14.1 TCR showed specific reactivity to KRASG12V and

KRASG12I but not to other KRAS mutants. It seems that longer

methyl group of Isoleucine may enhance interaction of TCR and

pMHC complex compared with Valine residue. KRASG12D

accounts for the top one KRAS mutation in solid tumor. We also

tried to screen KRASG12D reactive TCR clone from TIL of patients.

However, none of screened T cell clone showed specific KRASG12D

recognition. Dr Steven Rosenberg’s group reported isolation of

KRASG12D specific TCR from CRC patients which was HLA-
Frontiers in Immunology 11101
C*0802 restricted (41), but HLA-C*0802 restricted TCR is not

that of valuable for further development because of low frequency

of HLA-C*0802 in most countries.

We reported here that B13.14.1 TCR-engineered CD4+ T cells were

able to recognize and kill MHC class II expressing target cells such as

SW620-CIITA-DPB1*03:01 and CFPAC-1-CIITA-DPB1*03:01, in a

dose-dependent manner, independent of APCs, which was the same as

described in other studies (28, 32). Besides, CD4+ T cells can secret

multiple cytokines to mediate anti-tumor effects, for instance, the

secretion of IL-2 from Th1 cells is essential for the function of CD8+

T cells such as the initiation of the immune response and its growth

(72). Thus, it is significant to strength the study of the mechanism of
A

B

C

D

FIGURE 4

Amino acid residues E (position 2) and G (position12) of the KRASG12V mutant peptides were essential for G12V epitope presentation and
immunoreactivity. (A, B) Flow Cytometry measuring secretion of INF-g and IL-2 from B13.14.1 TCR-CD4+/CD8+ T cells stimulated by autologous
LCLs loaded with 12 peptides. (C, D) Flow Cytometry measuring secretion of INF-g and IL-2 from B13.14.1 TCR-CD4+/CD8+ T cells stimulated by
autologous LCLs loaded with G12V-T15 peptides which were sequentially replaced with alanine (i.e., “A”) from position 1 to 13. Data represent mean
± SD of triplicates. ***p ≤ 0.001.
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CD4+ T cells recognizing and killing tumor cell to obtain optimal

antitumor responses. The identification of CD4+ TCR specific for

KRAS mutations provides the foundation for applying the CD4+ T-cell

immunity to the adoptive transfer therapy and deepens the mechanism

of CD4+ T cells in human anti-tumor immunity. In the future studies,

we would enroll patients with advanced PDAC for clinical researches to

validate our approach. However, it is still a challenge to improve the

anti-tumor efficacy of TCR-T immunotherapy, including how to

expand the range of available TCRs in more patients, how to

increase the safety and the functional avidity of therapeutic TCRs,

and how to overcome the immunosuppressive effects of suppressor cell

subsets in CD4+ T cells. With the development of next-generation

sequencing technology, TCR-T immunotherapy for personalized

neoantigens will become more and more mature in the future and

become a viable and ideal cancer treatment.
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A B C

FIGURE 5

Functional avidity analysis of B13.14.1 TCR-CD4+T cells. (A, B) Flow Cytometry measuring secretion of INF-g and IL-2 from B13.14.1 TCR-CD4+T cells
stimulated by autologous LCLs loaded with different concentrations of KRAS G12V-T15 peptide (TEYKLVVVGAVGV) and corresponding wild type
peptide (TEYKLVVVGAGGV), i.e., 10 mg/ml, 1 mg/ml, 0.1 mg/ml, 0.01 mg/ml, 0.001 mg/ml. (C) Flow Cytometry measuring secretion of INF-g from
B13.14.1 TCR-CD4+ T cells stimulated by SW620-CIITA-DPB1*03:01 with different concentrations of KRAS G12V-T15 peptide (TEYKLVVVGAVGV) and
corresponding wild type peptide (TEYKLVVVGAGGV), i.e., 10 mg/ml, 1 mg/ml, 0.1 mg/ml, 0.01 mg/ml, 0.001 mg/ml. Data represent mean ± SD of
triplicates.
D
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FIGURE 6

Evaluation of the activities of B13.14.1 TCR-engineered T cells in vivo. SW620-CIITA-DPB1*03:01 were implanted into immunodeficient NSG mice
and treated them with intravenous injection of PBS, human CD4+ T cells, CD8+ T cells and the mixture of CD4+ T cells and CD8+ T cells (CD4+ T
cells: CD8+ T cells = 1:1) transduced with B13.14.1 TCR (TRAV3*01-J10*01/TRBV19*01-D1*01-J1-6*02) when tumor size reached about 50 mm3.
The results showed (A) tumor sizes, (B) proportions of human CD3+ T cells in the peripheral blood, (C) proportions of human CD3+ T cells/mouse
TCRb in the peripheral blood. (D) Micrographs obtained from IVIS of mice inoculated with SW620-CIITA-DPB1*03:01 and were treated or untreated
with Mock T cells or B13.14.1 TCR-engineered T cells.
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CD24-Fc suppression of immune
related adverse events in a
therapeutic cancer vaccine
model of murine neuroblastoma
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Yang Liu3 and Anthony David Sandler1*
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Introduction: The combination of Myc-suppressed whole tumor cells with

checkpoint inhibitors targeting CTLA-4 and PD-L1 generates a potent

therapeutic cancer vaccine in a mouse neuroblastoma model. As

immunotherapies translate from pre-clinical to clinical trials, the potential

immune-related adverse events (irAEs) associated with induction of potent

immunity must be addressed. The CD24-Siglec 10/G interaction is an innate

checkpoint that abrogates inflammatory responses to molecules released by

damaged cells, but its role in cancer immunology is not well defined. We

investigate irAEs of an effective whole cell neuroblastoma vaccine and

subsequently the effect of CD24-Fc, a CD24 and Fc fusion protein, on both

the vaccine efficacy and induced irAEs in a mouse neuroblastoma model.

Methods: To test whether the whole tumor cell vaccination leads to

autoimmune responses in other organ systems we harvested lung, heart,

kidney and colon from naïve mice (n=3), unvaccinated tumor only mice (n=3),

and vaccinated mice with CD24 Fc (n=12) or human IgG-Fc control (n=12) after

tumor inoculation and vaccination therapy at day 30. The Immune cell infiltrates

and immunogenic pathway signatures in different organ systems were

investigated using NanoString Autoimmune Profiling arrays. Nanostring RNA

transcript results were validated with immunohistochemistry staining.

Results: The whole tumor cell vaccine combined with immune checkpoint

therapy triggers occult organ specific immune cell infiltrates, primarily in

cardiac tissue and to a lesser extent in the renal and lung tissue, but not in the

colon. CD24-Fc administration with vaccination partially impedes anti-tumor

immunity but delaying CD24-Fc administration after initial vaccination reverses

this effect. CD24-Fc treatment also ameliorates the autoimmune response

induced by effective tumor vaccination in the heart.
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Discussion: This study illustrates that the combination of Myc suppressed whole

tumor cell vaccination with checkpoint inhibitors is an effective therapy, but

occult immune infiltrates are induced in several organ systems in a mouse

neuroblastoma model. The systemic administration of CD24-Fc suppresses

autoimmune tissue responses, but appropriate timing of administration is

critical for maintaining efficacy of the therapeutic vaccine.
KEYWORDS

CD24Fc, tumor cell vaccine, neuroblastoma, immune-related adverse events,
autoimmune profiling
Introduction

Cancer immunotherapy in the form of checkpoint inhibitors

targeting CTLA-4, PD-L1 and PD-1 has made significant impact in

the treatment of solid tumors. However, immune-related adverse

events associated with immunotherapy are and will be a significant

problem as even more effective immunotherapeutic approaches are

developed (1–3). Immune related adverse events (irAEs) are

reported in multiple organ systems, often leading to profound

pathology. Hypophysitis is observed in patients treated with

ipilimumab (an anti-CTLA-4 inhibitor) (4), thyroid dysfunction

is noted following pembrolizumab (a PD-1 receptor antibody)

treatment (5) and gastrointestinal irAEs are common with any

check-point inhibitor (CPI) (6). The specific presentation of the

irAE and the severity of the event during treatment are

unpredictable which in some cases can be fatal. The mechanism

of irAE is not clearly understood and the ability to reduce these

events without impeding anti-tumor immunity is and will be

critical. Success in reducing irAE could have a transformative

impact on the field of cancer immunotherapy.

Immunotherapy is thought to promote immunogenic tumor

cell death that initiates antitumor immunity, but cell death may also

induce damage-associated molecular patterns (DAMPs). These

DAMP molecules recruit and activate dendritic cells (DCs) that

present tumor-specific antigens to T cells for elimination of

neoplastic cells, but may also lead to severe tissue damage (7). In

order to limit non-specific tissue damage, the CD24-Siglec signaling

pathway suppresses inflammation triggered by DAMPs through

blockade of NF-kB activation (8). CD24 is a multifunctional

molecule, with a wide distribution in diverse cell lineages

including tumor cells and immune cells. It partners with its

receptor, Siglec-10 in humans or Siglec-G in mice to abrogate

inflammatory responses to molecules released by damaged cells

(9–11). Recently a CD24-Fc fusion protein composed of the

extracellular part of CD24 and human IgG1Fc has been

administered to prevent acute graft-versus-host disease (GVHD)

in a Phase 2a clinical trial in adult leukemic patients who underwent

hematopoietic cell transplantation (12). In another clinical trial

CD24-Fc successfully improved overall survival and reduced

multiple organ autoimmune injury in treating severe COVID-19
02106
patients (13). Thus, engaging CD24-signaling may provide

protection from inflammation and/or autoimmune disease

following acute tissue injury induced by effective cancer

immunotherapy. In contrast to these potential beneficial effects,

CD24 is overexpressed in ovarian cancer and breast cancer, and acts

as a “don’t eat me” signal to protect cancer cells from phagocytosis

that in turn promotes immune evasion (14). CD24 is thought to

induce tumor progression by activating signaling molecules

involved in proliferation and survival of cancer cells (15) and by

increasing tumor suppressor activity of p53 (16). Blockade of CD24

and its receptor Siglec-10 reduces tumor growth and extends patient

survival (14). Furthermore, CD24 on antigen presenting cells can

act as a CD28 independent costimulatory molecule for activation of

both CD4 and CD8-T cell responses (17–19). These conflicting

observations in innate and acquired immunity highlight the

crossover between tumor proliferation, antitumor immunity and

autoimmunity suggesting that the predominant effects may be

determined by the context in which CD24 is engaged as well as

by glycosylation of CD24 (16).

Amplification of the Myc oncogene is associated with immune

privilege in neuroblastoma (20). Targeting Myc in vitro with small

molecule inhibitors induced Neuro2a tumor cell immunogenicity

and enabled the production of a whole cell tumor vaccine in mouse

tumor models (20). When the vaccine is combined with immune

checkpoint inhibitors (anti-CTLA4 and anti-PD-L1 antibodies)

potent tumor specific immunity is induced in the neuroblastoma

mouse model (20). Although mice appear well and survive both the

tumor challenge and the vaccine treatment, it is unknown if this

tumor vaccine strategy induces autoimmune disorders in the host

mice. In this study, we examined the autoimmune consequences of

effective tumor vaccination on multiple organ systems and tested

the impact of targeting the CD24-Siglec signaling pathway on both

the vaccine therapy and autoimmune effects in the mouse

neuroblastoma model. Nanostring autoimmune profiling of

several organ systems indicated that the vaccine strategy induced

moderate to severe lymphocytic infiltration and enhanced

autoimmune signals in cardiac tissue and to a lesser extent in

renal tissue. The lungs also demonstrated limited autoimmunity,

but surprisingly the colon was essentially spared from the auto-

immune effect of the vaccine therapy. Administration of CD24-Fc
frontiersin.org
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with the initial tumor vaccine dampened the therapeutic effect of

the vaccine. When CD24-Fc administration lagged several days

behind initial vaccination, vaccine efficacy was not altered and

treatment resulted in excellent tumor free survival. Notably, CD24-

Fc administration suppressed the autoimmune response detected in

cardiac and renal tissues. These findings suggest that an effective

whole cell vaccine in a mouse neuroblastoma model induces organ

specific autoimmune responses and when CD24- Fc is

appropriately administered, the irAE can be reduced without

exacerbating tumor growth or impeding tumor immunity.
Materials and methods

Animals

Female C57BL/6 and A/J mice aged 6 weeks were purchased

from Jackson Laboratories (Bar Harbor, Maine, USA). All

procedures were approved by the Institutional Animal Care and

Use Committee (IACUC) of Children’s National Hospital,

Washington, DC.
Cells

The mouse neuroblastoma Neuro2a cell line (Sigma, St. Louis,

Missouri, USA) was cultured using DMEM supplemented with 10%

heat-inactivated fetal bovine serum (FBS, Sigma) and 100 IU/mL

penicillin, 100 µg/mL streptomycin. All media and supplements

were purchased from Thermo Fisher Scientific (Waltham,

Massachusetts, USA).
Antibodies and reagents

Anti (a)-mouse CTLA-4, a-mouse programmed death-ligand 1

(PD-L1), and mouse IgG2b isotype antibodies were purchased from

BioXCell (West Lebanon, New Hampshire, USA). I-BET726 was

purchased from Millipore Sigma (Burlington, Massachusetts, USA)

and JQ1 was purchased from Tocris (Minneapolis, Minnesota,

USA). TLR7/8 ligand (Resiquimod, R848) was purchased from

InvivoGen (San Diego, California). CD24-Fc and human IgG1-Fc

were supplied by OncoImmune, Inc.
Mouse tumor therapeutic models

As described previously (20), the right flanks of A/J mice were

injected (subcutaneously) with 2×106 Neuro2a cells on day 0. For

vaccination, 2×106Myc inhibitor (BET/JQ1) treated and irradiated

(40 Gy) Neuro2a cells were injected (subcutaneously) into the left

flank of each mouse on day 7, 10 and 13 as a whole tumor cell

vaccine along with anti-CTLA-4 (aCTLA4) and anti-PD-L1 (aPD-

L1) antibodies (100 µg/mouse) administered intraperitoneally.

TLR7/8 agonist (25 µg/mouse) was used on day 7 in an attempt
Frontiers in Immunology 03107
to enhance immunity induced by the vaccine. CD24-Fc (100 µg/

mouse) or IgG-Fc (100 µg/mouse) was administered

intraperitoneally on day 7, 10 and 13 (immediate model) or on

day 10, 13 and 16 (delayed model). Mice were monitored daily

following tumor inoculation and tumor growth was recorded in two

dimensions. Tumor volume was calculated using the following

formula: largest diameter2 × smaller diameter × 0.52. A tumor

size of 20 mm in any dimension was designated as the endpoint, and

mice were euthanized at that time. All the procedures are approved

by the IACUC at Children’s National Hospital and are in

accordance with the humane care of research animals.
Nanostring

Lung, heart, colon and kidney were harvested from mice in four

groups: 1.) naïve, 2.) unvaccinated tumor only, 3.) vaccinated with

CD24-Fc or 4.) vaccinated with IgG-Fc on day 30 after tumor cell

inoculation. RNA was extracted and gene expression was directly

measured via counts of corresponding mRNA in each sample using

an nCounter murine AutoImmune Profiling Panel (NanoString,

Seattle, WA, USA). For full details, see our previous publication

(20). Briefly, 100 ng of high-quality total RNA was hybridized with

reporter probes, and then biotinylated capture probes at 65°C for

16–18 hr before being placed into the nCounter Prep station in

which samples were affixed to a cartridge. Cartridges were then read

by the nCounter Digital Analyzer optical scanner. Further advanced

immune-profiling analysis was performed using nSolver 4.0 analysis

software with nCounter advanced analysis package (NanoString

Technologies). Genes were grouped into 14 immune cell types and

35 immune functions according to the manufacturer ’s

designation (20).
Characterization of mouse cardiac tissue
by immunohistochemistry

Mouse hearts were fixed in 10% neutral buffered formalin (pH

6.8–7.2; Richard-Allan Scientific, Kalamazoo, Michigan, US) for

paraffin embedding and sectioning. Five mm tissue sections were cut

with a microtome, and sample processing and IHC staining were

performed as previously described (20) using rabbit polyclonal to

CD45 antibodies (1:200. Abcam, Cambridge, Massachusetts, US).

Isotype-matched antibodies were used for negative controls. Optical

density (mean gray value) was obtained by color deconvolution

analysis with Image J.
Statistical analysis

Statist ical analysis of nanostring gene expression,

normalization, clustering, Pathview plots and fold-changes were

performed using the Advanced Analysis Module in the nSolver™

Analysis Software version 4.0 from NanoString Technologies

(NanoString Technologies, WA, USA) following our published
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method (20). Briefly, raw data for each sample were normalized to

the geometric mean of housekeeping genes using the geNorm

algorithm. Pathway scores were calculated as the first principal

component (PC) scores for each sample based on the individual

gene expression levels for all the measured genes within a specific

pathway. The cell type score is calculated as the mean of the log2

expression levels for all the probes included in the final calculation

for that specific cell type. An increase of 1 corresponds to a doubling

in abundance (nanostring.com). All differentially expressed genes

were subjected to KEGG term analysis, with significance accepted at

p < 0.05. The Benjamini-Yekutieli method was used to control the

false discovery rate. All statistical analyses of nanostring data were

carried out in R v3.4.3 software.

Statistical significance for each set of experiments was

determined by the unpaired 2-tailed Student’s t-test, and the

specific tests were indicated in the figure legends. The data are

expressed as the mean ( ± SD), with p<0.05 considered statistically

significant. For the survival analysis, we calculated and compared

the median survival time and the cumulative survival probability

using the Kaplan-Meier survival estimator followed by a log-rank

test, and calculated hazard ratio (HR) using the Cox proportional-

hazards regression model.
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Results

Inoculation of a whole tumor cell vaccine
combined with immune checkpoint
therapy triggers autoimmune responses
and immune cell infiltrates primarily in
cardiac tissue and with limited infiltrates in
renal and lung tissue

Prior work from our laboratory shows that a neuroblastoma

vaccine strategy containing BET/JQ1 treated cancer cells combined

with anti-CTLA4 and anti-PDL-1 checkpoint inhibitors induced

robust anti-tumor immunity and cured mice with established tumors

(20). To test whether this whole tumor cell vaccination leads to

autoimmune responses in other organ systems, we injected 2×106

WTNeuro2a cells subcutaneously on day 0 on the right leg of A/J mice.

For vaccination, 2×106Myc inhibitor (BET/JQ1) treated and irradiated

(40 Gy) Neuro2a cells were injected (subcutaneously) into the left flank

of each mouse on day 7, 10 and 13 as a whole tumor cell vaccine along

with anti-CTLA-4 and anti-PD-L1 antibodies (100 µg/mouse)

administered intraperitoneally. TLR7/8 agonist (25 µg/mouse) was

used on day 7. The Schematic experimental design was shown in
FIGURE 1

(A) Schematic design of tumor cell vaccination. To test whether whole tumor cell vaccination leads to autoimmune responses in other organ
systems, we injected (subcutaneously) the right flanks of A/J mice with 2×106 Neuro2a cells on day 0. For vaccination, 2×106 Myc inhibitor (BET/
JQ1) treated and irradiated (40Gy) Neuro2a cells were injected (subcutaneously) into the left flank of each mouse on day 7, 10 and 13 as a whole
tumor cell vaccine along with anti-CTLA-4 and anti-PD-L1 antibodies (100 µg/mouse) administered intraperitoneally. TLR7/8 agonist (25 µg/mouse)
was used on day 7. (B) The lung, heart, kidney and colon were harvested from naïve mice (n=3), unvaccinated tumor baring mice (n=3), and
vaccinated mice (n=12) after tumor inoculation at day 30. The global expression of mRNA from each organ was investigated using NanoString
Autoimmune Profiling arrays. Nanostring Autoimmune Profiling analysis revealed that heart, kidney and lung from the vaccination group
demonstrated a moderate to severe increase in signature markers for total TIL, CD45 cells, T cells, CD8+ cells and NK cells when compared to naïve
and tumor only control mice. Box plots show distribution of immune cells by relative number present within mouse heart, kidney, lung and colon
calculated by gene expression. (p<0.05). As abundance estimates (cell type scores) are calculated in log2 scale, an increase of 1 on the vertical axis
corresponds to a doubling in abundance. The horizontal black line on the box plot represents the median expression, and each symbol represents a
single individual. Statistical significance was determined by unpaired two-tailed Student’s t-test, and p<0.05 was considered statistically significant.
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Figure 1A.We harvested lung, heart, kidney and colon from naïvemice

(n=3), unvaccinated tumor only mice (n=3), and vaccinated mice after

tumor inoculation and vaccination therapy at day 30 (n=12). The

global expression of mRNA was investigated using NanoString

Autoimmune Profiling arrays. Nanostring analysis revealed that the

heart, kidney and lung from the vaccination group demonstrated a

moderate to severe level of upregulation in the expression of signature

markers for total TIL, CD45 cells, T cells, CD8+ cells, NK cells,

dendritic cells, neutrophils, macrophages, and B cells when

compared with naïve and tumor only control mice (Figure 1B;

Supplement Figure 1). In addition, the scores of multiple

autoimmune signaling pathways that related to antigen presentation

(Figure 2), lymphocyte trafficking (Figure 3), chemokines and

cytokines (Figure 4), and major inflammatory signaling pathways

(Supplemental Figure 2), were all enhanced in the tumor vaccinated

group. Interestingly, there was no significant autoimmune response

detected following vaccination in the colons of the mice tested.

CD24-Fc administration with vaccination
can partially impede anti-tumor immunity,
but delaying CD24-Fc therapy until after
initial vaccination reverses this effect

CD24 signaling is reported to promote immune evasion and

tumor progression (14), yet this pathway is also thought to suppress
Frontiers in Immunology 05109
autoimmunity through down regulation of DAMP signaling. In

order to determine the effect on tumor immunity, we tested two

neuroblastoma mouse models in which CD24-Fc was administered

either at the time of tumor vaccination or three days following the

initial vaccination to determine if the timing of CD24 signaling

altered immunity. Briefly, 2×106 WT Neuro2a cells were

subcutaneously administered on day 0 on the right leg of AJ

mice, then two treatment models were used. In the immediate

vaccine model, CD24-Fc or human IgG-Fc control was injected

simultaneously with the whole cell vaccine plus anti-PD-L1/CTLA4

antibodies at day 7, 10 and 13 post tumor inoculation (Figure 5A).

In the second delayed vaccine model, vaccine and anti-PD-L1/

CTLA4 antibodies were injected on day 7, 10 and 13, while CD24-

Fc or IgG-Fc was administered three days after the first dose of

vaccine, which was injected on day 10, 13 and 16 (Figure 5C). The

methods and timelines are shown in Figures 5A, C. The individual

tumor growth in various treatment groups from the early vaccine

model and the delayed vaccine model were monitored and

compared (Figures 5B, D). None of the mice developed tumor at

the site of the vaccine cell injection. Significant therapeutic survival

benefit was observed in vaccine groups either with CD24-Fc or with

IgG-Fc when compared with tumor only control groups in both

models, but the anti-tumor effect was more profound in the model

of delayed CD24-Fc treatment (Figure 6). In the vaccine model,

eight out of ten mice (80%) of the IgG/vac group were cured of the
FIGURE 2

The pathway scores of multiple autoimmune signals that relate to antigen presentation were markedly enhanced in the tumor vaccinated group
(n=12) in heart, kidney and lung, but not in the colon when compared with the organs that were collected from unvaccinated tumor only mice (n=3)
and naïve mice (n=3) at day 30 after tumor inoculation. The vaccination strategy is described in Figure 1. Unpaired two-tailed Student’s t-test was
performed for the statistical analysis, and p<0.05 was considered statistically significant.
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high dose 7 day established tumors, compared with tumor only

control (p=0.009), whereas administration of CD24-Fc at the start

of vaccination resulted in 55% cure, which was better than controls

(13% cure) without vaccine, but was not statistically significant

(p=0.1) (Figure 6A). In the second model of delayed CD24-Fc

administration, there was no difference in tumor free survival

between the mice that received IgG or CD24-Fc treatment (93%

versus 94%), in which the tumor control group (no vaccine) had no

survivors at day 30 (Figure 6B). In summary, these results suggest

that CD24-Fc administration at the time of initial tumor

vaccination can impair tumor immunity, but if the administration

of CD24-Fc is delayed after the initial vaccination and administered

with the boosters, the effect on tumor immunity induced by the

vaccine does not appear to be hindered.
CD24-Fc treatment with vaccination can
ameliorate the autoimmune responses
induced by effective tumor vaccination

We analyzed auto-immune responses in lung, heart, kidney and

colon tissues of mice in the various groups, including naïve mice

(n=3), vaccinated mice administered IgG-Fc with vaccination (n=12)
Frontiers in Immunology 06110
and vaccinated mice administered CD24-Fc with vaccination (n=12)

at day 30 after tumor inoculation and vaccination therapy following

delayed vaccine model. The global expression of mRNA was

compared using NanoString Autoimmune Profiling arrays. The

upregulated autoimmune signatures were broadly suppressed by

CD24-Fc in heart tissue. Concurrent with changes in immune cell

profiles (Figure 7; Supplement Figure 3), CD24-Fc repressed multiple

genes that include antigen presentation (Figure 8), lymphocyte

differentiation and trafficking (Supplement Figure 4), and

chemokines and cytokines (Supplement Figure 5), major

inflammatory signaling pathways (Supplement Figure 6) in the

cardiac tissue assayed. Most genes that were significantly

upregulated by tumor vaccine therapy were dampened by CF24-Fc.

The top 28 up-regulated immune genes expressed in the heart tissue

of vaccinated mice compared to naïve controls, were also amongst the

most dampened genes suppressed by CD24-Fc (fold change>3 and p

value<0.05). These genes are listed in Table 1. These results suggest

that CD24-Fc can efficiently suppress the autoimmune response that

was induced by vaccination therapy in cardiac tissue. There are also

variable degrees of autoimmune response following vaccination in

kidney and lung tissue samples, in which CD24-Fc suppressed

specific targets, but without the broad impact it seemed to have in

the cardiac tissues. (Supplement Figures 4–6). No significant
FIGURE 3

The autoimmune signaling pathway scores that relate to lymphocyte trafficking were all significantly increased in the tumor vaccinated group in
heart, kidney and lung, but not in colon when compared with the organs collected from unvaccinated tumor only mice (n=3) and naïve mice (n=3)
at day 30 after tumor inoculation. The vaccination strategy is described in Figure 1. Unpaired two-tailed Student’s t-test was performed for the
statistical analysis and p<0.05 was considered statistically significant.
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FIGURE 4

The autoimmune signaling pathway scores that related to chemokines and cytokines were also markedly augmented in the heart, kidney and lung
tissue collected from the tumor vaccinated mouse group, but this change was absent in the colon when compared with the organs that were
collected from unvaccinated tumor only mice (n=3) and naïve mice (n=3) at day 30 after tumor inoculation. The vaccination strategy is described in
Figure 1. Unpaired two-tailed Student’s t-test was performed for the statistical analysis and p<0.05 was considered statistically significant.
FIGURE 5

(A) The immediate vaccine model in which the vaccine protocol and timeline are depicted. 2×106 Neuro2a cells were injected (subcutaneously) in
the right flanks of A/J mice on day 0. CD24-Fc or human IgG-Fc control was injected simultaneously with the whole cell vaccine plus anti-PD-L1/
CTLA4 antibodies on day 7, 10 and 13 post tumor inoculation. (B) The graphs reflect individual tumor growth in various treatment groups. Absence
of tumor in individual mice is recorded in parenthesis. (C) The delayed vaccine model in which the vaccine protocol and timeline are depicted. The
vaccination protocol and anti-PD-L1/CTLA4 antibodies were injected on day 7, 10 and 13, while CD24-Fc or IgG-Fc was administered three days
after the first dose of vaccine on day 10, 13 and 16. (D) The graphs reflect individual tumor growth in the various treatment groups. Absence of
tumor in individual mice is recorded in parenthesis.
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autoimmune responses were detected in colon tissue following

vaccination and CD24-Fc did not change autoimmune profiles in

these tissue specimens either.

To validate nanostring RNA transcript results, we performed

immunohistochemistry staining of the immune cell marker CD45
Frontiers in Immunology 08112
on the same heart samples that were used for nanostring analysis.

Results showed that the IgG-Fc group had significantly more CD45

(Figure 9) positive immune cell infiltrates than unvaccinated tumor

only controls and naïve controls. Adding CD24-Fc significantly

reduced the infiltration of CD45 positive cells in the cardiac tissue.
FIGURE 6

In this survival analysis, we compared survival and tumor growth between the three study groups (tumor-only control vs. IgG w vaccine vs. CD24-Fc
w vaccine) (A) depicts the immediate (early) administration of CD24-Fc, while (B) depicts the delayed administration of CD24-Fc with vaccine. For
the survival analysis, we calculated and compared the median survival time and the cumulative survival probability using the Kaplan-Meier survival
estimator followed by a log-rank test, and calculated hazard ratio (HR) using the Cox proportional-hazards regression model. The comparison
between the groups is shown in the tables below the graphs. * NA= median survival time could not be calculated since at least 50% of the subjects
in that group didn’t have the outcome event (death) ** Hazard ratios could not be calculated due to a lack of adequate outcome events.
FIGURE 7

Following the delayed vaccination model in which the CD24-Fc or IgG-Fc was administered three days after the first dose of vaccine, the auto-
immune responses in lung, heart, kidney and colon tissues of mice in the various groups, including naïve mice (n=3), vaccinated mice administered
IgG-Fc with vaccination (n=12) and vaccinated mice administered CD24-Fc with vaccination (n=12) at day 30 after tumor inoculation were
compared using NanoString Autoimmune Profiling arrays. Cell type analysis reveals that the influx of several immune cell subtypes was suppressed
by delayed CD24-Fc treatment in cardiac tissue. Statistical significance was determined by unpaired two-tailed Student’s t-test and p<0.05 was
considered statistically significant.
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Taken together, these data demonstrate that autoimmunity occurs

to a different extent in various organ systems and the administration

of CD24-Fc alleviates much of the autoimmune response observed.

Despite dampening these immune related adverse tissue specific

events, appropriate timing of CD24-Fc administration can still

maintain sufficient immunotherapeutic effect of vaccination in the

mouse neuroblastoma model.
Discussion

The combination of Myc-inhibited tumor cells with checkpoint

inhibition generates a potent therapeutic cancer vaccine in the

mouse neuroblastoma model. We previously noted that a

combination of both vaccination and checkpoint inhibitors cured

75% of mice and significantly improved long-term survival despite a

large initial tumor cell challenge (20). To consider translating this

therapeutic strategy from pre-clinical studies to clinical trials,

knowledge of auto-immune side effects is essential. The great

progress made by cancer immunotherapy is tempered by the

occurrence of irAE. The immune related toxicities can be

unpredictable, effect multiple organ systems and can be of

variable severity. Managing these adverse events is a major

challenge for the continued success of current immunotherapies

or for the application of potent combined immunotherapeutic

approaches. Several other aspects of irAE remain clinically
Frontiers in Immunology 09113
concerning in that: i.) there may be an association between the

efficacy of an anti-tumor immunotherapeutic response and the

severity of the irAE (21, 22); ii.) many diagnostic challenges

persist in patients with irAE in which some of the consequences

of organ injury may be clinically occult; and iii.) the management of

irAE is unclear as potential drugs suppressing these events may also

suppress the effectiveness of the immunotherapy itself.

In the current study, we tested autoimmune responses in mouse

lung, heart, kidney and colon tissues thirty days following an

effective tumor vaccination combined with immune checkpoint

inhibitors. Nanostring AutoImmune mouse gene profiling and

immunohistochemistry staining were used to analyze signaling

pathways, immune cell infiltrates and changes in gene profiles.

We found that there were varying levels of immune cell infiltration

in the heart, lungs and kidneys. In addition, multiple autoimmune

signaling pathways were significantly upregulated, especially in the

heart and kidneys. Surprisingly, there was no obvious autoimmune

response in the colon of mice tested, which was unexpected

considering the higher incidence of colitis seen in patients

receiving immune therapy. Speculatively, the colitis may be pre-

conditioned in patients and exacerbated by immunotherapy which

does not seem to be the case in the mouse model. These results

suggest that the tumor vaccine model induced organ specific

autoimmune responses, that were clinically occult and

preferentially detected in cardiac and renal tissues. The results are

based on 770 human genes encompassing 35 pathways and
FIGURE 8

Delayed CD24-Fc treatment repressed the pathway scores of multiple autoimmune signaling that related to antigen presentation in cardiac tissue.
Statistical significance was determined by unpaired two-tailed Student’s t-test and p<0.05 was considered statistically significant.
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processes, that are involved in immune system dysfunction and

autoimmune disease. The cell profiling feature included in the panel

allows for the relative quantification of 14 different immune cell

types (23). The score of total lymphocytes (CD45+ cells), cytotoxic

T cells (CD8a+ cells), exhausted T cells, Treg, neutrophils, DCs and

mature NK cells are all significantly increased in the cardiac tissue

collected from vaccinated mice when compared to naïve and tumor

only controls. The scores of B cells, mast cells and macrophages

didn’t change significantly. The ratio of CD8+ T cells/Total TIL,

and CD8+ T cells/CD4+ T cells were also enhanced following
Frontiers in Immunology 10114
vaccination. Similar trends of T cells (cytotoxic, exhausted and

Treg) and NK cells to a lesser degree were observed in kidney and

lung tissue after vaccination. In addition, the score of macrophages

and B cells were significantly increased in lung tissue. The signature

scores are determined using the Inflammation Signature Algorithm

across all RNA input levels. The leukocyte marker CD45 was

evaluated using IHC in cardiac tissue from the same animals.

Staining confirmed the findings of the nanostring analysis in

which the pro-inflammatory infiltration of CD45 following

vaccination was detected in the heart tissue which was inhibited
TABLE 1 Top statistically significantly up-regulated genes in heart tissue of vaccinated mice compared with naïve control, which are the most
dampened genes by CD24 Fc (fold change>3 and p value<0.05,).

Gene
ID

Fold change
(Vaccinated
vs Naïve)

P-
value

Fold change
(CD24Fc vs IgG w

vaccination)

P-
value

Gene Function

Cd8b1 71.4 9E-05 -11.7 6E-05 Lymphocyte Trafficking, T-cell Receptor Signaling

Cd6 31.7 7E-04 -17.3 2E-05 Lymphocyte Trafficking

Cd3d 26.9 2E-04 -12.5 1E-05 T-cell Checkpoint Signaling, T-cell Receptor Signaling

Cd27 24.0 6E-04 -16.7 7E-06 T-cell Checkpoint Signaling

Cd5 23.9 0.003 -19.4 3E-05 T-cell Checkpoint Signaling

Lat 21.9 0.003 -31.9 3E-06 Fc Receptors and Phagocytosis, Growth Factor Signaling, NF-kB Signaling, T-cell
Receptor Signaling

Cxcl10 20.0 0.002 -4.1 0.009 Chemokine Signaling, Cytosolic DNA Sensing, Endothelial Activation, Th17
Mediated Biology, TNF Family Signaling, Toll Like Receptor Signaling

Cd4 19.5 0.003 -19.8 2E-05 Lymphocyte Trafficking, T-cell Checkpoint Signaling, T-cell Receptor Signaling

Zap70 19.2 0.003 -14.7 5E-05 NF-kB Signaling, T-cell Receptor Signaling

Cd3g 18.2 5E-04 -12.3 1E-05 T-cell Checkpoint Signaling, T-cell Receptor Signaling

Cd3e 17.1 5E-04 -11.4 1E-05 T-cell Checkpoint Signaling, T-cell Receptor Signaling

Itk 14.9 0.003 -7.6 5E-04 Chemokine Signaling, Fc Receptors and Phagocytosis, Lymphocyte Trafficking, T-cell
Receptor Signaling

Xcl1 12.2 0.002 -4.9 3E-04 Chemokine Signaling

Ccl8 8.6 0.003 -3.5 0.005 Chemokine Signaling

Il2ra 8.2 0.019 -11.9 9E-05 Other Interleukin Signaling, Th2 Differentiation

Cd7 7.1 0.003 -3.1 0.002 Lymphocyte Trafficking

Lrr1 5.8 0.025 -9.6 7E-05 MHC Class I Antigen Presentation

Hist1h4k 5.1 0.008 -7.0 1E-05 Autoantigens

Slamf6 5.0 0.016 -3.0 0.007 Cytotoxicity

Gata3 4.5 0.02 -4.0 0.001 Th2 Differentiation

Hist1h3b 4.4 0.009 -5.6 2E-05 Autoantigens, Epigenetics and Transcriptional Regulation

Pycard 4.4 0.046 -3.2 0.013 Cytosolic DNA Sensing, Inflammasomes, NLR Signaling

Il18 4.0 0.044 -4.3 0.002 Cytosolic DNA Sensing, NLR Signaling, Other Interleukin Signaling

Kif22 3.9 0.036 -5.9 1E-04 MHC Class II Antigen Presentation

Ikzf1 3.8 0.026 -5.1 1E-04 Epigenetics and Transcriptional Regulation

Casp1 3.8 0.017 -3.3 0.001 Cytosolic DNA Sensing, Inflammasomes, NLR Signaling

Ikzf3 3.6 0.037 -5.1 2E-04 Epigenetics and Transcriptional Regulation

Hist1h2bk 3.6 0.013 -4.4 5E-05 Autoantigens
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by CD24-Fc administration. Although there is moderate

lymphocytic infiltration in the major organs examined and

immune signatures were upregulated, no obvious life-threatening

cardiac or renal side effects were noted in the mice at 30 days, nor

were any seen in prior mouse models with long term survival at the

carefully selected doses of immune checkpoints.

A CD24-Fc fusion protein composed of the extracellular part of

CD24 and the human IgG-Fc portion has shown encouraging

results in clinical trials as a specific modulator of auto-

inflammatory syndromes. The current study evaluates whether

CD24-Fc could be used to prevent or treat irAE while evaluating

the effect on T cell anti-tumor immunity with tumor vaccine

therapy. We studied two vaccine strategies in mouse

neuroblastoma models to evaluate the influence of CD24-Fc on

the therapeutic effect of the vaccine. We compared the treatment of

CD24-Fc administered at the onset of vaccination (initial) or

administered with follow-up booster vaccination (delayed). When

CD24-Fc was used at the onset of vaccination, it appeared to have

dampened the anti-tumor efficacy of the cancer vaccine. However,

when we delayed administration of CD24-Fc for three days at the

time of booster vaccination, there was no impact on survival rate in

which tumor rejection was similar to controls. The impact on

vaccination of initial administration may be explained by the

potential immune checkpoint inhibitory and anti-inflammatory

function of CD24. Upon administration, CD24-Fc immediately

binds to injured tumor cell components and prevents the

interaction of DAMPs with toll-like receptors (TLRs) inhibiting

both nuclear factor-kappa B (NFkB) activation and secretion of
Frontiers in Immunology 11115
inflammatory cytokines, which may dampen tumor immunity

induced by the vaccine (24). In addition, CD24-Fc could bind to

and activate Siglec G/10, stimulate SHP-1-mediated inhibitory

signaling, and prevent NFkB activation and secretion of

inflammatory mediators, which may further prevent lymphocytic

infiltration (25). Moreover, CD24-Fc may also initiate tumor cell

proliferation and behave as a “don’t eat me” signal to assist in tumor

evasion from phagocytosis. On the other hand, using CD24-Fc later

with booster vaccination would avoid the initial suppressive effect,

thus allowing the vaccine to activate immune pathways and boost

immune cell infiltrates in the tumor. Delaying CD24-Fc

administration at the time of the booster would theoretically have

the desired effect of suppressing DAMPs, limiting non-specific

tissue damage and suppressing inflammation through blockade of

NF-kB activation (8) without suppressing the anti-tumor effect.

Further optimizing the dose and timing of administration of CD24-

Fc with vaccination is important for suppressing auto-immunity.

Another interesting finding from this study is the variable effect

of CD24-Fc as it was more efficient in suppressing the auto-immune

response in the heart when compared to other organs. A caveat to

this observation is that the auto-immunity in the heart was most

prominent in comparison, thus any suppressive effect would be

more obvious. Alternatively, the strong suppressive effect could be

due to CD24 receptor engagement. CD24 can interact with Siglecs, a

class of sialic acid binding receptors on immune cells and selectively

repress tissue damage-induced immune responses. DAMPs such as

HMGB1, HSP70 and -90 are presented to Siglec by binding to their

high affinity ligand CD24, which leads to the activation of
FIGURE 9

To validate nanostring results, CD45 expression was evaluated with immunohistochemical staining in heart tissue from naïve, tumor only control,
and vaccination groups combined with either IgG-Fc or with CD24-Fc. (A) Representative images of CD45 staining visualized with diaminobenzidine
(DAB) (brown) and hematoxylin (blue, nuclei) counter staining. Area in the blue box was enlarged and the CD45 staining of corresponding area was
shown. (B) Optical density (mean gray value) obtained by color deconvolution analysis. Optical density graph bars represent the mean ± SD (n = 20
images). ***p<0.001, determined by unpaired two-tailed Student’s t-test.
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immunoreceptor tyrosine-based inhibitory motifs (ITIM) and the

subsequent abrogation of inflammatory cytokine signals through a

blockade of NF-kB activation (26). Siglec-G is the major receptor

for CD24-Fc in mice (27), and is primarily expressed on immune

cells including monocytes, granulocytes and lymphocytes. Our

tumor vaccine induced the most abundant immune cell infiltrate

in cardiac tissue, which provides CD24-Fc with the most Siglec

binding sites and thus a positive feedback loop for CD24-Fc to

inhibit the autoimmune response. CD24 Fc can bind to multiple

Siglec receptors, and each Siglec has a unique specificity for

sialylated ligands, making it more probable that additional

signaling pathways, including but not limited to the axis of the

CD24-Fc-siglec G may be recruited. It will be of interest to define

which ligands and Siglecs are present and able to interact with

CD24-Fc in the various organs systems.

Taken together, our data demonstrates that the combination of

Myc-overexpressing tumor cell vaccine with check point inhibitors

is an efficient and relatively safe therapeutic strategy for treating

neuroblastoma in a mouse model. Despite this seemingly safe

therapy, occult auto-immune effects are detected in the cardiac,

renal and pulmonary tissue evaluated thirty days after vaccination.

The systemic administration of CD24-Fc, is sufficient to suppress

autoimmune responses in the heart, but appropriate timing of

administration is critical in order to avoid suppression of the

vaccine therapy effect as noted in this mouse neuroblastoma

tumor model.
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SUPPLEMENTARY FIGURE 1

The lung, heart, kidney and colon were harvested from naïve mice (n=3),

unvaccinated tumor only mice (n=3), and vaccinated mice (n=12) after tumor
inoculation at day 30. The global expression of mRNA from each organ was

investigated using NanoString Autoimmune Profiling arrays. Profiling analysis
revealed that heart, kidney and lung from the vaccination group demonstrated

amoderate to severe increase in signaturemarkers for dendritic cells, neutrophils,
macrophages, and B cells when compared to naïve and tumor only control mice.

Statistical significance was determined by unpaired two-tailed Student’s t-test,

and p<0.05 was considered statistically significant.

SUPPLEMENTARY FIGURE 2

The autoimmune signaling pathway scores that related to major

inflammatory signaling pathways were all significantly augmented in the
heart, kidney and lung tissue collected from tumor vaccinated mice, but

these were not observed in the colon. Unpaired two-tailed Student’s t-test

was performed for the statistical analysis and p<0.05 was considered
statistically significant.

SUPPLEMENTARY FIGURE 3

Delayed CD24Fc treatment did not have significant impact on infiltration of
dendritic cells, neutrophils, macrophages, and B cells in heart, kidney, lung

and colon tissue. Statistical significance was determined by unpaired two-

tailed Student’s t-test and p<0.05 was considered statistically significant.
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SUPPLEMENTARY FIGURE 4

Delayed CD24Fc treatment repressed the pathway scores of multiple
autoimmune signals related to lymphocyte differentiation and trafficking in

heart tissue. Statistical significance was determined by unpaired two-tailed

Student’s t-test and p<0.05 was considered statistically significant.

SUPPLEMENTARY FIGURE 5

Delayed CD24Fc treatment repressed the pathway scores of multiple
autoimmune signals related to chemokines and cytokines in heart tissue.
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Statistical significance was determined by unpaired two-tailed Student’s t-
test and p<0.05 was considered statistically significant.

SUPPLEMENTARY FIGURE 6

Delayed CD24Fc treatment repressed the pathway scores of multiple

autoimmune signals that related to major inflammatory pathways in heart
tissue. Statistical significance was determined by unpaired two-tailed

Student’s t-test and p<0.05 was considered statistically significant.
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Hypofractionated radiotherapy
with immunochemotherapy
for extensive-stage small-cell
lung cancer
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Hunan, China, 2Department of Medical Oncology, Lung Cancer and Gastrointestinal Unit, Hunan
Cancer Hospital/The Affiliated Cancer Hospital of Xiangya School of Medicine, Central South
University, Changsha, China, 3Department of Oncology, Yueyang Center Hospital, Yueyang, China,
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Guilin, China
Introduction: The combination of a PD-L1 inhibitor plus carboplatin/cisplatin

and etoposide (EC/EP) has become a new standard first-line treatment for

extensive-stage small-cell lung cancer (ES-SCLC). Combining concurrent

palliative hypofractionated radiotherapy of the thorax (HFRT) and

immunochemotherapy may have a synergistic effect. In this study, we explored

an optimal model of combination radiotherapy with immunochemotherapy as

first-line treatment of ES-SCLC.

Patients and methods: In this multicenter single-arm phase 2 trial, patients with

ES-SCLC received atezolizumab with EC/EP for two cycles (induction phase),

then, those who did not progress received concurrent palliative HFRT and two

cycles of atezolizumab with EC/EP (combination phase). Afterward they received

atezolizumab every 3 weeks for a maximum of 2 years after study enrolment

(maintenance phase). Prophylactic cranial irradiation (PCI) was recommended.

The primary endpoints were safety and tolerance; the second endpoints were

progression-free survival (PFS).

Results: Forty patients were enrolled, and all had completed palliative HFRT and

four cycles of immunochemotherapy. There were seven grade 3 adverse events

(3 decreased neutrophil count, 1 anemia, 2 pneumonitis, 1 esoenteritis), two

grade 4 adverse events (2 decreased white cell count) and no grade 5 toxicities.

The pneumonitis rate was 12.5% (three grade 2 and two grade 3 events). At the

median follow-up of 14.2 months (range, 6.8–28.7), the median PFS was 8.6

months (95%CI, 6.1–11.1).
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Conclusion: The addition of concurrent hypofractionated thoracic

radiotherapy to first-line immunochemotherapy for ES-SCLC was well

tolerated and showed promising clinical efficacy. Additional randomized trials

are needed to validate benefits.

Clinical trial registration: https://clinicaltrials.gov/ (NCT 04636762).
KEYWORDS

extensive-stage small-cell lung cancer, thoracic radiation, immunochemotherapy,
safety, progression free survival
Introduction

Small cell lung cancer (SCLC) accounts for 15% of lung cancer

cases and is an aggressive cancer characterized by rapid growth,

early metastasis, and a poor prognosis (1). Approximately 75% of

SCLC patients present with extensive-stage disease at the time of

diagnosis, which is classically defined as a disease that cannot be

encompassed by a single radiation field (2). Before the era of

immunotherapy, the standard first-line therapy for ES-SCLC was

platinum-based chemotherapy with etoposide (3); Once complete

remission (CR) or partial remission (PR) was achieved after

chemotherapy, consolidative thoracic radiation was recommended

(4). Despite this standard treatment, the median overall survival

(OS) of ES-SCLC is about 8–11 months, which has not changed for

about 40 years (5).

Significant progress has been achieved in the treatment of ES-

SCLC in recent years. Based on the results of the IMPOWER 133

study and the Caspian study, the PD-L1 inhibitor (Atezolizumab or

Durvalumab) with EC/EP has become the new first-line treatment

for ES-SCLC (6, 7). However, the results of ES-SCLC remain poor,

with a median OS of only approximately 12–13 months (6, 7).

There is therefore an urgent need for the development of long-

lasting effective treatments for ES-SCLC.

Radiation could induce immunogenic cell death and enhance

the antitumor immune response; therefore, synergizing with a-PD-
1/PD-L1 inhibitor and can create an abscopal effect (8–10).

Previous studies have shown that hypofractionated radiotherapy

and immune checkpoint therapy might generate synergistic effects

(9, 11). The addition of HFRT to immunochemotherapy may

enhance antitumor immunity and improve outcomes (11, 12).

The safety and efficacy of combining a-PD-1/PD-L1 inhibitor

plus thoracic radiotherapy have been tested in several clinical

trials in lung cancer. For example, an international double-blind,

placebo-controlled phase III trial PACIFIC showed that adjuvant
complete remission; PR,

se; EC, carboplatin and

lung cancer; ES-SCLC,

ionated radiotherapy of

, Response Evaluation

02119
durvalumab treatment after chemoradiotherapy improved both

PFS and OS in patients with stage III NSCLC (13). Some phase

1/2 studies (NCT02621398, NCT02434081, NCT02402920,

NCT03585998) also revealed that the a-PD-1/PD-L1 inhibitor

plus concurrent chemoradiotherapy combination was tolerable in

patients with advanced NSCLC and limited stage SCLC, with

promising clinical efficacy (14–16). However, the optimal model

for combining immunochemotherapy and radiotherapy remains

unknown (17), and there is no report on the safety and efficacy of

the combination of concurrent HFRT and immunochemotherapy

in ES-SCLC. Therefore, we designed this trial (NCT04636762) to

explore a preferred model of combining immunochemotherapy and

radiation and to evaluate the safety and efficacy of adding palliative

HFRT to standard first-line immunochemotherapy treatment in

patients with ES-SCLC. We present a safety profile and a final

analysis of PFS.
Methods

Patients

The patients were screened at the second Xiangya Hospital, the

Hunan Cancer Hospital, and the Yueyang Central Hospital in Hunan

province. Inclusion criteria were: 1) adults with histologically

confirmed ES-SCLC (the Veterans Administration Lung Study

Group staging system) with an Eastern Cooperative Oncology

Group (ECOG) performance status score of 0 or 1 (on a 5-point

scale, with higher numbers reflecting greater disability); 2) patients

with adequate organ function and with no history of previous

systemic treatment for ES-SCLC; 3) patients with no disease

progression after two cycles of EC/EP with atezolizumab; and 4)

patients treated for asymptomatic central nervous system metastases.

The key exclusion criteria were the following: 1) patients with

another malignancy that is progressing or requires active treatment;

2) patients with active autoimmune disease or other condition

requiring systemic steroids or immunosuppressive agents within

the previous 3 months (except for physiological steroid

replacement); 3) patients with carcinomatous meningitis; and 4)

patients with a history of active Bacillus tuberculosis (TB) or other

active infection requiring systemic therapy. Efficacy assessments
frontiersin.org
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were performed according to Response Evaluation Criteria in Solid

Tumors, version 1.1 (RECIST 1.1).
Trial design and interventions

The trial was an open, single arm, multicenter, phase 2 trial. The

treatment process was divided into three phases: induction,

combination, and maintenance phase. The recruited eligible

patients received two 21-day cycles of the investigator’s choice of

cisplatin (75 mg/m2) or carboplatin (area under the curve [AUC] of 5

mg/ml/minute, administered intravenously on day 1 of each cycle)

and etoposide (100 mg per square meter of body-surface area,

administered intravenously on days 1 through day 3 of each cycle)

with concurrent atezolizumab (at a dose of 1200 mg, administered

intravenously on day 1 of each cycle) in the induction phase. Cranial

irradiation was completed in the induction phase as needed at the

discretion of the investigator. If the disease did not progress after the

induction phase, the patients were enrolled and the treatment moved

to the combination phase. In the combination phase, we added

thoracic palliative-hypofractionated radiation therapy to the third

cycle of immunochemotherapy. The thoracic radiotherapy protocol

involved intensity-modulated radiation therapy based on CT

planning, which entailed administering a total dose of 30-45Gy

over 10-15 treatment days (equivalent to 14-21 calendar days). The

therapy was delivered once daily, with a dose of 3Gy per session. The

radiation therapy to the metastatic lesions was permitted at the

discretion of the investigators. All radiotherapy procedures were

managed by a radiotherapy quality assurance program designed by

the Radiation Oncology Department of the Second Xiangya Hospital,

Central South University. After the concurrent radiotherapy and the

third cycle of immunochemotherapy, the fourth cycle of

immunochemotherapy was given without delay. The combination

phase was followed by a maintenance phase, in which patients

received atezolizumab every 3 weeks for a maximum of 2 years

after study enrolment until the appearance of unacceptable toxic

effects or disease progression according to RECIST 1.1. During the

maintenance phase, prophylactic cranial irradiation (PCI, 25 Gy, 10

fractions) was allowed.
End points and assessments

The primary endpoints were safety and tolerance. The key

secondary endpoint was PFS assessed by the investigator (the

time from initial immunochemotherapy to disease progression

according to RECIST 1.1 or death from any cause, whichever

occurred first) in the population with intention of treatment.

Tumor evaluations were performed at the time of diagnosis,

every 6 weeks for the first 18 weeks (starting from day 1 of the first

cycle), and every 9 weeks thereafter until the appearance of disease

progression according to RECIST 1.1. Adverse events were assessed

according to the National Cancer Institute Common Terminology

Criteria for Adverse Events, version 4.0. The investigators

determined whether adverse events were related to the

trial regimen.
Frontiers in Immunology 03120
Statistical analysis

Primary and secondary endpoints were evaluated in the

intention-to-treat population. The PFS was calculated from the

date of immunochemotherapy of the first protocol to the date of

progression, death, or the last follow-up, whichever came first. The

PFS was estimated by Kaplan–Meier analysis. Summary statistics

were calculated along with confidence intervals. The small sample

size precluded formal statistical comparison with historical control.

Results

Patients

Between 6 June 2020 and 31 November 2021, a total of 40

patients were enrolled at three sites in China. The eligibility and

analysis flow chart is shown in Figure 1.

The demographics of the baseline patient and the characteristics

of the disease are shown in Table 1. Most of the participants were

males (97.5%), current or former smokers (92.5%), and the median

age was 58 years old (range, 47 to 75). Most had metastatic disease

with an ECOG score of 1.
Treatment

The treatment exposure in the 40 enrolled patients is shown in

Table 2. The median number of atezolizumab doses received was 9

(range, 4 to 29). Eight (20%) patients received 12 or more doses of

atezolizumab. All patients received four cycles of platinum–etoposide,

half received cisplatin, and the remainder received carboplatin. Six

(15%) patients received PCI in the maintenance phase.
Safety

The safety of all 40 patients was evaluated. Adverse events

related to any component of the trial regimen occurred in 39
FIGURE 1

Flowchart showing study eligibility and analysis.
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patients (97.5%). The most common grade 3 or 4 adverse events

related to the trial regimen were a decrease in white blood cell count

(Table 3). No death related to the trial regimen occurred. Thyroid

dysfunction was the most common immune-related adverse event;

it appeared in 10 patients (25%), with grade 1–2 hypothyroidism.

Treatment-associated pneumonitis occurred in 5 patients (12.5%);

only two of them were grade 3 (5%); the remainder were grades 1 or

2. Of these immune-related adverse events, only 3 patients

discontinued maintenance treatment with atezolizumab due to

grade 3 esoenteritis (1 patient) or grade 3 pneumonitis (2

patients, who recovered after active treatment with corticosteroids).
Frontiers in Immunology 04121
Progression-free survival analysis

The data cutoff date was 26 October 2022. The median follow-

up time was 14.2 months (range, 6.8–28.7), the median PFS was 8.6

months (95%CI, 6.1–11.1) (Figure 2). The PFS rate at 12 months

was 27.5%. PFS according to baseline characteristics is shown

in Table 4.
Confirmed objective response rate

The investigator-assessed confirmed objective response rates

(from the start of the screening to the time of enrollment) are shown

in Table 5. In total, 32 (32/44,72.7%) patients achieved a partial

response (PR) and 40 (40/44,90.9%) patients achieved disease

control. A waterfall map of the best response of the enrolled

patients is shown in Figure 3. In total, the lesions of 39 (39/

40,97.5%) patients decreased, and 25 (25/40,62.5%) patients

achieved PR.
TABLE 1 Baseline characteristics of all enrolled patients (Intention-to-
Treat Population).

Characteristics no. (%)

Mean age (min, max) – years 58 (47,75)

Age group, years

<65 27 (67.5%)

≥65 13 (32.5%)

Sex

female 1 (2.5%)

male 39 (97.5%)

Smoking status

Never smoked 3 (7.5%)

Current smoker 32 (80%)

Former smoker 5 (12.5%)

Disease stage

III 9 (22.5%)

IV 31 (77.5%)

ECOG score

0 7 (17.5%)

1 33 (82.5%)

Brain metastasis at enrollment 3 (7.5%)

Liver metastases at enrollment 6 (15%)
TABLE 2 Treatment exposure (safety population).

Atezolizumab (N=40)

Median number of atezolizumab doses, median (min, max) 9 (4, 29)

Patients receiving 12 or more atezolizumab doses 8 (20%)

Platinum

Cisplatin 20 (50%)

Carboplatin 20 (50%)

Patients receiving PCI 6 (15%)
PCI, Prophylactic cranial irradiation.
TABLE 3 The incidence of Adverse events of any cause (safety
population).

Adverse
events

Any Grade
– (no,(%))

Grade 3
– (no,(%))

Grade 4
– (no,(%))

Any event 39 (97.5%) 7 (17.5%) 2 (5%)

Any event leading
to discontinuation

3 (7.5%) 3 (7.5%) 0

Decreased white
cell count

21 (52.5%) 3 (7.5%) 2 (5%)

Decreased platelet
count

4 (10%) 0 0

Anemia 25 (62.5%) 1 (2.5%) 0

Alopecia 14 (35%) 0 0

Nausea 12 (30%) 0 0

Fatigue 8 (20%) 0 0

Decreased appetite 9 (22.5%) 0 0

Vomiting 5 (12.5%) 0 0

Constipation 4 (10%) 0 0

Diarrhea 3 (7.5%) 0 0

Hypo-
albuminemia

2 (5%) 0 0

Pneumonitis 5 (12.5%) 2 (5%) 0

Thyroid
dysfunction

10 (25%) 0 0

Myocarditis 1 (2.5%) 0 0

Esoenteritis 1 (2.5%) 1 (2.5%) 0

Esophagitis 12 (30%) 0 0
Multiple occurrences of the same adverse event in one patient were counted once at the
highest grade for the preferred term. The incidence of treatment‑related adverse events
associated with any component of the trial regimen is shown. no. (%): "no" means the number
of patients who have the according adverse events, and "%" means the incidence of the
according adverse events.
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Discussion

Radiotherapy plays an important role in ES-SCLC. A large phase

3 randomized controlled trial CREST showed that the addition of

thoracic radiotherapy prolonged progression-free survival at 6

months (24% vs. 7%, P=0.001) and the 2-year OS (13% vs. 3%,
Frontiers in Immunology 05122
P=0.004) significantly. Thoracic radiotherapy was thus

recommended for all patients with ES-SCLC who respond to

chemotherapy (18). The NCCN guidelines also recommend

thoracic radiotherapy if ES-SCLC achieves CR or PR after

chemotherapy. However, in the era of immunotherapy, the optimal

timing, radiation schedule, safety, and efficacy of thoracic

radiotherapy in ES-SCLC have yet to be evaluated. In limited-stage

SCLC, concurrent chemoradiotherapy is more effective than

sequential chemoradiotherapy (19), and thoracic radiation should

be initiated in the first or second cycle of chemotherapy (20–22).

Thus, earlier radiation may be beneficial for SCLC. Furthermore,

some studies have shown that compared to post-immunotherapy

radiation, pre-immunotherapy or concurrent radiation could induce

more potent abscopal responses (23, 24). Our study added

hypofractionated thoracic radiation after two cycles of

immunochemotherapy in ES-SCLC patients who responded. There

are two similar ongoing trials registered on the ClinicalTrials website.

These trials were designed to explore the safety and efficacy of

concurrent radiation and immunochemotherapy in recurrent ES-

SCLC or in ES-SCLC refractory to initial platinum-based

chemotherapy (NCT03262454, NCT04562337), and did not

investigate the first-line treatment evaluated in our study. To our
FIGURE 2

Kaplan–Meier plots of progression-free survival. The blue dot lines
represent 95% CI of PFS.
TABLE 4 PFS according to baseline characteristics.

No. of Patients (%) Median PFS (months) HR (95%CI)

Age group

<65 years 27 (67.5%) 7.90 0.98 (0.94-1.03)

≥65 years 13 (32.5%) 10.30

Sex

Female 1 (2.5%) Undefined Undefined

Male 39 (97.5%) 8.60

Smoking status

Never smoked 3 (7.5%) 11.60 1.61 (0.80-3.24)

Current smoker 32 (80%) 6.80

Former smoker 5 (12.5%) 11.70

Disease stage

III 9 (22.5%) 9.40 1.596 (0.66-3.89)

IV 31 (77.5%) 7.90

ECOG score

0 7 (17.5%) 7.40 1.041 (0.40-2.71)

1 33 (82.5%) 8.70

Brain metastasis at enrollment

YES 3 (7.5%) 6.67 2.66 (0.28-24.97)

NO 37 (92.5%) 8.63

Liver metastases at enrollment

YES 6 (15%) 6.70 1.69 (0.53-5.42)

NO 34 (85%) 9.37
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knowledge, this study is the first report of a prospective trial

evaluating the safety and efficacy of concurrent thoracic palliative-

hypofractionated radiation plus immunochemotherapy in patients

with ES-SCLC.

The addition of concurrent thoracic palliative-hypofractionated

radiotherapy after two cycles of immunochemotherapy is the key

difference between the regimen adopted in the present study and the

atezolizumab regimens in the IMPOWER 133 trial. The follow-up

time was about 14 months (ours vs. IMPOWER 133, 14.2 months

vs. 13.9 months). The median number of atezolizumab doses used

was comparable between the present study and the IMPOWER 133

study: 9 (range, 4 to 29) vs. 7 (range, 1 to 30), respectively. Adverse

events related to any component of the trial regimen occurred in

97.5% of the patients (in IMPOWER 133, 94.9%). The most

common all-grade adverse events were anemia and decreased

white blood cell count. The shared grade 3 or 4 adverse events

related to the trial regimen were a reduced white blood cell count.

Unlike IMPOWER133, there was no Grade 5 adverse event in the

present study. The most immune-related adverse event in both

studies was hypothyroidism. Some studies reported increased

pneumonitis when combining immunochemotherapy and

thoracic radiation (9, 25). All-grade and grade 3-5 pneumonitis

was higher in the present study compared to the IMPOWER 133

study, 12.5% (5/40) vs. 4% (8/198) and 5% (2/40) vs. 2.5% (5/198),
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respectively. Nevertheless, there was no grade 5 pneumonitis in our

study. The incidence of all-grade or grade 3-5 pneumonitis in our

study is comparable to those reports that combined

immunochemotherapy and thoracic radiotherapy in NSCLC (25,

26). In SCLC, a Phase I/II Trial reported the incidence of all-grade

pneumonitis of the regimen of pembrolizumab and concurrent

chemoradiation therapy for limited-stage small cell lung cancer was

15% (6/40), grade 1-2 and grade 3 effects were half-to-half (15),

which was more or less similar to those observed in our study. In the

present study, although more patients experienced pneumonitis

than those in the IMPOWER 133 trial, all patients recovered after

active treatment with corticosteroids. In summary, the addition of

thoracic radiation to immunotherapy leads to a higher incidence of

pneumonitis, but it is manageable. Due to the short follow-up time

in the current study, it is not possible to assess long-term toxic

effects such as pulmonary fibrosis and esophageal stricture or

fistula. In summary, first-line concurrent thoracic palliative-

hypofractionated radiation plus immunochemotherapy for ES-

SCLC has an acceptable safety profile, at least in the short term.

The PFS in the present study is approximately 3.4 months

longer than that of IMPOWER 133(8.6 months (95%CI, 6.1–11.1))

vs. 5.2 m (95% CI, 4.4–5.6)). The PFS rate at 12 months is 27.5%. An

abstract in the 2021 ESMO congress (Abstract NO.#2568) reported

a retrospective study that showed a significant improvement in PFS

for patients with ES-SCLC undergoing atezolizumab and

consolidating thoracic radiotherapy, which is consistent with our

study. In the retrospective study mentioned above, consolidating

thoracic radiation therapy was performed during the atezolizumab

maintenance phase; the detailed radiation dose and fractionation

schedules remained unknown, which differed from our study. The

previous study did not report any benefit in overall survival (OS) for

patients undergoing the combination of atezolizumab and

consolidating thoracic radiotherapy. Whether the PFS benefit

revealed in our study could convert into an OS benefit requires

further follow-up.

Unlike in the IMPOWER 133 trial, the PFS in patients with treated

brain or liver metastases was shorter than in those without brain or

liver metastases in our study. However, no conclusions can be drawn

due to the small number of patients with brain or liver metastases

enrolled in the trial. Similar to the IMPOWER 133 trial, we also noticed

that older patients had a longer PFS than younger patients. Further

analyses are needed to explore the potential mechanisms.

This phase II trial has its limitations. First, the sample size was

small. Second, the follow-up time was relatively short and we did

not have the final analysis of OS. Third, this study was a single-arm

and open trial, some inevitable biases included selection bias,

differential and non-differential reporting bias, and confounding

effects. However, these limitations could not obscure its

contributions to exploring an optimal model of first line

treatment for ES-SCLC.

In summary, this open, single-arm, multicenter, phase 2 trial

showed that the addition of concurrent thoracic palliative-

hypofractionated radiation therapy to first-line standard

immunochemotherapy resulted in significantly longer PFS than

immunochemotherapy, with a manageable safety profile. Our

findings laid a foundation for further randomized investigations.
TABLE 5 Summary of tumor responses.

Best response after first two cycles of immunochemotherapy

CR 0

PR 32

SD 8

PD 4
CR, complete remission; PR, partial remission; SD, stable disease; PD, progressive disease.
FIGURE 3

Waterfall map showing the best response of enrolled patients. The
waterfall plots display an individual patient’s best response data
expressed as the percent change in the sum of the longest diameter
of target lesions as measured at baseline and the best response
during the whole treatment period. (SD, PR) is indicated by the color
of the data bar. SD, stable disease; PR, partial response. The red dot
line represents 20% increase in the sum of the longest diameter of
target lesions than baseline according to RECIST 1.1. The green dot
line represents 30% decrease in the sum of the longest diameter of
target lesions than baseline according to RECIST 1.1.
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Background:Mismatch repair (MMR) deficiency is a fundamental factor affecting

the management treatment outcomes of colorectal cancer (CRC). MMR status

can be diagnosed by both immunohistochemistry (IHC) polymerase chain

reaction (PCR). Since tumors with MMR deficiency are prone to respond to

immunotherapy immune checkpoint inhibitors are used to treat such tumors.

Case presentation: A 69-year-old male patient presented to an outside

clinic with weight loss and abdominal pain. Radiological investigations

detected a mesenteric mass of 10 cm, peritoneal implants, and mediastinal

lymphadenopathy. The eventual biopsy result from the mesenteric mass was

mucinous adenocarcinoma with a goblet cell pattern. Since the IHC result was

unclear for deficiency in mismatch repair (dMMR) metastatic CRC (mCRC),

the diagnosis was confirmed with PCR. The patient received 8 cycles

of FOLFIRINOX + bevacizumab followed by FOLFOX combined with

pembrolizumab. No adverse effect was reported related to immunotherapy

which resulted in radiologic and metabolic regression. The patient underwent

cytoreductive surgery and hyperthermic intraperitoneal chemotherapy (HIPEC).

The final pathology results revealed a pathological complete response and R0

resection. In the 6th month follow-up, no recurrence or metastasis was reported.

Conclusion: Chemotherapy and immunotherapy combination is a promising

treatment modality which can also be used for mCRC. This is the index case who

received chemotherapy in combination with immunotherapy for mucinous

adenocarcinoma of the colon with a goblet cell pattern and had pCR.

KEYWORDS

chemoimmunotherapy, metastatic colon cancer (mCRC), complete response, MSI-H,
microsatellite unstable (high), goblet cell
frontiersin.org01126

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1160586/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1160586/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1160586/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1160586/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1160586/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1160586&domain=pdf&date_stamp=2023-07-07
mailto:leylahmet@gmail.com
https://doi.org/10.3389/fimmu.2023.1160586
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1160586
https://www.frontiersin.org/journals/immunology


Mutlu et al. 10.3389/fimmu.2023.1160586
Introduction

Colorectal cancer (CRC) with a deficiency in mismatch repair

(dMMR) is characterized by a strong mutator phenotype known as

high microsatellite instability (MSI-H) and tumor mutation burden

(1). The vast majority of MSI-H/dMMR colon cancers exhibit

distinctive features, such as the tendency to arise in the proximal

colon and comprise a poorly differentiated, mucinous, or signet ring

cell component (2). Almost 15% of all CRCs harbor MSI-H/

dMMR phenotype.

Microsatellite instable (MSI) disease is characterized by an

obvious antitumor immune response, with increased lymphocyte

infiltrate that entails the basis for the improved prognosis of

especially stage II CRC with MSI. An explanation for the lack of

benefit of fluoropyrimidine (FP)-based chemotherapy in these

patients is the antagonization of antitumor response by the

immunosuppressive effects of chemotherapy (3). Fortunately, MSI

has been established as a strong predictor of efficacy in blocking the

immune checkpoint, leading to the approval of programmed death

1 inhibitors such as nivolumab ± ipilimumab and pembrolizumab

for MSI patients with metastatic CRC (mCRC) (4, 5).

There is no data about the utility of the combination of

chemotherapy and immunotherapy in mCRC patients, although

it has been the standard of care for many types of advanced cancers,

such as head and neck, gastric, cervical, and non-small cell lung

cancer (6, 7). We represent a case of MSI-H mCRC whose

indeterminate MMR findings were confirmed by PCR and who

was treated successfully with chemoimmunotherapy.
Case

A 69-year-old male patient presented to an outside clinic with

weight loss and abdominal pain. Radiological investigations

detected a mesenteric mass of 10 cm, which was supposed to be

originating from the right colon. Diagnostic laparoscopy revealed a

retroperitoneal mass with peritoneal implants. Biopsies’ results were
Frontiers in Immunology 02127
carcinoma and its peritoneal metastasis. Then, the patient was

referred to our center. A colonoscopy was performed, revealing a

3 cm diameter mass at the base of the cecum. Mucinous

adenocarcinoma with a goblet cell pattern and widespread

extracellular mucin secretion was detected (Figure 1). Abdomen

magnetic resonance imaging (MRI) showed a 14x5.5x5 cm

conglomerate mass and implants extending to the root of the

superior mesenteric vein and attaching to the duodenum with

minimal ascites in the pelvis (Figure 2A). Thorax computed

tomography (CT) pointed at 15x10 mm lymphadenopathy in the

mediastinum with no other abnormal finding. Molecular analysis of

the primary tumor revealed BRAF V600E mutant, KRAS, NRAS

wild, and HER-2 (-) disease. Positron emission tomography/

computed tomography (PET/CT) scan revealed conglomerated

lesion in the mesentery (SUVMax 23.5), wall thickening in the

ascending colon (SUVMax: 26.1), and hypermetabolic areas in

the abdomen thought to be due to the spread of the disease in the

peritoneum (Figure 2B). The systemic treatment of the patient was

started with 5-fluorouracil, folinic acid, irinotecan, oxaliplatin

(FOLFIRINOX), and bevacizumab while waiting for the

MSI results.

A control CT after 4 cycles of treatment with FOLFIRINOX +

bevacizumab regimen showed partial regression, and the treatment

was completed to 8 cycles. A PET/CT scan following 8 cycles of

FOLFIRINOX + bevacizumab showed a 90% metabolic response

(SUVMax: 3). Meanwhile, immunohistochemical evaluation of the

MSI panel from the primary tumor showed nuclear dot-like

staining patterns for MLH1 (Figure 3A) and PMS2 (Figure 3B).

Molecular analysis with PCR was performed due to suspicious

staining patterns for MLH-1 and PMS-2. It revealed MSI-H

phenotype (Figure 3C). MLH-1 methylation analysis was also

performed; hypermethylation in the promoter region of the

MLH-1 gene was detected (Figure 3D). The systemic treatment

was converted to folinic acid, fluorouracil, and oxaliplatin

(FOLFOX) combined with pembrolizumab after the status of

MSI-H was confirmed. The rationale behind this strategy was the

assumption that the primary tumor, metastatic lymph nodes, and
FIGURE 1

Mucinous adenocarcinoma with a goblet cell pattern, H&E x22.3.
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peritoneal implants had responded dramatically to triplet

chemotherapy + bevacizumab.

The patient was treated with additional 4 cycles of FOLFOX

concurrently with pembrolizumab with no adverse effects. The MRI

prior to surgery showed that the cecal mass regressed and was

limited to the mesocolon. The patient underwent a right

hemicolectomy, a pelvic and lower abdominal peritonectomy, a

total omentectomy, and a diverting loop ileostomy. Hyperthermic

intraperitoneal chemotherapy with mitomycin-C was administered

for 90 minutes. No major surgical complications occurred, and the

stoma was reversed a month after the surgery. The pathology results

revealed ypT0N0 (60 lymph nodes). There were no tumor cells in

the peritoneal fluid cytology. Pembrolizumab as maintenance
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treatment was continued after curative resection. The patient was

tumor free in his postoperative 6th-month follow-up. The treatment

was planned to be continued for 24 months if no toxicity or adverse

effects were seen. The timeline of the patient is summarized

in Figure 4.
Discussion

This case presents a successful treatment of a patient with

metastatic MSI mucinous colonic adenocarcinoma with

immunotherapy in combination with 5-FU and oxaliplatin based

chemotherapy. MSI status is one of the critical factors affecting the
FIGURE 3

(A) MLH-1, IHC x10.0 (B) PMS-2, IHC x15.5 (C) MSI-H phenotype molecular analysis with PCR (D) MLH-1 methylation analysis.
FIGURE 2

(A) MRI at the diagnosis. (B) PET/CT at the diagnosis.
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treatment approach in mCRC patients (4). While IHC is a more

available, cost-effective, rapid, and concordant way to detect MSI

status, PCR is a crucial next step to diagnose MSI for inconclusive,

borderline cases such as nuclear dot-like staining patterns, as in our

patient (8, 9).

Management of mCRC with microsatellite stable status depends

on the tumor and patient-related factors, such as performance

status and comorbidities, and the aim of the treatment, such as

conversion to a resectable state. Usually, a combination of

chemotherapy with biological agents like anti-VEGF or anti-

EGFR therapy is considered depending on tumor-related factors,

including RAS, RAF status, and tumor-sidedness. For MSI-H

mCRC patients, pembrolizumab or nivolumab -/+ ipilimumab is

recommended as a first-line therapy depending on the results of the

KEYNOTE-177 and CM-142 studies (10–12). The Keynote-177

trial revealed 11.1% of complete response and 29.4% of progressive

disease in stage IV colorectal patients treated with single-agent

pembrolizumab (13). Since the response of BRAF mutant patients

to chemotherapy is lower than the wild type, we preferred to start

with combination chemotherapy as FOLFIRINOX + bevacizumab

until the MSI results were confirmed. Our patient had been a

candidate for single-agent pembrolizumab treatment based on the

MSI status. However, the MSI tumor’s sensitivity to FOLFIRINOX

chemotherapy has been confirmed after 4 months of treatment, and

a dramatic response had already been demonstrated in PET-CT

even before the commencement of pembrolizumab. Due to the 30%

risk of progression with single-agent pembrolizumab in the

KEYNOTE-177 trial and our patient’s in vivo confirmed

sensitivity to chemotherapy, we preferred to continue FOLFOX

regimen concurrently with immunotherapy.

Even though chemotherapy and immunotherapy combination

is a widely used treatment approach in non-colorectal cancers in

both early and advanced settings with satisfactory long-term results,

there is no phase III data supporting the use of this combination for

mCRC yet (6, 7).

The hypotheses to explain the biological mechanisms

underlying resistance to chemotherapy of MSI-associated diseases

primarily concern adjuvant fluorouracil-based treatments in non-

metastatic CRC. Studies cited in literature often point at the

antitumor immune response characterized by the lymphocyte

infiltrate of MSI diseases, constituting the basis for the improved

prognosis of these patients in early stages. This advantage is

supposed to be antagonized by the immunosuppressive effects of

chemotherapy that explain the lack of benefit of single agent
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fluoropyrimidine-based chemotherapy (3). It is important to

emphasize that these studies refer to stage II CRCs. According to

some authors, adding irinotecan or oxaliplatin counteracts

resistance to fluorouracil in MSI tumors (14, 15). However, these

hypotheses have not been confirmed in randomized studies. Two

phase III randomized trials for resected stage III MSI CRC have

been initiated: the ATOMIC study, which is evaluating FOLFOX (5-

FU/LV + oxaliplatin) ± atezolizumab for 6 months plus

maintenance with atezolizumab or placebo for 6 months

(NCT02912559), and the POLEM study (NCT03827044), which

aimed to evaluate the efficacy of 24 weeks of FP versus 12 weeks of

FP plus oxaliplatin ± avelumab for MSI or patients with POLE

mutation. However, the POLEM study has been terminated due to

challenges in patient recruitment.

A phase Ib trial evaluating the effect of chemoimmunotherapy,

pembrolizumab, in combination with a modified FOLFOX regimen

in metastatic colorectal patients has been completed (16). In this

trial, 6.7% of the patients had a complete response, and patients

with advanced disease at the time of diagnosis had reduced tumor

burden and became eligible for definitive surgery. 6.7% of the

patients had grade 3 or 4 toxicity; the remaining patients

tolerated the treatment well. Similar to our case, Copur et al. (17)

published a case of a locally advanced colon cancer treated with

FOLFOX + pembrolizumab, resulting in a pathologically

complete response.

BRAF mutation is seen in 38.9% of the patients with MSI, while

only 9.3% of patients with MSS CRC have a BRAF mutation, and

20.4% of the patients with BRAF mutation were MSI (8). In the

subgroup analysis of KEYNOTE-177 study, BRAF wild type

patients seem to have better survival with immunotherapy

compared to chemotherapy (for OS; HR 0.72 vs. 0.55 for BRAF

mutant and wild type, respectively).

BRAF mutation is associated with poor prognosis reducing the

benefits derived from MSI even in the earlier disease setting. The

BRAFV600E mutation has been a poor prognostic factor in both

MSI and MSS patients underlining the importance of these

biomarkers for the management of patients at recurrence (18).

Thus, chemoimmunotherapy may be explicitly considered for

patients with BRAF mutant and MSI-H tumors since it’s a

promising approach with a tolerable toxicity.

While being a case report, the major limitation to propose

chemotherapy in combination with immunotherapy as a novel

treatment for MSI mCRC with in general, this index case can be

didactic to plan future studies of this promising approach.
FIGURE 4

Timeline of the patient’s management.
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Introduction: We present here a strategy to identify immunogenic neoantigen

candidates from unique amino acid sequences at the junctions of fusion proteins

which can serve as targets in the development of tumor vaccines for the

treatment of breastcancer.

Method: We mined the sequence reads of breast tumor tissue that are usually

discarded as discordant paired-end reads and discovered cancer specific fusion

transcripts using tissue from cancer free controls as reference. Binding affinity

predictions of novel peptide sequences crossing the fusion junction were

analyzed by the MHC Class I binding predictor, MHCnuggets. CD8+ T cell

responses against the 15 peptides were assessed through in vitro Enzyme

Linked Immunospot (ELISpot).

Results: We uncovered 20 novel fusion transcripts from 75 breast tumors of 3

subtypes: TNBC, HER2+, and HR+. Of these, the NSFP1-LRRC37A2 fusion

transcript was selected for further study. The 3833 bp chimeric RNA predicted

by the consensus fusion junction sequence is consistent with a read-through

transcription of the 5’-gene NSFP1-Pseudo gene NSFP1 (NSFtruncation at exon

12/13) followed by trans-splicing to connect withLRRC37A2 located immediately

3’ through exon 1/2. A total of 15 different 8-mer neoantigen peptides discovered

from the NSFP1 and LRRC37A2 truncations were predicted to bind to a total of 35

unique MHC class I alleles with a binding affinity of IC50<500nM.); 1 of which

elicited a robust immune response.
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Conclusion: Our data provides a framework to identify immunogenic

neoantigen candidates from fusion transcripts and suggests a potential vaccine

strategy to target the immunogenic neopeptides in patients with tumors carrying

the NSFP1-LRRC37A2 fusion.
KEYWORDS

RNA fusions, chimeric RNAs, neoantigens, immunopeptides, tumor peptide vaccines
1 Introduction

Tumor vaccines capable of promoting immune response have

the potential to make significant contributions to the treatment and

prevention of cancer. The antigenic repertoire that arises during

tumorigenesis through somatic alterations in tumors provides a

plethora of non-self-antigens (neoantigens) that can form the basis

of vaccination-based cancer immunotherapies. Many of the

neoantigens discovered have been shown to be capable of

inducing anti-tumor immune responses with minimal side effects

in the treatment setting (1, 2). Neoantigen load has been reported to

be strongly correlated with clinical response to immunotherapy (3)

and high somatic mutational burden. A high density of candidate

neoantigens have also been shown to improve survival in patients

treated with immune checkpoint blockades in non-small cell lung

cancer (NSCLC) (4) and melanoma (5, 6). However, many

neoantigens caused by non-synonymous mutations are patient

specific, thus can only be used as personalized vaccines and not

available as an ‘off the shelf’ option for treatment that would

facilitate widespread adoption (7). Therefore, identification of

shared neoantigens generated through aberrant transcripts which

are prevalent in cancer patients would help overcome one of the

current challenges in the advancement of vaccination-based

cancer immunotherapies.

Much of the work on neoantigens relates to single nucleotide

variants (SNV) and small insertions and deletions (indel) (8). However,

for cancers with a low to moderate mutation burden, such as breast

cancer, these approaches provide a limited neoantigen repertoire that

can be harnessed for therapeutic cancer vaccines. Non-mutated, over-

expressed peptides have thus been of interest in this context, withmuch

of the clinical research focused on peptides derived fromHER2-Neu (9,

10). Additional approaches that expand the available immunogenic

peptides for use in cancer vaccines in these tumors with a limited

repertoire of neoantigens derived from non-synonymous mutations is

needed if this promising immunotherapy strategy is to be fully

utilized clinically.

Here, we focused on identifying neoantigens in fusion

transcripts from two separate genes identified from RNA-

sequencing (RNA-seq) data of breast cancer samples. The unique

sequences at the fusion junctions form new open reading frames

(ORFs) that can result in fusion proteins representing a hybrid of

the two founding genes and/or truncated versions of the two wild

type proteins due to premature termination of the 5’-gene yielding a
02132
unique amino acid sequence in the C-terminus and novel N-

terminal region in the 3’gene. Our main objective was to discover

whether such intergenic spliced chimeric mRNA can provide novel

neoantigens that can be processed and presented by the major

histocompatibility complex (MHC) Class I peptides to target CD8+

T cells. The ultimate goal of this work is to establish a framework for

using immunogenic neopeptides generated from the novel amino

acids at the fusion junctions of chimeric RNAs for the development

of “off the shelf” tumor vaccines for breast cancer.
2 Materials and methods

2.1 Samples and controls

All tissue samples were obtained from archival formalin fixed,

paraffin embedded (FFPE) blocks under a protocol approved by the

MD Anderson Cancer Center Institutional Review Board. Tumor

samples were obtained from women who met the following criteria:

i) newly diagnosed breast cancer, ii) no prior history of breast

cancer (primary disease), iii) undergoing surgery as the initial

treatment modality, iv) no prior receipt of chemotherapy. In

addition, only tumors from women with no known germline

mutations and without a significant family history were included

in order to enrich for sporadic cancers. Stage was not specifically

selected for, however all patients had non-metastatic disease.

Seventy-five cases from cancer patients were used, 25 from each

of the 3 main clinical subtypes: i) estrogen and/or progesterone

positive and HER2 negative (referred to as hormone receptor [HR]

positive), ii) HER2 positive regardless of HR status and iii) HR

negative and HER2 negative (TNBC; triple negative). Four breast

tissue samples from women without a cancer diagnosis were used

as controls.
2.2 RNA extraction

RNA extraction was conducted using the Ambion Recoverall

Total Nucleic Acid isolation kit (cat# AM19750, ThermoFisher)

following the manufacturer’s recommendations. Briefly, tissue cores

were crushed, placed in 1.5ml tubes and washed three times with

100% xylene for 10 min. Tissues were then washed in 100% ethanol

twice for 10 min followed by one wash in 95% ethanol for 10 min
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and another wash in 10% PBS, then allowed to air dry for 5 min.

Tissues were then incubated in protease digestion buffer at 50°C for

3 hours followed by a 15 min incubation at 80°C after which tissues

were stored in -20°C until RNA isolation. At the time of RNA

extraction, isolation additive and ethanol mix were added to each

sample and placed into the filter cartridge followed by

centrifugation for 30 sec at 10,000xg. This was repeated 3 times

followed by the addition of wash solutions and centrifugation.

DNase was then added to the filter cartridge and incubated at

room temperature for 30 min. RNA was then eluted by adding

nuclease free water to the center of the filter cartilage, incubating for

5 min and centrifugation at maximum speed for 1 min. RNA was

then stored at -80°C.
2.3 FFPE RNA quality control

Extracted RNA samples underwent quality control assessment

using the RNA tape on a Tapestation 4200 (Agilent, RRID :

SCR_019398). DV200 was calculated as the percentage of RNA

fragments that are >200 nucleotides in size. All samples had a

DV200 >30% which is the recommended cutoff for RNA

sequencing (Illumina Technical Pub. No. 470-2014-001,2016).

Samples were then quantified with Qubit Fluorometer

(ThermoFisher) for input into library preparation.
2.4 Transcriptome sequencing

The RNA libraries were prepared and sequenced at the

University of Houston Seq-N-Edit Core per standard protocols.

RNA libraries were prepared with the TruSeq RNA Exome kit

(Illumina) using 30 ng input RNA. RNA was fragmented, reverse

transcribed into cDNA and ligated with sequence adaptors. The size

selection for libraries was performed using SPRIselect beads

(Beckman Coulter). Enrichment for coding RNA was performed

by coding region specific biotinylated capture probes and selected

by streptavidin magnetic beads. Library purity was analyzed using

the DNA 1000 tape on a Tapestation 4200 (Agilent, RRID :

SCR_019398) and quantified with Qubit Fluorometer 2.0

(ThermoFisher, RRID : SCR_020553). The prepared libraries were

pooled and sequenced using the NextSeq 500 (Illumina, RRID :

SCR_016381); generating ~15 million 2×76 bp paired end reads

per sample.
2.5 RNA fusion detection

The RNA-seq raw fastq data was processed with CLC Genomics

Workbench 20 (Qiagen). The Illumina sequencing adaptors were

trimmed, and reads were mapped to the human reference genome

hg38 Refseq GRCh38.p9 from the Biomedical Genomics Analysis

Plugin 20.0.1 (Qiagen). Read alignment was represented as integer

counts by using parameters of mismatch cost 2, insertion cost 3,

deletion cost 3, length fraction 0.8, similarity fraction 0.8, max of 10

hits for a read. Integer read counts were normalized by Trimmed
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Means of M-values (TMM) algorithm (11). RNA fusions were

detected using the detect fusion gene algorithm under the

parameters of minimum length of unaligned sequence 15,

maximum distance to exon boundary 10, maximum distances for

broken pair fusions 1,000, assumed error rate 0.001, promiscuity

threshold 7. The algorithm identifies fusion events based on the

number of fusion crossing reads and fusion spanning reads. Refine

fusion gene tool was used to re-count the number of fusion crossing

reads and the novel RNA seq reads mapped against the fusion

reference created in detect fusion genes. The fusion list was further

refined by excluding those that were detected in both normal breast

tissue controls and in paired adjacent normal tissue samples. Details

of the false positive and negative filters applied are shown below.

False Positive filter: To reduce the false positive rates of ~50%

associated with the majority of fusion callers that rely only on

discordant paired end reads we introduced a filter that first extracts

fusion candidates based on discordant paired end reads and then

filter out fusion candidates that are not supported by at least 1

junction crossing read that has to be split to map on two different

genes on the reference genome.

False Negative filter: To capture fusions associated with small

sub populations of cells in pre-cancerous lesions and/or ‘cancer

stem cells’ driving drug resistance and disease recurrence we relaxed

filters that eliminate candidates based on read numbers and

included fusions supported by junction crossing split reads

mapping on two different genes supported by at least 1 read in

three independent patients across the 3 subtypes studies.

Additionally, using the CLC Genomics Workbench, we included

a secondary alignment of unmapped RNA-seq reads to a fusion

reference sequence created in the initial detect fusion genes pipeline.

This decreased the number of false negatives discovered in other

fusion callers.
2.6 Validation of junction sequence

cDNA from whole transcriptome sequencing underwent PCR

amplification across the NSFP1-LRRC37A2 fusion junction site

using Forward Primer (5’-GCCTGCAAGTGACGAGAG-3) and

Reverse Primer (5 ’-CGGTCCAACTGTATGCTTTC-3 ’) .

DreamTaq DNA polymerase (ThermoFisher Scientific; Cat.#

EP0701) was used in a 30-cycle PCR reaction. Amplicon size was

analyzed using the High Sensitivity DNA 1000 tape on a

Tapestation 4200 (Agilent, RRID : SCR_019398).
2.7 Validation of junction sequence:
cloning & sanger sequencing

The PCR amplicon was inserted in to a pJET1.2 vector as per

the sticky-end cloning protocol provided by the manufacturer

(CloneJET PCR Cloning Kit; ThermoFisher Scientific; Cat.#

K1232). The ligation mixture was directly transformed to

provided competent cells and plated on Ampicillin-LB agar

plates. Plates were incubated overnight at 37°C. After incubation,

4 colonies were selected per plate to confirm the DNA insert. A PCR
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was performed to validate the junction sequence using the primers

for NSFP1-LRRC37A2. Colonies expressing the amplicon were

grown in Ampicillin LB broth at 37°C in a shaking incubator

overnight. Plasmids extraction from the bacterial cultures was

carried out using manufacturer supplied protocols (QIAprep Spin

Miniprep Kit; Qiagen; Cat.# 27104) and were verified using

Sanger sequencing.
2.8 Neoantigen predictions

Our neoantigen prediction pipeline is described in Shao et al.

(12). Neopeptide regions were delineated from the 2 major ORFs

predicted from the NSFP1 [Exon 1-13] - LRRC37A2 [Exon 2-14]

fusion. To assess the immunogenicity of our predicted neopeptides

in relation to 118 MHC class I haplotypes found in humans, we

utilized a neoantigen prediction platform, MHCNuggets. Peptides

of 8 amino acids encompassing two major ORFs generated from the

NSFP1-LRRC37A2 fusion were analyzed. The HLA genotypes

extracted from RNASeq fusion caller from the 75 samples served

as input to MHCnuggets to predict the MHC class I binding

potential (IC50 nM) of each peptide region from wild-type and

neoantigen peptide regions of two truncated proteins. Neoantigen

candidates meeting an IC50 affinity < 500 nM were subsequently

ranked based on MHC binding. Anchor and auxiliary anchor

residues for neopeptide-HLA class I allele pairs were evaluated by

the SYFPEITHI online tool (13).
2.9 Peptide library generation

The peptide library consisted of 15 neoantigenic 8-mer peptides

discovered from the NSFP1- Exon 1-13 truncation ORF and

LRRC37A2-Exon 2-14 truncation ORF and was synthesized and

purified using standard solid-phase synthetic peptide chemistry and

Reverse Phase High Performance Liquid Chromatography

(ThermoFisher Scientific PEPotec). These peptides were reconstituted

to 1 mg/mL concentrations under sterile conditions. An 8-mer peptide

used by the manufacturer to standardize the peptide library which was

confirmed to be a peptide of no biological significance was used as a

Negative Peptide Control (NCP) to validate the effect of stimulation by

a synthetic peptide. A commercially available Cytomegalovirus (CMV)

peptide pool (MabTech; Cat.# 3619-1) containing 42 peptides from the

Cytomegalovirus where 28 of the peptides are MHC class I restricted

and 14 are MHC class II restricted was used as the positive control.
2.10 Human primary cells

The HLA class C07:02 matched human Peripheral Blood

Mononuclear Cells (PBMCs) from a healthy donor were acquired

(STEMCELL Technologies) and were stored in liquid nitrogen

until use.
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2.11 Culture medium

Complete media consisted of RPMI-1640 growth media with L-

glutamine (Gibco; Cat.# 61870036) supplemented with 10% heat-

inactivated fetal bovine serum (GenDEPOT; Cat.# F0601-050), 0.1

mmol/L nonessential amino acids (Corning; Cat.# 25-025-CI),

10ug/ml Cellmaxin (GenDEPOT; Cat.# C3319-006), and 0.5 mg/mL

Amphotericin B (Gibco; Cat.# 15290026).
2.12 In vitro stimulation of PBMCs
using peptides

PBMCs were retrieved from liquid nitrogen, thawed in a water

bath at 37°C, and washed with culture medium warmed to 37°C, as

previously described in the primary cell thawing protocol by Stem

Cell Technologies. Cells were incubated at 37°C, 5% CO2 for 24

hours (Cell Resting). After resting, cells were seeded at a

concentration of 1 × 106/mL in 6-well plates with culture

medium containing IL-2 (10 IU/ml), IL-7 (10 ng/ml), and IL-15

(10 ng/ml). The cells of the Negative (Unstimulated) control (NC)

wells not treated with any peptides but were supplemented with the

growth medium and cytokines required for growth and

proliferation and were maintained at the same growth conditions

as the cells of wells treated with the neoantigenic peptides. The cells

of the CMV positive control wells were treated with 1mg/ml of the

CMV peptide pool and were supplemented with media and growth

conditions identical to that of the test peptide wells. The 15

neaoantigenic 8-mer test peptides were added to the respective

wells at 2 mg/ml and the plates were incubated at 37°C, 5% CO2 for 4

days On day 5, 50% of the medium was replaced with fresh

medium, and cells were cultured for an additional 5 days. A

second round of peptide restimulation was carried out with the

corresponding peptides coupled with the cytokine medium before

the cells were used for the ELISpot assay.
2.13 Isolation of CD8+ T cells from PBMCs

On Day 13, untouched CD8+ T cells were isolated from PBMCs

by magnetic negative selection using the MojoSort™ Human CD8+

T Cell Isolation Kit (BioLegend; Cat.# 480012) following the

manufacturer’s instructions.
2.14 IFN-g ELISpot assay

To evaluate peptide stimulated CD8+ T cell immune response,

IFN-g production by cells stimulated with the predicted

neoantigenic peptides was quantified using a commercially

available Human IFN-g- ELISpot kit (CTL ImmunoSpot, Cellular

Technology Ltd), following the instructions of the manufacturer.

The plate was read with an ELISpot reader (CTL counter, Cellular
frontiersin.o
rg

https://doi.org/10.3389/fimmu.2023.1188831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mistretta et al. 10.3389/fimmu.2023.1188831
Technology Ltd). The cell culture medium used to incubate the cells

in the ELISpot plate was augmented with anti-CD28 antibody (1mg/
ml) and corresponding peptides (2mg/ml).
2.15 Statistical analysis

Positive response to the assay was defined using a threshold

minimum of 20 Spot Forming Colony Units (SFC)/106 cells in

experimental wells after subtracting the unstimulated background

(Mean number of SFUs generated by the NC wells). To compare

immune responses generated by the neonatigenic peptides, SFUs

generated by the wells stimulated with the neoantigenic peptides

were compared with that of the wells stimulated with CMV peptide

pool. ELISpot data were analyzed by Mann-Whitney U Test,

without correction for multiple comparisons, using GraphPad

Prism 9.0 (RRID : SCR_002798). Each row was analyzed

individually, without assuming consistent standard deviation.

Data are represented as mean ± SEM. For all analyses,

significance threshold was considered as *, P ≤ 0.05.
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3 Results

3.1 Twenty highly prevalent fusion
transcripts were discovered across 3 breast
cancer subtypes

With the goal of discovering RNA-fusions that can be targeted for

neoantigen peptide candidates, we performed RNA-Sequencing of

triple negative (TNBC), HER2+ and hormone receptor positive

(HR+) breast cancer samples (n=25 each). Mining the sequence

reads (i) that were discarded due to discordant paired-end reads and

(ii) that were supported by split-reads (junction crossing reads) we

found a large number of chimeric fusion RNAs. These were then cross

referenced with the TCGA Multi-Center Breast Cancer Dataset. We

uncovered 20 fusion RNAs with high prevalence across the set of 75

tumor samples and also detected in 1 or more of the TCGA samples.

To eliminate false positives, we also required a given fusion to be

present within more than one dataset discovered by an independent

fusion caller (CLC Genomics Workbench and University of Chicago

fusion caller). Table 1 shows the comprehensive list of fusion
TABLE 1 Top 20 novel prevalent chimeric RNAs discovered in TNBC, HER2+, and HR+ patient sample gene fusions after comparison to normal samples.

RNA FUSIONS
(BREAST
CANCER)

EXON
Boundaries

TNBC Fusions HER2+ Fusions HR+ Fusions
TCGA
(Breast
Tumors)

# of Fusion
Positive
Samples

Avg. #
Junction
Crossing
Reads

# of Fusion
Positive
Samples

Avg. #
Junction
Crossing
Reads

# of Fusion
Positive
Samples

Avg. #
Junction
Crossing
Reads

#
Samples

NSFP1-LRRC37A2
Exon 1-13|
Exon 2-14

2 218 2 274 5 217 5

F8-CLIC2
Exon 1|Exon

2-6
1 50 4 6 3 2 1

KIAA0753-
PITPNM3

Exon 1-16 |
Exon 2-20

0 25 3 2 4 3 1

PRKCH-FLJ22447
Exon 1-12 |
Exon 2-3

3 24 5 1 3 1 26

PACSIN2-
ARFGAP3

Exon 1-11 |
Exon 2-6

2 15 2 1 3 1 1

UBE3C-DNAJB6
Exon 1 | Exon

2-8
1 13 0 0 1 2 2

NCOR2-UBC
Exon 1-15 |
Exon 1

0 13 1 1 2 2 3

GALK2-FGF7
Exon 1-10 |
Exon 3-4

1 11 1 4 2 3 1

ARIH2-SLC25A20
Exon 1-5 |
Exon 5-9

0 8 0 0 1 2 2

B4GALT1-SMU1
Exon 1-2,3|
Exon 2-12

2 7 1 2 1 2 1

WNK1-ERC1
Exon 1-24|
Exon 6-18

1 7 0 0 0 0 1

(Continued)
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transcripts with the number of samples in each subtype that was found

to carry the fusion in the tumor.

The average number of junction crossing reads as well as the exon

boundaries of the 5’ and 3’ genes in both our dataset and TCGA are

also presented. Of the 20 novel fusions found, 4 were identified with a

frequency of 10% or greater in the MD Anderson Cancer Center

(MDACC) cohort. The NSFP1- LRRC37A2 fusion transcript was

selected for further study based on the fact that it was associated

with the highest number of junction crossing reads (TNBC=218, HER2

+=274, HR+=217), and detected with highest frequency across the 75

tumor samples (9/75 = 12%), (TNBC=2 samples, Her2+=2 samples

and HR+=5 samples). Furthermore, it was also present in 5 samples in

the TCGA breast cancer dataset previously analyzed with filters that

traditionally exclude fusions found in adjacent normal tissue. TCGA,

however, did not remove fusions from cancer free controls similar to

what was done in this study.
3.2 Exon boundaries of NSFP1-
LRRC37A2 Fusion Maps to Exon 13 of
NSFP1 (5’-boundary) and Exon 2 of
LRRC37A2 (3’-boundary)

NSFP1 (N-ethylmaleimide sensitive factor, vesicle fusing

ATPase, transcript variant 1 pseudogene) and LLRC37A2

(Leucine Rich Repeat Containing 37 Member A2) are located in
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17q21.31. To compile the NSFP1-LRRC37A2 fusion junction, we

mapped the consensus junction sequence compiled from the

complete set of junction crossing reads extracted from fusion

positive samples to hg38 Refseq GRCh38.p9. The 5’-boundary of

NSFP1-LRRC37A2 was found to be located on Exon 13 of NSFP1

(NR_033799.1) and the 3’ – boundary mapped to Exon 2

(NM_001006607.3) of LRRC37A2 located immediately 3’ to NSP1

on the coding strand of both genes. The boundaries were consistent

and supported by 986 junction-crossing reads (TNBC=218, HER2

+=274 and HR+=217) with the breakpoint sequence always

AAACCA-3 ’ on the NSFP1 gene and 5 ’-AAATTC on

LRRC37A2. The 5 samples found to be positive for NSFP1-

LRRC37A2 fusion in the TCGA dataset (an independent set of

samples) also contained the same exon boundaries. The fusion

junction and the exon boundaries model for the NSFP1-LRRC37A2

fusion are shown in Figure 1. The consensus junction sequence and

the cDNA for the fusion transcript are shown in Supplemental

Figure 1. The fusion junction supported by 986 junction crossing

reads was validated by amplicon PCR assay as shown in Figure 2.

We expected a 121bp PCR fragment from the PCR amplicon

generated using a Forward Primer located on NSFP1 (5’-

GCCTGCAAGTGACGAGAG-3) and Reverse Primer located on

LRRC37A2 (5’-CGGTCCAACTGTATGCTTTC-3’). The PCR

amplicons of 121bp cloned to the positive selection cloning vector

were Sanger sequenced to further validate the presence of the fusion

junction. The chromatogram acquired through Sanger sequencing
TABLE 1 Continued

RNA FUSIONS
(BREAST
CANCER)

EXON
Boundaries

TNBC Fusions HER2+ Fusions HR+ Fusions
TCGA
(Breast
Tumors)

# of Fusion
Positive
Samples

Avg. #
Junction
Crossing
Reads

# of Fusion
Positive
Samples

Avg. #
Junction
Crossing
Reads

# of Fusion
Positive
Samples

Avg. #
Junction
Crossing
Reads

#
Samples

SCCPDH-CNST
Exon 1-5|
Exon 4-9

1 6 0 0 0 0 1

NOXRED1-
TMED8

Exon 1-5 |
Exon 2-6

1 3 1 1 0 0 1

ACAP2-XXYLT1
Exon 1-21 |
Exon 3-4

0 3 1 1 0 0 1

MBD5-ORC4
Exon 1-2|
Exon 2-14

1 2 1 2 0 0 2

UBE2G1-ANKFY1
Exon 1-3 |
Exon 3-25

1 2 6 0 1 1 1

AKT3-SDCCAG8
Exon 1|Exon

7-18
0 1 0 0 1 1 3

BACE2-FAM3B
Exon 1-8|
Exon 2-7

0 1 0 0 1 1 3

ADCY9-SRL
Exon 1-2 |
Exon 2-6

0 1 1 2 0 0 6

TMCO3-TFDP1
Exon 1-7 |
Exon 3-12

1 7 0 0 0 0 6
f

To remove false positive discoveries the fusions was required to be found in an independent dataset (TCGA Breast Cancer dataset). Exon boundaries from the fusion junction site between the 2
genes, the number of tumor samples positive for each fusion (n=25) for each subtype, and the average number of junction crossing reads identified from the positive sample are shown.
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is also shown in Figure 2. The same exon boundary of NSFP1 Exon

13 LRRC37A2 Exon 2 identified by the CLC Genomics workbench

20.0 (Qiagen) on the breast cancer dataset presented here was also

found in the fusions uncovered TCGA and MDACC datasets.
3.3 Novel fusion junctions from the NSFP1-
LRRC37A2 fusion transcript variants
contain two major ORFs generating two
truncated proteins

The major open reading frames (ORFs) predicted from the

NSFP1 [Exon 1-13] -LRRC37A2 [Exon 2-14] fusion are shown in

Figure 3. Two regions of unique amino acid residues carrying

neopeptides were uncovered from the 2 major ORFs predicted

from the NSFP1 [Exon 1-13] - LRRC37A2 [Exon 2-14] fusion. The

truncated NSFP1 protein yielded the unique peptide fragment

KFPRKLYFLH at the C-terminal end of NSFP1 Exon 13 fused

with the beginning of LRRC37A2 Exon 2. The truncated LRRC37A2

protein yielded the unique peptide fragment MISNQN at the N-

terminal end of LRRC37A2 Exons 2-14 (unique amino acids

contributed by Exon 13 of NSFP1). To assess the immunogenicity

of our predicted neoantigens a total 15 peptides of 8–11 amino acids

extracted from the 2 major ORFs generated from the NSFP1-

LRRC37A2 fusion were processed through the neoantigen

prediction platform, MHCnuggets, which evaluates binding of
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somatic peptides to MHC class I, antigen processing, self-

similarity and gene expression (12). A total of 106 HLA

genotypes served as input to MHCnuggets to predict the MHC

class I binding potential (IC50nM) of each peptide region.

Neoantigen candidates meeting an IC50 affinity < 500nM were

subsequently ranked based on MHC binding. Anchor and auxiliary

anchor residues for neopeptide-HLA class I allele pairs were

evaluated by the SYFPEITHI online tool (13). These peptides

were then rank ordered for binding affinity to the greatest

number of MHC class I alleles (promiscuity), antigen processing,

and self-similarity. To identify the most promiscuous peptides,

which have been shown to be strong vaccine candidates (14), we

ranked the peptides by number of HLA Class I alleles that each

peptide bound to at a binding affinity threshold of IC50 <500nM.

The promiscuity distribution plot for the complete set of peptides

generated from the NSFP1-LRRC37A2 fusion is shown in Figure 4.

While many of the peptides bind to less than 10 MHC class 1 alleles,

a small fraction does bind to >20 MHC alleles which were further

investigated. We uncovered 10 and 5 immunogenic neoantigen

peptides from the truncated NFS protein variant and the truncated

LRRC37A2 protein variant respectively. Table 2 presents data from

the selected neoepitopic regions with HLA class I IC50 affinities of <

1000nM, < 500nM and < 50nM. Previous studies have reported that

predicted antigens with IC50<50 nM bind too strongly and do not

initiate an immune response, so we chose to pursue MHC class I

alleles with a binding affinity of IC50<500nM (15). A total of 10
B

A

FIGURE 1

Genomic mapping of junction crossing reads for NSFP1-LRRC37A2. (A) The fusion junction sequence. The sequence of the junction-crossing read
extracted from 986 sequence reads from 75 samples (25 Tumor samples – 3 subtypes) is shown. The segment of the reads that map to NSFP1 and
LRRC37A2 is shown in Blue and Red respectively. (B) A model of the novel fusion transcript NSFP1-LRRC37A2. The junction site is shown in green
between exon 13 of NSFP1 and exon 2 of LRRC37A2.
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different 8-mer neoantigen peptides discovered from the NSFP1-

Exon 1-13 truncation ORF were predicted to bind to a total of 28

unique MHC class I alleles with a binding affinity of IC50<500nM

(Table 3). A total of 5 different 8-mer neoantigen peptides

discovered from the LRRC37A2-Exon 2-14 truncation ORF were

predicted to bind to a total of 7 unique MHC class I alleles with a

binding affinity of IC50<500nM. The unique set of MHC Class I

alleles binding the immunogenic neoantigens from NSFP1 and

LRRC37A2 truncations are shown in Supplementary Table 1.
3.4 CD8+ T cell immune responses were
elicited by 1 out of 15 candidate
fusion neopeptides

To determine if the predicted neopeptides induced CD8+ T cell

immune responses in vitro, IFN-g secretion of PBMCs was

evaluated through ELISpot. The IFN-g secretion of the cells

stimulated with the 15 neopeptides were compared to that of

PBMCs stimulated with a CMV peptide pool as a positive

control. The Negative (Unstimulated) Control is an essential

component of an ELISpot assay as it helps determine the non-

specific signal or background caused by cytokines necessary for the

growth and proliferation of PBMCs. To accurately account for this

non-specific effect, a subtraction method is employed. To quantify

the specific immune response, the mean Spot Forming Units (SFUs)
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generated by the Negative control wells are subtracted from the

SFUs generated by all the wells on the plate. This subtraction allows

for the distinction between the specific immune response induced

by the antigen of interest and the background signal resulting from

cytokines present in the unstimulated control wells. A Mann-

Whitney Test was performed to compare the mean no. of SFUs/

106 cells developed for each experimental peptide with that of the

CMV positive control. The peptide ENDIKPKF (p=0.0417) was

identified as the only neoantigenic peptide candidate that satisfied

the set parameters for a positive response including p<0.05. This

peptide (ENDIKPKF) exhibits a response which is approximately 2

folds greater than the response shown by the CMV positive control

and 5 folds greater than the response shown by the unrelated

peptide stimulated cells (Figure 5).
4 Discussion

Chimer ic RNAs generated through chromosomal

rearrangements (translocations, deletions, duplications and

inversions), trans-splicing or read-through transcription have

been proposed as reagents for developing tumor vaccines (16).

Neoantigens generated from fusion transcripts have been reported

to be better candidates for developing tumor vaccines because they

are usually associated with significantly higher immunogenic

potential than point mutation, SNV or in-del based neoantigens
B

A

FIGURE 2

NSFP1-LRRC37A2 Fusion PCR validation. (A) One fusion junction positive sample from each subtype, was chosen to be validated by PCR. Capillary
gel electrophoresis was used to detect the 121 bp amplicon fragment, representing the NSFP1-LRRC37A2 fusion. (B) The sanger sequencing
chromatogram of the PCR amplicons cloned into plasmids and sequenced. The junction site of the fusion between exon 13 of NSFP1 and exon 2 of
LRRC37A2 is shown in blue in the chromatogram.
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(3). Unique junctions formed in the chimeric RNAs that are

translated can generate tumor-specific neoantigens, which can be

exploited to design tumor vaccines for peptide-mediated T-cell

activation and immunotherapies targeting cancer cells (3, 16). Our

data suggests that chimeric RNAs are prevalent in breast tumors,

provide a large number of novel fusions and generate immunogenic

peptides that can elicit CD8+T cell responses, thus providing an

expanded repertoire for development of breast cancer vaccines.

Breast cancer has low mutational burden, and therefore

provides limited opportunities for peptide vaccine development.

The chimeric RNAs that we uncovered, and the relatively large

number of associated immunogenic peptides, open the door for

cancer vaccines in these tumors with relatively fewer somatic

mutations. The majority of the fusions discovered in our set of 75

cancer cases showed low frequency (present in 1-2 patients, ≤ 3% of

the MDACC cohort). This is consistent with data from the TCGA

Pan Cancer dataset that similarly noted that the overwhelming

majority of fusions were private (17). Using computational

approaches, the TCGA Pan Cancer study also determined the
Frontiers in Immunology 09139
relative immunogenicity of neoantigens generated from fusions

and reported that neopeptides derived from private fusions

appeared to be more immunogenic than candidate neoantigens

derived from highly frequent fusion events. While intriguing, these

data lack direct in vitro/in vivo validation and thus the relationship

between the frequency with which neoantigens are identified in the

population and the ability to elicit a robust immune response

remains unclear. Our data shows that some chimeric RNAs, such

as NSFP1-LRRC37A2, occur at frequency in line with other

therapeutic targets such as HER2/neu in breast cancer and EGFR

in lung cancer, opening the door to an “off the shelf” peptide vaccine

targeting tumors with these alterations, similar to targeted

therapeutic strategies in breast and lung cancer.

In order to increase sensitivity and specificity of fusion

discovery, we employed a unique strategy that incorporated two

filters to significantly decrease the false positive and false negative

rates of fusion detection. Focusing exclusively on the split reads

crossing fusion junctions that are associated with discordant paired

end reads bringing together two independent genes to extract
FIGURE 3

NSFP1- LRRC37A2 fusion transcript predicted ORFs. The cDNA sequence generated from the NSFP1-LRRC37A2 fusion model was analyzed through the
NCBI-Open Reading Frame (ORF) Finder. Two major ORFs consistent with two truncated proteins that are predicted from the NSFP1 [Exon 1-13] -
LRRC37A2 [Exon 2-14] fusion transcript were uncovered. The NSFP1 [Exon 1-13] 3’-end truncation yielded an ORF of 500 amino acids. The LRRC37A2
[Exon 2-14] 5’-end truncation yielded an ORF of 835 amino acids.
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TABLE 2 Predicted immunogenic neo-antigen peptide fragments from the NSFP1 [Exon 1-13]-LRRC37A2 [Exon 2-14] Fusion with MHC Class I partners.

Unique Peptide Region NSFP1 [Exon 1-13] C-Terminal Truncation

FLASLENDIKPKFPRKLYFLH

NSFP1 Exon 1-13 | Unique from LRRC37A2 Exon 2 # of alleles<1000nM # of alleles<500nM # of alleles<50nM

FPRKLYFL 18 15 6

KFPRKLYF 15 13 5

NDIKPKFP 6 6 1

KPKFPRKL 5 5 2

ENDIKPKF 6 5 1

DIKPKFPR 6 5 1

IKPKFPRK 5 4 0

PRKLYFLH 5 3 3

LENDIKPK 3 2 0

PKFPRKLY 2 1 0

Unique Peptide Region LRRC37A2 [Exon 2-14] N-Terminal Truncation

MISNQNFQGNYISYID

Unique from NSFP1 Exon 13 | LRRC37A2 Exon 2-14 # of alleles<1000nM # of alleles<500nM # of alleles<50nM

MISNQNFQ 4 4 2

QNFQGNYI 4 3 2

NQNFQGNY 6 5 1

ISNQNFQG 4 4 1

SNQNFQGN 3 2 0
F
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Peptide fragments predicted to bind multiple MHC Class 1 alleles at IC50<1000nm, IC50<500nm, and IC50<50nm. Unique amino acids derived from the NSFP1-LRRC37A2 fusion are
represented in red and blue respectively.
BA

FIGURE 4

NSFP1-LRRC37A2 Fusion Model and Immunogenic Neoantigen Peptide Fragments. (A) The distribution model shows the promiscuity of peptides binding
to MHC Class 1 alleles. The X-axis is the number of MHC Class 1 alleles and the Y-axis is the number of total peptides found. While a majority of peptides
bind less than 10 MHC Class 1 alleles, a small fraction binds to >20, which are considered to be highly promiscuous. (B) The unique peptide junction
regions predicted from the NSFP1 [Exon 1-13] -LRRC37A2 [Exon 2-14] fusion transcript are shown here. The immunogenic peptides generated through
MHC Class I binding predictor (MHCnuggets) from the NSFP1 [Exon 1-13]-C-Terminal truncation are shown above the fusion transcript model and the
LRRC37A2 [Exon 2-14]-N-Terminal truncation are shown below. Amino acid residues from NSFP1 and LRRC37A2 are shown in (blue) and (red)
respectively. The unique amino acids formed at the fusion junction are shown in (black).
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TABLE 3 Immunogenic neo-antigen peptide fragments from the NSFP1 [Exon 1-13]-LRRC37A2 [Exon 2-14] Fusion predicted to bind with MHC Class I
alleles at IC50<500nM.

Unique Peptide Region NSFP1 [Exon 1-13]
C-Terminal Truncation

Unique Peptide Region LRRC37A2[Exon 2-14]
N-Terminal Truncation

FLASLENDIKPKFPRKLYFLH MISNQNFQGNYISYID

FPRKLYFL IC50 PKFPRKLY IC50 MISNQNFQ IC50

HLA-B*42:01 4 HLA-C*07:02 75 HLA-A*68:23 8

HLA-B*08:01 10 KPKFPRKL IC50 HLA-A*32:07 32

HLA-A*32:07 16 HLA-B*42:01 44 HLA-A*32:15 168

HLA-A*68:23 20 HLA-C*07:02 50 HLA-C*03:03 492

HLA-B*44:01 24 HLA-B*07:02 125 ISNQNFQG IC50

HLA-B*07:02 43 HLA-B*07:01 326 HLA-A*68:23 30

HLA-C*14:02 51 HLA-A*32:07 477 HLA-A*32:07 59

HLA-B*53:01 62 DIKPKFPR IC50 HLA-C*12:03 132

HLA-C*08:02 70 HLA-A*33:01 7 HLA-A*32:15 209

HLA-B*07:01 93 HLA-C*07:02 100 SNQNFQGN IC50

HLA-B*15:02 146 HLA-A*68:23 127 HLA-A*68:23 132

HLA-C*07:02 152 HLA-A*68:01 210 HLA-A*32:07 156

HLA-A*32:15 169 HLA-A*32:07 362 NQNFQGNY IC50

HLA-C*03:04 260 PRKLYFLH IC50 HLA-A*30:02 13

HLA-C*03:03 279 HLA-A*68:23 25 HLA-A*68:23 94

KFPRKLYF IC50 HLA-C*14:02 35 HLA-B*15:01 139

HLA-A*24:03 2 HLA-A*32:07 48 HLA-A*32:07 141

HLA-A*68:23 10 NDIKPKFP IC50 HLA-A*32:15 335

HLA-A*32:07 15 HLA-B*44:01 40 QNFQGNYI IC50

HLA-C*14:02 16 HLA-A*68:23 84 HLA-A*68:23 23

HLA-C*03:03 41 HLA-A*32:07 115 HLA-A*32:07 36

HLA-B*15:02 53 HLA-C*08:02 262 HLA-A*32:15 160

HLA-C*07:02 56 HLA-C*07:02 271

HLA-A*32:15 71 HLA-A*32:15 332

HLA-B*15:03 161 ENDIKPKF

HLA-A*23:01 203 HLA-C*07:02 39

HLA-B*44:01 279 HLA-B*44:01 75

HLA-A*24:01 407 HLA-C*08:02 81

HLA-B*27:02 410 HLA-A*32:07 169

LENDIKPK HLA-A*68:23 203

HLA-A*68:23 250

HLA-C*07:02 316

IKPKFPRK

HLA-A*68:23 69

HLA-C*07:02 124

(Continued)
F
rontiers in Immunology
 11141
 frontiersin.org

https://doi.org/10.3389/fimmu.2023.1188831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mistretta et al. 10.3389/fimmu.2023.1188831
chimeric RNAs that are not present in normal breast tissue we

reduced the false positive rate. Including fusions that are present in

adjacent normal samples (typically excluded by other ‘fusion

callers’) and absent in normal breast tissue from cancer free

patients, we significantly decreased the false negative rates of

fusion detection. Additionally, this approach excludes chimeric

RNAs that may be found in normal cells that have no impact on

tumorigenesis or cancer progression (18). A number of fusion

callers have been developed and published to extract fusion

junctions from chimeric RNAs from RNAseq. Brian et al. and

Trung et al. have each compared and benchmarked 15 gene fusion

identification tools which are contingent on the accuracy of the

transcriptome mapping (19, 20). Read length, quality scores and

number of reads supporting each fusion were reported as the top

limitations associated with fusion callers using short reads (21). De-

novo assembly-based approaches yielding longer contigs have been

reported to reduce limitations of short-read alignment but are

computationally intensive (20–22). SeekFusion, developed by

Balan et al. is designed to leverage de-novo assembly and
Frontiers in Immunology 12142
alignment based approaches to increase the accuracy utilizing

PCR-UMI-based amplicon RNA-Seq (23). Taking in to account

the extensive body of prior work on fusion callers we used a multi-

layered strategy to minimize false positives and false negatives. The

key elements used include 1) de-novo assembly of RNA-seq data

using the CLC Genomics Workbench 20 (Qiagen) to reduced false

positives from shared repeat sequences on the genome; 2) utilized

filters for removal of false positives from mis-mapping of reads to

shared sequences in gene family members and/or pseudogenes

when they exist (3, 24); and 3) relied heavily on fusions

supported by split reads in multiple samples reported through

other fusion callers from independent datasets (i.e. TCGA).

With an ultimate goal of identifying immunogenic peptides

antigens that are broadly shared in breast cancer patients, we

selected the NSFP1-LRRC37A2 fusion transcript based on its

frequency in tumor samples (found in 12% of samples tested) and

5 samples in the TCGA breast cancer dataset. LRRC37A2 and NSFP1

were previously predicted by the ChimeRScope pipeline to generate a

fusion transcript in the opposite orientation (LRRC37A2-NSFP1) in a
TABLE 3 Continued

Unique Peptide Region NSFP1 [Exon 1-13]
C-Terminal Truncation

Unique Peptide Region LRRC37A2[Exon 2-14]
N-Terminal Truncation

FLASLENDIKPKFPRKLYFLH MISNQNFQGNYISYID

FPRKLYFL IC50 PKFPRKLY IC50 MISNQNFQ IC50

HLA-A*32:07 159

HLA-A*30:01 260
Wild-type amino acids are colored (black), amino acid residues from the NSFP1-Truncation are colored (red) and residues from the LRRC37A2-truncation are colored (blue) respectively.
FIGURE 5

Human IFN-g ELISpot Assay using predicted immunogenic peptides of NSFP1-LRRC37A2. PBMCs from an HLA matched healthy donor were stimulated
with the 15 predicted immunogenic peptides and analyzed via IFN-g ELISpot. Data represented as mean ± SEM. For the analysis, significance threshold
was considered as *, P ≤ 0.05.
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natural killer cell line (25). However, the data did not report the

fusion junction site or exon boundaries due to poor sequence quality

of the amplified PCR product (25). Increased read-depths made

possible by decreased costs for RNA-seq applications have uncovered

an increasing number of non-genetic gene fusions arising from

intergenic cis- or trans-splicing that are emerging as new

biomarkers and therapeutic targets for cancer (26). The NSFP1-

LRRC37A2 fusion is consistent with a transcriptional read through

of the NSFP1-pseudo gene truncated at Exon 13 into LRRC37A2

located immediately 3’ followed by a Cis-splicing event between

NSFP1 [Exon 13] and Exon 2 of LRRC37A2 (Figure 1; Supplemental

Figure 1). The relatively high degree of recurrence (12% in 75

patients) in 3 subtypes of breast cancer in our study and 5 subjects

in TCGA breast tumor cohort makes it a highly attractive candidate

for targeted therapies. The relatively low read numbers supporting

the LRRC37A2-NSFP1 fusion junction (average of 217-274 reads

across the 75 samples) validated through PCR suggests that the fusion

is likely present in a small subpopulation of cells in the tumor

samples. Cai et al. and Carter et al. (27, 28) using clonal mutation

analysis also report that tumor purity, heterogeneity and ploidy can

result in variable cancer cell fractions in samples from cancer patients.

However, if the fusion resulted from non-genetic fusions such as

the one reported here they will not have corresponding DNA

changes that are needed to compute CCF (cancer cell fraction) for

each mutation.

Gene fusions have been reported to function as tumorigenic events

in 16.5% of cancers and appear to be druggable in 6% of cases. The

recurrent fusions commonly found associated with breast cancer and

the potential impact of these in the development of new therapies for

cancer is discussed by Loo et al. Gao et al. (29, 30). The most significant

recurrent fusions reported from breast malignancies that could be

benefit from targeted therapies as therapeutic vulnerabilities include

ESR1-CCDC170, ESR1 exon 6 fusions, BCL2L14-ETV6, ETV6-NTRK3

andMYB-NFIB. ESR1-CCDC170 and ESR1 exon 6, have been reported

to result in estrogen resistance and metastatic transformation in

Luminal B breast cancer (31–33). BCL2L14-ETV6 found in 6-12% of

TNBC (34). BCL2L14-ETV6 fusions reported in TNBC has been

shown to result in EMT and paclitaxel resistance (35). 83% of a rare

type of TNBS (adenoid cystic carcinomas (ACC) of the breast) carry

the MYB-NFIB fusion (36). ETV6-NTRK4 has been reported in

secretory breast carcinoma (SBC). ETV6-NTRK3 and MYB-NFIB

have been established to be cancer drivers (37, 38). Kinase fusions

are currently being evaluated in breast cancer clinical trials and on-

going mechanistic investigation is exposing therapeutic vulnerabilities

in patients with fusion positive disease.

The NSFP1-[Exon-1-13]-KFPRKLYFLH C-terminal truncation

and MISNQ-LRRC37A2-[Exon-2-14] N-terminal truncation together

was found to generate 15 predicted immunogenic neoantigens with the

potential to be processed and presented by 28 different MHC Class I

alleles with a binding affinity of IC50<500nM. Out of the 15 peptides

predicted to be immunogenic from the fusion junction, 8 peptides

showed binding affinity (IC50<500nM) to the tested HLA Class of

HLA-C*07:02. The peptide ENDIKPKF which showed the highest

binding affinity (IC50 = 39) among all the peptides predicted to bind to

HLA-C*07:02 was the only candidate which, satisfied the p<0.05 cutoff

in the ELISpot assay (39).
Frontiers in Immunology 13143
In summary, we describe an untapped framework for discovery

of neoantigens in breast cancer, generated through novel ORFs

created from intergenically spliced mRNA transcripts. This novel

pool of neopeptides broadens the opportunities for development of

vaccines in breast cancer.
Data availability statement

The original contributions presented in the study are publicly

available. This data can be found here: NCBI, accession

number PRJNA1004862.
Ethics statement

The studies involving humans were approved by Institutional

Review Board at MD Anderson Cancer Center under the protocol

PA-16-0112. The studies were conducted in accordance with the

local legislation and institutional requirements. Written informed

consent for participation in this study was provided by the

participants’ legal guardians/next of kin.
Author contributions

BM, IB and PG conceptualized and designed the study. BM, SR,

MC, AB, MR and HR contributed to the data acquisition and

interpretation as well as in methodology and analysis. CA selected

patient samples and oversaw the assembly of patient sample cores

that were used for RNA extraction. BM, SR, MC, MR, AB, RK, IB

and PG were major contributors in writing, review and editing the

manuscript. All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it

for publication.
Funding

This work was supported by funds from the Moores

Professorship to PG; 1U01CA189240-01 grant to IB and RE-Z

(M-PI). BM, SR, MC and HR were supported in part by a grant

from the McCammon Foundation.
Acknowledgments

We would like to acknowledge bioinformatics and sequencing

support from the UH-Sequencing & Gene Editing Core and the

contributions from the USAEOP/REAP funded internship program

participants for exon-boundary analysis of the RNA fusions led by

mentors Dr. Kimberly Holloway, Sudhili Fernando, Abhinav

Vadassery, and interns Tanya Roysam, Fernando Peraza and

Aprameya Sudharsan.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1188831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mistretta et al. 10.3389/fimmu.2023.1188831
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Immunology 14144
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1188831/

full#supplementary-material
References
1. Li L, Goedegebuure SP, Gillanders WE. Preclinical and clinical development of
neoantigen vaccines. Ann Oncol (2017) 28(suppl_12):xii11–xii7. doi: 10.1093/annonc/
mdx681

2. Tran E, Robbins PF, Rosenberg SA. 'Final common pathway' of human cancer
immunotherapy: targeting random somatic mutations.Nat Immunol (2017) 18(3):255–62.
doi: 10.1038/ni.3682

3. Wei Z, Zhou C, Zhang Z, Guan M, Zhang C, Liu Z, et al. The landscape of tumor
fusion neoantigens: A pan-cancer analysis. iScience (2019) 21:249–60. doi: 10.1016/
j.isci.2019.10.028

4. Anagnostou V, Smith KN, Forde PM, Niknafs N, Bhattacharya R, White J, et al.
Evolution of neoantigen landscape during immune checkpoint blockade in non-small cell
lung cancer. Cancer Discov (2017) 7(3):264–76. doi: 10.1158/2159-8290.CD-16-0828

5. Gartner JJ, Parker SC, Prickett TD, Dutton-Regester K, Stitzel ML, Lin JC, et al.
Whole-genome sequencing identifies a recurrent functional synonymous mutation in
melanoma. Proc Natl Acad Sci USA (2013) 110(33):13481–6. doi: 10.1073/
pnas.1304227110

6. Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, et al. An immunogenic
personal neoantigen vaccine for patients with melanoma. Nature (2017) 547
(7662):217–21. doi: 10.1038/nature22991

7. Aldous AR, Dong JZ. Personalized neoantigen vaccines: A new approach to
cancer immunotherapy. Bioorg Med Chem (2018) 26(10):2842–9. doi: 10.1016/
j.bmc.2017.10.021

8. Turajlic S, Litchfield K, Xu H, Rosenthal R, McGranahan N, Reading JL, et al.
Insertion-and-deletion-derived tumour-specific neoantigens and the immunogenic
phenotype: a pan-cancer analysis. Lancet Oncol (2017) 18(8):1009–21. doi: 10.1016/
S1470-2045(17)30516-8

9. Disis ML, Wallace DR, Gooley TA, Dang Y, Slota M, Lu H, et al. Concurrent
trastuzumab and HER2/neu-specific vaccination in patients with metastatic breast
cancer. J Clin Oncol Off J Am Soc Clin Oncol (2009) 27(28):4685–92. doi: 10.1200/
JCO.2008.20.6789

10. Lowenfeld L, Zaheer S, Oechsle C, Fracol M, Datta J, Xu S, et al. Addition of anti-
estrogen therapy to anti-HER2 dendritic cell vaccination improves regional nodal
immune response and pathologic complete response rate in patients with ER(pos)/
HER2(pos) early breast cancer. Oncoimmunol (2017) 6(9):e1207032. doi: 10.1080/
2162402X.2016.1207032

11. RobinsonMD,Oshlack A. A scaling norMalizationmethod for differential expression
analysis of RNA-seq data. Genome Biol (2010) 11(3):R25. doi: 10.1186/gb-2010-11-3-r25

12. Shao XM, Bhattacharya R, Huang J, Sivakumar IKA, Tokheim C, Zheng L, et al.
High-throughput prediction of MHC class I and II neoantigens with MHCnuggets.
Cancer Immunol Res (2020) 8(3):396–408. doi: 10.1158/2326-6066.CIR-19-0464

13. Hundal J, Kiwala S, McMichael J, Miller CA, Xia H, Wollam AT, et al.
pVACtools: A computational toolkit to identify and visualize cancer neoantigens.
Cancer Immunol Res (2020) 8(3):409–20. doi: 10.1158/2326-6066.CIR-19-0401

14. Almeida RR, Rosa DS, Ribeiro SP, Santana VC, Kallas EG, Sidney J, et al. Broad
and cross-clade CD4+ T-cell responses elicited by a DNA vaccine encoding highly
conserved and promiscuous HIV-1 M-group consensus peptides. PloS One (2012) 7(9):
e45267. doi: 10.1371/journal.pone.0045267

15. Van der Auwera I, Bovie C, Svensson C, Trinh XB, Limame R, van Dam P, et al.
Quantitative methylation profiling in tumor and matched morphologically normal tissues
from breast cancer patients. BMC Cancer (2010) 10:97. doi: 10.1186/1471-2407-10-97

16. Yang W, Lee KW, Srivastava RM, Kuo F, Krishna C, Chowell D, et al.
Immunogenic neoantigens derived from gene fusions stimulate T cell responses. Nat
Med (2019) 25(5):767–75. doi: 10.1038/s41591-019-0434-2

17. Vellichirammal NN, Albahrani A, Banwait JK, Mishra NK, Li Y, Roychoudhury
S, et al. Pan-cancer analysis reveals the diverse landscape of novel sense and antisense
fusion transcripts. Mol Ther Nucleic Acids (2020) 19:1379–98. doi: 10.1016/
j.omtn.2020.01.023

18. Singh S, Qin F, Kumar S, Elfman J, Lin E, Pham LP, et al. The landscape of
chimeric RNAs in non-diseased tissues and cells. Nucleic Acids Res (2020) 48(4):1764–
78. doi: 10.1093/nar/gkz1223

19. Vu TN, Deng W, Trac QT, Calza S, Hwang W, Pawitan Y. A fast detection of
fusion genes from paired-end RNA-seq data. BMC Genomics (2018) 19(1):786.
doi: 10.1186/s12864-018-5156-1

20. Haas BJ, Dobin A, Li B, Stransky N, Pochet N, Regev A. Accuracy assessment of
fusion transcript detection via read-mapping and de novo fusion transcript assembly-
based methods. Genome Biol (2019) 20:213. doi: 10.1186/s13059-019-1842-9

21. Carrara M, Beccuti M, Lazzarato F, Cavallo F, Cordero F, Donatelli S, et al. State-
of-the-art fusion-finder algorithms sensitivity and specificity. Biomed Res Int (2013)
2013:340620. doi: 10.1155/2013/340620

22. Davidson NM, Majewski IJ, Oshlack A. JAFFA: high sensitivity transcriptome-
focused fusion gene detection. Genome Med (2015) 7(1):43. doi: 10.1186/s13073-015-0167-x

23. Balan J, Jenkinson G, Nair A, Saha N, Koganti T, Voss J, et al. SeekFusion - A
clinically validated fusion transcript detection pipeline for PCR-based next-generation
sequencing of RNA. Front Genet (2021) 12:739054. doi: 10.3389/fgene.2021.739054

24. Kumar S, Razzaq SK, Vo AD, Gautam M, Li H. Identifying fusion transcripts
using next generation sequencing. Wiley Interdiscip Rev RNA (2016) 7(6):811–23.
doi: 10.1002/wrna.1382

25. Li Y, Heavican TB, Vellichirammal NN, Iqbal J, Guda C. ChimeRScope: a novel
alignment-free algorithm for fusion transcript prediction using paired-end RNA-Seq
data. Nucleic Acids Res (2017) 45(13):e120. doi: 10.1093/nar/gkx315

26. Jia Y, Xie Z, Li H. Intergenically spliced chimeric RNAs in cancer. Trends Cancer
(2016) 2(9):475–84. doi: 10.1016/j.trecan.2016.07.006

27. Carter SL, Cibulskis K, Helman E, McKenna A, Shen H, Zack T, et al. Absolute
quantification of somatic DNA alterations in human cancer. Nat Biotechnol (2012) 30
(5):413–21. doi: 10.1038/nbt.2203

28. Cai W, Zhou D, Wu W, Tan WL, Wang J, Zhou C, et al. MHC class II restricted
neoantigen peptides predicted by clonal mutation analysis in lung adenocarcinoma
patients: implications on prognostic immunological biomarker and vaccine design.
BMC Genomics (2018) 19(1):582. doi: 10.1186/s12864-018-4958-5

29. Loo SK, Yates ME, Yang S, Oesterreich S, Lee AV, Wang X. Fusion-associated
carcinomas of the breast: Diagnostic, prognostic, and therapeutic significance. Genes
Chromosomes Cancer (2022) 61(5):261–73. doi: 10.1002/gcc.23029

30. Gao Q, Liang WW, Foltz SM, Mutharasu G, Jayasinghe RG, Cao S, et al. Driver
fusions and their implications in the development and treatment of human cancers.
Cell Rep (2018) 23(1):227–238.e3. doi: 10.1016/j.celrep.2018.03.050

31. Veeraraghavan J, Tan Y, Cao XX, Kim JA,Wang X, Chamness GC, et al. Recurrent
ESR1–CCDC170 rearrangements in an aggressive subset of oestrogen receptor-positive
breast cancers. Nat Commun (2014) 5(1):4577. doi: 10.1038/ncomms5577

32. Liu CC, Veeraraghavan J, Tan Y, Kim JA, Wang X, Loo SK, et al. A novel
neoplastic fusion transcript, RAD51AP1-DYRK4 , confers sensitivity to the MEK
inhibitor trametinib in aggressive breast cancers. Clin Cancer Res (2021) 27(3):785–
98. doi: 10.1158/1078-0432.CCR-20-2769

33. Hartmaier RJ, Trabucco SE, Priedigkeit N, Chung JH, Parachoniak CA, Vanden
Borre P, et al. Recurrent hyperactive ESR1 fusion proteins in endocrine therapy-
resistant breast cancer. Ann Oncol (2018) 29(4):872–80. doi: 10.1093/annonc/mdy025

34. Guo B, Godzik A, Reed JC. Bcl-G, a novel pro-apoptotic member of the bcl-2
family. J Biol Chem (2001) 276(4):2780–5. doi: 10.1074/jbc.M005889200

35. Lee S, Hu Y, Loo SK, Tan Y, Bhargava R, Lewis MT, et al. Landscape analysis of
adjacent gene rearrangements reveals BCL2L14–ETV6 gene fusions in more aggressive
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1188831/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1188831/full#supplementary-material
https://doi.org/10.1093/annonc/mdx681
https://doi.org/10.1093/annonc/mdx681
https://doi.org/10.1038/ni.3682
https://doi.org/10.1016/j.isci.2019.10.028
https://doi.org/10.1016/j.isci.2019.10.028
https://doi.org/10.1158/2159-8290.CD-16-0828
https://doi.org/10.1073/pnas.1304227110
https://doi.org/10.1073/pnas.1304227110
https://doi.org/10.1038/nature22991
https://doi.org/10.1016/j.bmc.2017.10.021
https://doi.org/10.1016/j.bmc.2017.10.021
https://doi.org/10.1016/S1470-2045(17)30516-8
https://doi.org/10.1016/S1470-2045(17)30516-8
https://doi.org/10.1200/JCO.2008.20.6789
https://doi.org/10.1200/JCO.2008.20.6789
https://doi.org/10.1080/2162402X.2016.1207032
https://doi.org/10.1080/2162402X.2016.1207032
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1158/2326-6066.CIR-19-0464
https://doi.org/10.1158/2326-6066.CIR-19-0401
https://doi.org/10.1371/journal.pone.0045267
https://doi.org/10.1186/1471-2407-10-97
https://doi.org/10.1038/s41591-019-0434-2
https://doi.org/10.1016/j.omtn.2020.01.023
https://doi.org/10.1016/j.omtn.2020.01.023
https://doi.org/10.1093/nar/gkz1223
https://doi.org/10.1186/s12864-018-5156-1
https://doi.org/10.1186/s13059-019-1842-9
https://doi.org/10.1155/2013/340620
https://doi.org/10.1186/s13073-015-0167-x
https://doi.org/10.3389/fgene.2021.739054
https://doi.org/10.1002/wrna.1382
https://doi.org/10.1093/nar/gkx315
https://doi.org/10.1016/j.trecan.2016.07.006
https://doi.org/10.1038/nbt.2203
https://doi.org/10.1186/s12864-018-4958-5
https://doi.org/10.1002/gcc.23029
https://doi.org/10.1016/j.celrep.2018.03.050
https://doi.org/10.1038/ncomms5577
https://doi.org/10.1158/1078-0432.CCR-20-2769
https://doi.org/10.1093/annonc/mdy025
https://doi.org/10.1074/jbc.M005889200
https://doi.org/10.3389/fimmu.2023.1188831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mistretta et al. 10.3389/fimmu.2023.1188831
triple-negative breast cancer. Proc Natl Acad Sci (2020) 117(18):9912–21. doi: 10.1073/
pnas.1921333117

36. Martelotto LG, De Filippo MR, Ng CK, Natrajan R, Fuhrmann L, Cyrta J, et al.
Genomic landscape of adenoid cystic carcinoma of the breast. J Pathol (2015) 237
(2):179–89. doi: 10.1002/path.4573

37. PerssonM, Andrén Y,Mark J, Horlings HM, Persson F, StenmanG. Recurrent fusion
of MYB and NFIB transcription factor genes in carcinomas of the breast and head and neck.
Proc Natl Acad Sci USA (2009) 106(44):18740–4. doi: 10.1073/pnas.0909114106
Frontiers in Immunology 15145
38. Bishop JA, Yonescu R, Batista D, Begum S, Eisele DW, Westra WH. Utility of
mammaglobin immunohistochemistry as a proxy marker for the ETV6-NTRK3
translocation in the diagnosis of salivary mammary analogue secretory carcinoma.
Hum Pathol (2013) 44(10):1982–8. doi: 10.1016/j.humpath.2013.03.017

39. Currier JR, Kuta EG, Turk E, Earhart LB, Loomis-Price L, Janetzki S, et al. A
panel of MHC class I restricted viral peptides for use as a quality control for vaccine
trial ELISPOT assays. J Immunol Methods (2002) 260(1-2):157–72. doi: 10.1016/S0022-
1759(01)00535-X
frontiersin.org

https://doi.org/10.1073/pnas.1921333117
https://doi.org/10.1073/pnas.1921333117
https://doi.org/10.1002/path.4573
https://doi.org/10.1073/pnas.0909114106
https://doi.org/10.1016/j.humpath.2013.03.017
https://doi.org/10.1016/S0022-1759(01)00535-X
https://doi.org/10.1016/S0022-1759(01)00535-X
https://doi.org/10.3389/fimmu.2023.1188831
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Roberto Gramignoli,
Karolinska Institutet (KI), Sweden

REVIEWED BY

Jinzhang Chen,
Southern Medical University, China
Xiaoxiang Rong,
Southern Medical University, China

*CORRESPONDENCE

Hong Qiu

qiuhong@hust.edu.cn

Henghui Cheng

hhcheng2007@hust.edu.cn

RECEIVED 21 July 2023
ACCEPTED 25 August 2023

PUBLISHED 15 September 2023

CITATION

Dai Y, Liu Y, Gong Z, He L, Wang L,
Yang W, Qiu P, Zhang F, Yuan X, Cheng H
and Qiu H (2023) Revalidation of the
ATTRACTION-4 study in a real-world
setting: a multicenter, retrospective
propensity score matching study in China.
Front. Immunol. 14:1264929.
doi: 10.3389/fimmu.2023.1264929

COPYRIGHT

© 2023 Dai, Liu, Gong, He, Wang, Yang, Qiu,
Zhang, Yuan, Cheng and Qiu. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 15 September 2023

DOI 10.3389/fimmu.2023.1264929
Revalidation of the
ATTRACTION-4 study in a real-
world setting: a multicenter,
retrospective propensity score
matching study in China

Yuhong Dai1, Yongqing Liu1, Zhimin Gong2, Lilin He3,
Lei Wang2, Wenjie Yang3, Ping Qiu4, Fangyuan Zhang1,
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College of Huazhong University of Science & Technology, Wuhan, Hubei, China
Background: Immune-checkpoint inhibitors (ICIs) combined with

chemotherapy have been successfully used in clinical trials to treat advanced

gastric cancer. However, the efficacy and safety of first-line immunotherapy

combined with chemotherapy in Chinese patients are unknown.

Methods: This multicenter retrospective study included patients with human

epidermal growth factor receptor-2 (HER-2) negative advanced gastric cancer

treated with first-line chemotherapy or chemotherapy with an ICI between

January 2019 and December 2022. Propensity score matching was used to

compare progression-free survival (PFS), overall survival, objective response

rates, and adverse reactions between cohorts.

Results: After propensity score matching, 138 patients, who had balanced

baseline characteristics, were included in the chemotherapy and combination

treatment groups. The median follow-up duration was 16.90 months, and the

median PFS was 8.53 months (95% confidence interval [CI] 7.77-9.28) in the

combination treatment group and 5.97 months (95% CI 4.56-7.37) in the

chemotherapy group. The median survival duration was 17.05 months (95% CI

14.18-19.92) in the combination treatment group and 16.46 months (95% CI

12.99-19.93) in the chemotherapy group. The PFS subgroup analysis revealed

that age ≥65 years, women, Eastern Cooperative Oncology Group performance

status of 1, non-signet ring cell carcinoma, esophagogastric junction, liver

metastasis, peritoneal metastasis, no massive ascites, only one metastatic

organ, and combined platinum-based chemotherapy correlated with

treatment benefit. The incidences of adverse events above grade 3 were

comparable between groups.
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Conclusions: Our study confirmed the ATTRACTION-4 trial results. Compared

with chemotherapy, first-line ICIs combined with chemotherapy prolonged PFS

but did not improve overall survival in patients with HER-2-negative advanced

gastric cancer.
KEYWORDS

immune checkpoint inhibitors, advanced gastric cancer, propensity score matching,
progression free survival, overall survival
1 Introduction

Gastric cancer is a notable global health problem and the third

leading cause of mortality and the sixth leading cause of morbidity

(1). In China, approximately 679,000 new cases of gastric cancer

and 498,000 deaths occurred in 2015, with gastric cancer ranking

second in the mortality rate among malignant tumors (2).

Currently, treatment methods for advanced gastric cancer are

limited, and comprehensive treatment based on chemotherapy is

the main strategy for advanced gastric cancer. The recommended

chemotherapeutic agents for advanced gastric cancer include

platinum, fluorouracil, and taxane drugs, as well as anti- human

epidermal growth factor receptor-2 (HER-2) or anti-angiogenic

drugs in specific populations. At present, the treatment outcome of

advanced gastric cancer is unsatisfactory, and the median survival

time is approximately only 1 year (3).

Recently, several clinical studies have revealed the survival

benefits of immune- checkpoint inhibitor (ICI) therapy in select

populations with gastric cancer. Compared with chemotherapy

alone, combined immunotherapy can increase the overall

response rate (ORR) while prolonging progression free survival

(PFS) and overall survival (OS) in specific populations (4–7).

Mult iple guidel ines , including those of the National

Comprehensive Cancer Network, European Society for Medical

Oncology, and Chinese Society of Clinical Oncology, recommend

the first-line use of ICIs in combination with chemotherapy in

patients with advanced gastric cancer with a high combined positive

score (CPS) (3, 8, 9).

Currently, ICIs are highly accessible and widely used for the

treatment of advanced gastric cancer in China. Here, we analyzed

the short- and long-term outcomes and adverse reactions of

patients with advanced gastric cancer treated with chemotherapy

or chemotherapy combined with ICIs, to explore the efficacy and

safety of immunotherapy in this patient population.
2 Materials and methods

2.1 Study design and participants

This retrospective, multicenter study involved patients

diagnosed with HER-2 negative local advanced or metastatic

gastric adenocarcinoma. The protocol of this study was reviewed
02147
and approved by the ethics committee of Tongji Hospital of

Huazhong University of Science and Technology (Ethical approval

no: TJ-IRB 20230303). All patients were fully informed about the

objectives of the study, and the requirement for informed consent

was waived due to this study’s observational retrospective design.

This study retrospectively analyzed the clinical data of patients with

advanced gastric cancer from six cancer centers across China,

between January 2019 and December 2022. Data were collected

from the first chemotherapy session until patient death.

All eligible patients had histologically or cytologically confirmed

unresectable, locally advanced, relapsed, or metastatic gastric

adenocarcinoma; had received at least one cycle of doublet or

triplet chemotherapy or doublet or triplet chemotherapy

combined with immunotherapy; and had been evaluated for

efficacy at least once. Patients with recurrent gastric cancer were

included when at least six months had elapsed from the end of

adjuvant or neoadjuvant therapy. Patients were excluded if their

clinical data were incomplete, survival follow-up data were not

available, their HER-2 status was positive, or if they received single-

agent chemotherapy.

After screening 3190 patients according to the above criteria, we

excluded 2093 patients with no clear evidence of tumor recurrence

and metastasis, 35 patients with positive HER-2 expression, 64

patients who received single-agent chemotherapy, 96 patients

without tumor evaluation, and 586 patients with no readily

accessible clinical data. In the final analysis, 316 patients were

included (Figure 1).
2.2 Study procedures

All patients included in the final analysis received first-line

oxaliplatin- or taxane-based chemotherapy and some patients

received a treatment combined with ICIs, at the discretion of

the clinician.

The following baseline characteristics were collected for each

patient: age, sex, Eastern Cooperative Oncology Group (ECOG)

performance status (PS), primary tumor location, involved organs,

CPS, microsatellite instability status, and chemotherapy regimen, if

available. Computed tomography scans were conducted every 6-8

weeks after the initiation of first-line chemotherapy, to evaluate the

clinical response using the Response Evaluation Criteria in Solid

Tumors (RECIST) version 1.1 (10).
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2.3 Outcomes

The primary endpoint was first-line PFS, which was estimated

from treatment initiation to progression or death. The secondary

endpoints included OS, defined as the duration from treatment

initiation to death due to any reason; ORR, defined as the number of

patients with a best overall response of complete response or partial

response (PR); and disease control rate (DCR), defined as the

proportion of patients who achieved a complete response, PR,

stable disease, or non-PR/non-Progression Disease and safety.

Adverse events (AEs) were monitored and classified according to

the Common Terminology Criteria for Adverse Events version 5.0.
2.4 Statistical analysis

Continuous and categorical data were reported as medians

(interquartile range [IQR]) and percentages. PFS and OS were

estimated using Kaplan-Meier analysis and expressed as median

values with corresponding two-sided 95% confidence intervals

(CIs), and differences between treatment groups were compared
Frontiers in Immunology 03148
by log-rank tests with two-sided significance levels of p=0.05. The

ORR and DCR were compared using the chi-square test. Hazard

ratios (HRs) and corresponding 95% CIs were calculated using the

Cox proportional hazards model. Univariate and multivariate

analyses were performed to evaluate the effects of immunotherapy

on PFS and OS.

A 1:1 propensity score matching (PSM) algorithm with a caliper

of 0.1 was conducted to adjust for the non-random design of the

study. The propensity score was estimated by multivariate logistic

regression, with combined immunotherapy as the dependent

variable, and age, sex, ECOG PS, primary tumor location, liver

metastasis, signet-ring cell status, peritoneum metastasis, massive

ascites, first-line chemotherapy regimen, and number of organs

involved as covariables.

All statistical analyses were performed using SPSS (version 27.0,

IBM Corp., Armonk, NY) and GraphPad Prism (version 9.0;

GraphPad Software, San Diego, CA).
3 Results

3.1 Patient characteristics

The median age of the included patients was 55 years (IQR 48-

63); 180 (57.0%) of the 316 patients were men, and all patients had

an ECOG PS of 0-1. The patients received a median of five cycles

(IQR 4-6) of first-line fluoropyrimidine-based (5-fluorouracil,

capecitabine, S-1, etc.) chemotherapy. The majority (65.5%) of

patients received platinum drug regimens (oxaliplatin, cisplatin,

etc.) and 41.5% received taxane drug regimens (docetaxel,

paclitaxel, nap-paclitaxel, etc.), among whom 7% received

platinum combined with taxane regimens (DCF, DOX, FLOT,

etc.) A total of 166 patients (52.2%) received first-line

chemotherapy combined with ICIs, including nivolumab,

sintilimab, tislelizumab, camrelizumab, and pembrolizumab.

Because CPS values were not available for more than 90% of the

enrolled patients, no analysis was performed for this indicator.

Patients who received up to eight cycles of first-line treatment

without disease progression and with tolerable adverse event

profiles were treated with maintenance therapy, which consisted

of single-agent chemotherapy (S-1 or capecitabine) combined with

or without immunotherapy.
3.2 PSM results

After performing PSM using the procedures described in the

Methods section, 138 patients who received first-line chemotherapy

alone and 138 matched patients who received first-line

chemotherapy combined with immunotherapy were included in

the final analysis. The baseline characteristics of patients before

matching revealed statistically significant differences between the

groups in terms of age and proportion of first-line platinum-

based chemotherapy regimens. However, the post-matching

analysis revealed well-balanced characteristics between the two

groups (Table 1).
FIGURE 1

Flow diagram of the study.
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3.3 Efficacy

At the cutoff date of January 9, 2023, 236 of 316 patients (74.7%)

had disease progression, and 207 of the 276 matched patients

(75.0%) had PFS. After a median follow-up duration of 16.90

months, the median PFS (mPFS) durations before matching were

5.84 months (95% CI 4.69-6.98) in the chemotherapy group and

8.56 months (95% CI 7.86-9.26) in the combination treatment

group (HR 0.64 [95% CI 0.45-0.83], p<0.001). The post-match

analysis revealed that the mPFS duration in the chemotherapy

group was 5.97 months (95% CI 4.56-7.37), and that in the

combination treatment cohort was 8.53 months (95% CI 7.77-

9.28) (HR 0.68 [95% CI 0.52-0.91], p=0.008). The PFS curves before
Frontiers in Immunology 04149
and after matching are shown in Figure 2. The 6-month PFS rate

was 46.4% (95% CI 38-55) with chemotherapy and 58.7% (95% CI

50-67) with combined therapy.

At the cutoff date, 150 of the 316 patients had died, with a

median OS (mOS) duration of 16.39 months (95% CI 12.90-19.89)

in the chemotherapy group and 17.05 months (95% CI 14.12-19.97)

in the combination treatment group (HR 0.78 [95% CI 0.56-1.09],

p=0.147). The matched data analysis showed that 135 (48.9%) of the

276 patients had died, with mOS durations of 16.46 months (95%

CI 12.99-19.93) in the chemotherapy group and 17.05 months (95%

CI 14.18-19.92) in the combination treatment group (HR 0.88

[95% CI 0.62-1.26], p=0.481), with no statistical difference in OS

between the two groups, either before or after matching (Figure 3).
TABLE 1 Demographic and clinical characteristics of patients before and after PSM.

Before PSM After PSM

Variable CT
(n=150)

CT+ICI
(n=166)

p value CT
(n=138)

CT+ICI
(n=138)

p value

Sex 0.136 0.543

Male 92(61.3%) 88(53.0%) 81(58.7%) 76(55.1%)

Female 58(38.7%) 78(47.0%) 57(41.3%) 62(44.9%)

Age 56.5(51.0-64.0) 53.0(44.8-63.0) 0.011 55.0(49.8-63.0) 54.0(47.5-64.0) 0.395

ECOG PS 0.813 0.185

0 73(48.7%) 83(50.0%) 73(52.9%) 62(44.9%)

1 77(51.3%) 83(50.0%) 65(47.1%) 76(55.1%)

Primary tumor location

EGJ 29(19.3%) 18(10.8%) 24(17.4%) 14(10.1%) 0.204

GC 119(79.3%) 145(87.3%) 112(81.2%) 121(87.7%)

residue 2(1.3%) 3(1.8%) 2(1.4%) 3(2.2%)

Signet-ring cell 0.413 0.457

Yes 27(18.0%) 36(21.7) 26(18.8%) 31(22.5%)

No 123(82.5) 130(78.3%) 112(81.2%) 107(77.5%)

Metastatic site

Liver 42(28.0%) 44(26.5%) 0.766 37(26.8%) 36(26.1%) 0.891

Peritoneum 82(54.7%) 80(48.2%) 0.250 73(52.9%) 71(50.7%) 0.718

Number of organs involved

1 49(32.7%) 63(38.0%) 0.327 45(32.6%) 52(37.7%) 0.377

≥2 101(67.3%) 103(62.0%) 93(67.4%) 86(62.3%)

Massive ascites 0.312 0.651

Yes 32(21.3%) 28(16.9%) 29(21.0%) 26(18.8%)

No 118(78.7%) 138(83.1%) 109(79.0%) 112(81.2%)

First-line chemotherapy regimen

Taxane-based 68(45.3%) 63(38.0%) 0.184 59(42.8%) 54(39.1%) 0.541

Platinum-based 87(58.0%) 120(72.3%) 0.008 84(60.9%) 92(66.7%) 0.316
fro
PSM, propensity score matching; CT, chemotherapy; ICI, immune-checkpoint inhibitors; ECOG PS, Eastern Cooperative Oncology Group performance status; GC, gastric cancer; EGJ,
esophagogastric junction.
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In the matched population, according to RECIST1.1 criteria,

one patient in the chemotherapy group achieved complete response,

41 patients (29.7%) achieved PR, and the ORR was 30.4%. In the

combined treatment group, 51 patients achieved PR, no patients

achieved complete response, and the ORR was 37.0%. There was no

statistically significant difference in ORR between the two groups

(p=0.252). The DCR in the chemotherapy group was 84.8%, which

was significantly lower than that in the combination treatment

group (93.5%) (p=0.020). Supplementary Table 1 shows the tumor

responses during first-line treatment in each study cohort.
3.4 Subgroup analysis

In the post-hoc subgroup analysis of PFS based on baseline

characteristics, women aged 65 years or older, ECOG PS of 1, non-

signet ring cell carcinoma, esophagogastric junction, liver

metastasis, peritoneal metastasis, no massive ascites, and only one

metastatic organ were associated with benefits from combination

therapy. Moreover, in the choice of chemotherapy regimen,

immunotherapy combined with a platinum-based chemotherapy

regimen appeared to provide more PFS benefits. The results of the

subgroup analysis of PFS and OS are shown in Figure 4.

This study included 59 patients without measurable target

lesions who presented with peritoneal metastases or ascites. In the

cohort with measurable target lesions(n=217), chemotherapy

combined with immunotherapy improved the DCR by 13.5%

compared to chemotherapy alone (93.7% versus 80.2%; p=0.003;

Supplementary Table 2), while there was no significant difference in

ORR (45.9% versus 39.6%; p=0.347) between the treatments. In the

cohorts with no measurable target lesions, there was no difference in

DCR (92.6% versus 100.0%, p=0.398) between treatments. The

survival analysis showed no significant differences in PFS (7.77 m

vs. 8.72 m, HR 0.75 [95% CI 0.53-1.04], p=0.081) and OS (15.93 m

vs. 20.75 m, HR 0.80 [95% CI 0.54-1.21], p=0.297) between patients

with or without target lesions. The corresponding PFS and OS

results are shown in Online Supplementary Figures 1, 2.
3.5 Expansion follow-up

Of the matched patients, 77 (55.8%) of 138 patients receiving

chemotherapy, and 57 (41.3%) of 138 patients receiving
Frontiers in Immunology 05150
combination therapy received at least one subsequent anticancer

therapy following progression after first-line treatment. Of the

patients in the chemotherapy group, 59.7% (46/77) received

immunotherapy after first-line treatment progression, and 70.2%

(40/57) of the patients in the combination treatment group received

continued immunotherapy after disease progression. The subgroup

analysis showed that in the first-line chemotherapy group,

combined immunotherapy after disease progression reduced the

risk of death by 53.6%, compared with chemotherapy (HR 0.46

[95% CI 0.26-0.84], p=0.010), with an associated mOS of 24.07

months and 14.07 months, respectively. In the first-line

combination treatment group, sequential immunotherapy beyond

progression had no significant impact on OS (17.97 m vs. 13.28 m,

HR 0.80 [95% CI 0.36-1.79], p=0.590) (Supplementary Figures 3, 4).

Patients who had been treated with ICIs during first-line or

sequential treatment had a significantly longer OS durations

compared with patients who had never been treated with ICI

[19.97 m vs. 11.34 m, HR 0.60 (95% CI 0.43-0.84, p=0.003)]. The

associated survival curves are shown in Figure 5.

Of the 276 patients, 59 (21.4%) received palliative radiotherapy

at various treatment stages. The corresponding treatments included

radiotherapy for primary foci, liver metastases, metastatic lymph

nodes, or metastatic bone lesions. The survival analysis revealed

that compared to patients who did not receive palliative

radiotherapy, patients who underwent palliative radiotherapy had

significantly longer survival, with respective median OS durations

of 21.80 months vs. 15.12 months (HR, 0.55 [95% CI 0.35-0.87],

p=0.010). The corresponding survival curves for palliative

radiotherapy are shown in Supplementary Figure 5.
3.6 Safety

The main AEs identified after matching are presented in

Table 2. In the chemotherapy group, 92.8% (128/138) of the

patients experienced some grade of AE, as did 98.6% (136/138) of

patients in the combination treatment group. The most common

AEs included anemia, leukopenia, neutropenia, elevated alanine

aminotransferase or aspartate aminotransferase , and

thrombocytopenia, most of which were of grade 1-2

and manageable.
BA

FIGURE 2

PFS curves before (A) and after (B) PSM. PFS, progression free survival; PSM, propensity score matching.
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Any grade thrombocytopenia and elevated alanine

aminotransferase or aspartate aminotransferase were significantly

more frequent in the combination treatment group; however, there

was no difference in the incidence of AEs above grade 2 between the

two cohorts. ICI-related thyroid dysfunction occurred in 15.9% of

the patients, most of whom had hypothyroidism. Overall,

hyperthyroidism occurred in 2.9% of the patients, all of whom

eventually developed hypothyroidism. Two patients developed

myocarditis, one of whom developed cardiogenic shock, and ICI

therapy was discontinued in both patients. Acute renal failure

occurred in one patient; however, it was difficult to determine

whether the adverse reaction was an immune-related AE. The

remaining immune-related AEs were grade 1-2.
4 Discussion

In this multicenter, retrospective, real-world study,

chemotherapy combined with ICI therapy was found to

significantly improve PFS in previously untreated HER-2 negative

patients with advanced gastric adenocarcinoma. This regimen

reduced the risk of disease progression by 32% compared with

chemotherapy. Consistent with the results of previous clinical

studies, our results reveal that ICIs combined with chemotherapy
Frontiers in Immunology 06151
provide clinical benefits to patients with advanced HER-2 negative

gastric adenocarcinoma (4–7).

However, our results showed no significant difference in OS

between the groups, which is inconsistent with the results of some

previous clinical studies. In the CheckMate 649 and Orient 16

studies, chemotherapy combined with immunotherapy was

associated with a significant improvement in OS in all randomly

assigned patients and was more pronounced in patients with high

CPS expression. In our study, 64.7% of the patients received

sequential treatment after disease progression following first-line

treatment, which was similar to the incidence reported in the

ATTRACTION-4 study, whereas the incidence was only 39% in

the CM649 study. It is widely accepted that patients who received

subsequent anticancer pharmacotherapy had better survival.

More than 60% of the patients who received sequential therapy

chose combination immunotherapy, and patients who received

immunotherapy throughout the course of their treatment had a

40% lower risk of death than those who did not. This finding

suggests that the use of immunotherapy as a sequential therapy may

provide survival benefits, even if first-line immunotherapy is not

used. This finding can be explained by the fact that patients in the

first-line chemotherapy group, chemotherapy combined with

immunotherapy after disease progression significantly prolongs

OS and increases HR benefits.
BA

FIGURE 3

OS curves before (A) and after (B) PSM. OS, overall survival; PSM, propensity score matching.
BA

FIGURE 4

Subgroup analyses of PFS (A) and OS (B) based on baseline characteristics. PFS, progression free survival; OS, overall survival.
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In the KEYNOTE-062 study, pembrolizumab plus

chemotherapy was not superior to chemotherapy alone in terms

of OS and PFS; however, immunotherapy combined with

chemotherapy has been associated with significant improvements

in both parameters in multiple studies, including CheckMate 649,

ATTRACTION-4, and Orient 16 (11). Cisplatin-based

chemotherapy was used in the KEYNOTE-062 study, whereas

oxaliplatin-based chemotherapy was used in other clinical studies.

Programmed cell death protein 1 (PD-1) inhibitors combined with
Frontiers in Immunology 07152
oxaliplatin-based chemotherapy may be a better first-line treatment

option for patients with advanced gastric cancer (12). In our study,

60.9% of the matched patients in the combination therapy group

received platinum-based chemotherapy, but only four patients

received a cisplatin-containing regimen, with the remainder

receiving oxaliplatin, and 36.2% of the patients were treated with

taxane-based chemotherapy. Preclinical studies have shown that

paclitaxel can activate antitumor immunity by inducing

immunogenic cell death, which increases PD-L1 expression

within the tumor microenvironment, stimulates natural killer cells

and T lymphocytes, and affects macrophage polarization, thereby

enhancing PD-1 antibody efficacy (13–21). This combination may

be more effective than other chemotherapeutic agents, such as

cisplatin and oxaliplatin (13).

A previous clinical study conducted by our research team

showed that first-line chemotherapy with albumin-paclitaxel plus

S-1 resulted in prolonged PFS in patients with HER-2-negative

advanced gastric cancer, compared with first-line chemotherapy

with oxaliplatin plus S-1 (22). However, the results of the survival

analysis in this study showed that when combined with

immunotherapy, patients who received taxanes as first-line

chemotherapy had slightly longer PFS and OS than those who

received platinum-based drugs, although the differences were not

statistically significant. Interestingly, the results of the PFS subgroup

analysis suggested that patients benefited more from the addition of

immunotherapy when platinum-based chemotherapy was selected

as first-line treatment. The effects of chemotherapeutic agents on
FIGURE 5

OS curve for the treatment with or without ICI. OS, overall survival;
ICI, immune checkpoint inhibitors.
TABLE 2 Summary of adverse events.

CT (N=138) CT+ICI (N=138) p

Any ≥3 Grade Any ≥3 Grade Any ≥3 Grade

Hematological

Leucopenia 74 53.6 20 14.5 82 59.4 15 10.9 0.331 0.366

Neutropenia 72 52.2 34 24.6 81 58.7 23 16.7 0.276 0.102

Anemia 118 85.5 24 17.4 116 84.1 18 13.0 0.738 0.315

Thrombocytopenia 49 35.5 8 5.8 66 47.8 6 4.3 0.038 0.583

Non-hematological

ALT/AST increase 49 35.5 1 0.7 76 55.1 2 1.4 0.001 0.583

Creatinine increase 9 6.5 0 0 8 5.8 1 0.7 0.830 1.000

Total bilirubin increase 14 10.1 1 0.7 13 9.4 0 0 0.839 0.316

Albumin decrease 36 26.1 1 0.7 48 34.8 0 0 0.116 0.316

hypothyroidism NA NA NA NA 18 13.0 0 0 NA NA

Hyperthyroidism NA NA NA NA 4 2.9 0 0 NA NA

Hypophysitis NA NA NA NA 2 1.4 0 0 NA NA

Amylase/lipase evaluation NA NA NA NA 7 5.1 0 0 NA NA

myocarditis NA NA NA NA 2 1.4 1 0.7 NA NA

pneumonitis NA NA NA NA 2 1.4 0 0 NA NA
CT, chemotherapy; ICI, immune checkpoint inhibitors; ALT/AST, alanine aminotransferase/aspartate aminotransferase; NA, not available.
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the immune microenvironment are complex and subtle, and further

studies are needed to confirm which chemotherapeutic agents are

the best combinations for immunotherapy.

Previous randomized clinical trial results have revealed that

patients with liver metastases, ECOG PS of 1, and non-signet ring

cell carcinoma were more likely to benefit from immunotherapy,

which is consistent with the results of this study (5–7). In the

subgroup analysis of the RATIONAL305 study, immunotherapy

combined with chemotherapy significantly prolonged OS in

patients without peritoneal metastasis, while no significant survival

benefit was shown in patients with peritoneal metastasis (7). Our

study included 59 patients without target lesions who presented with

peritoneal metastases or massive ascites, a population that was

excluded from prospective randomized controlled trials but

represents a substantial proportion of patients in the real world.

Our results showed no difference in PFS and OS between patients

with and without target lesions, and the subgroup analysis results

suggested that immunotherapy could impact survival benefit to

patients with peritoneal metastasis but could not impact obvious

benefits to patients with massive ascites. However, owing to the small

sample size of only 59 patients, the accuracy of this result needs to be

verified in a larger, diverse patient population. Notably, this

population, which was excluded from prospective studies, is worthy

of specific attention, and further studies are needed to investigate the

efficacy of immunotherapy. Previous studies have confirmed that

palliative radiotherapy plays an important role in relieving bleeding,

obstruction, and pain and in improving the quality of life of patients

with advanced gastric cancer; however, the relationship between

palliative radiotherapy and survival is unclear (23–25). A total of

59 patients with advanced gastric cancer who received palliative

radiotherapy during the course of the disease were included in this

study, and the corresponding results showed that palliative

radiotherapy improved their OS. Due to the small sample size,

further subgroup analyses were not performed to explore whether

radiotherapy could increase the efficacy of immunotherapy; however,

it is well known that radiotherapy may increase the benefits of

immunotherapy (26, 27). Whether palliative radiotherapy

combined with chemotherapy and immunotherapy can provide

survival benefits for patients with advanced gastric cancer warrants

further investigation.

As this was a retrospective real-world study, clinical data

collection was based on the extraction of electronic medical

records and patient follow-up. Data for the safety analysis mainly

came from medical records and objective laboratory and imaging

examinations. Data on subjective AEs, such as rash, diarrhea, and

peripheral neurotoxicity were partly missing; therefore, these

subjective AEs were not included in the final safety analysis.

Cardiotoxicity occurred in 1.4% of the patients in our study,

which were consistent with the results of the previous studies (28,

29). One patient developed cardiogenic shock with a marked

elevation in cardiac troponin levels, which resolved after

treatment with high-dose corticosteroids. Overall, although

chemotherapy combined with immunotherapy was associated

with a low incidence of grade 3 or higher AEs and was generally

well tolerated, patients with serious immune-related AEs, including

cardiac and renal injuries, should be closely monitored.
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A major limitation of this study was the absence of PD-L1 CPS

expression results in most patients. Owing to the obvious

heterogeneity of CPS detection, many pathology centers,

including ours, do not perform routine CPS detection, which

results in a large amount of missing data (30). Although high

PD-L1 expression has been confirmed to be a good independent

prognostic factor for survival in previous clinical studies, CPS was

not further analyzed in this study due to missing data (31, 32). In

this study, four patients had deficient mismatch repair/

microsatellite instability-high tumors, and only one patient

achieved PFS. Therefore, the relationship between the mismatch

repair status and survival was not analyzed. Despite the use of PSM,

the potential biases caused by the retrospective, non-randomized

design remains a limitation of this study.

5 Conclusion

The findings of this PSM study showed that first-line treatment

with chemotherapy combined with ICIs significantly improved PFS

in patients with HER-2 negative advanced gastric cancer; however,

there was no significant improvement in OS, and the side effects

were tolerable. The results of this study are consistent with those of

ATTRACTION-4 and confirm the efficacy and safety of

immunotherapy in combination with chemotherapy in a real-

world setting.
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Background: Immune checkpoint inhibitors (ICI) may cause pneumonitis,

resulting in potentially fatal lung inflammation. However, distinguishing

pneumonitis from pneumonia is time-consuming and challenging. To fill this

gap, we build an image-based tool, and further evaluate it clinically alongside

relevant blood biomarkers.

Materials andmethods:We studied CT images from 97 patients with pneumonia

and 29 patients with pneumonitis from acute myeloid leukemia treated with ICIs.

We developed a CT-derived signature using a habitat imaging algorithm,

whereby infected lungs are segregated into clusters (“habitats”). We validated

the model and compared it with a clinical-blood model to determine whether

imaging can add diagnostic value.
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Results: Habitat imaging revealed intrinsic lung inflammation patterns by

identifying 5 distinct subregions, correlating to lung parenchyma,

consolidation, heterogenous ground-glass opacity (GGO), and GGO-

consolidation transition. Consequently, our proposed habitat model (accuracy

of 79%, sensitivity of 48%, and specificity of 88%) outperformed the clinical-blood

model (accuracy of 68%, sensitivity of 14%, and specificity of 85%) for classifying

pneumonia versus pneumonitis. Integrating imaging and blood achieved the

optimal performance (accuracy of 81%, sensitivity of 52% and specificity of 90%).

Using this imaging-blood composite model, the post-test probability for

detecting pneumonitis increased from 23% to 61%, significantly (p = 1.5E − 9)

higher than the clinical and blood model (post-test probability of 22%).

Conclusion: Habitat imaging represents a step forward in the image-based

detection of pneumonia and pneumonitis, which can complement known

blood biomarkers. Further work is needed to validate and fine tune this

imaging-blood composite model and further improve its sensitivity to detect

pneumonitis.
KEYWORDS

habitat analysis, immune checkpoint inhibitor, acute myeloid leukemia, non-small cell
lung cancer, pneumonitis
Introduction

Immune checkpoint inhibitors (ICIs) have been a

transformative force in oncology and have become a key part of

the therapeutic arsenal for numerous cancers (1). Acute myeloid

leukemia (AML), a highly lethal cancer (2) which often requires

allogeneic hematopoietic transplantation (allo-HCT) (3) to achieve

a durable remission, may sometimes respond to ICIs given in

combination with hypomethylating agents (4). However, the use

of ICIs to treat AML is associated with high rates of pneumonitis,

which significantly increases mortality (5).

A major barrier to diagnosing pneumonitis is the difficulty in

distinguishing pneumonitis from other pulmonary conditions,

especially pneumonia (6). Bronchoalveolar lavage biomarkers

show clonal expensive of Th17.1 cells, but do not necessarily

distinguish between pneumonia and pneumonitis (7). Culture-

based identification of pathogens can identify up to 60% of

infections (8), but these results may require up to 48 hours and

are more useful for ruling infection in, and not out. Metagenomic

approaches may increase the yield for the detection of bacterial

organisms in immunocompromised hosts (9), but the diagnostic

yield remains suboptimal for certain infections, and distinguishing

colonization from true infection is challenging. The prompt

diagnosis of pneumonitis and pneumonia is necessary to ensure

the appropriate administration of corticosteroids, both to promptly

treat pneumonitis and to be withheld in cases of infection.

Radiomic approaches may allow for the prompt identification

of pulmonary disease, as has been shown in interstitial lung diseases

(10). However, these approaches have not been tested to distinguish

infectious pneumonia from ICI pneumonitis. The classical
02157
radiomics approach profiles the infected lung region as a whole

entity and may fall short when characterizing phenotypically

heterogeneous subareas of the lung that are infected or inflamed.

Habitat imaging is an emerging technology that aims to address this

challenge by explicitly dividing the region-of-interest (ROI) into

coherent subregions termed as habitats (11–13).

Pilot studies from our group and others have demonstrated the

added value of habitat imaging analysis in profiling intratumor

heterogeneity and predicting treatment response in several cancer

types (13–16). In this study, we tested whether our habitat analyses

could accurately distinguish pneumonia and pneumonitis in a

retrospective cohort of AML patients who received ICIs therapies

between 2016-2018 (5).
Methods

Participants

We reviewed imaging from a group of 258 patients with AML

who were started on ICI therapies (ipilimumab, n=40; nivolumab,

n=175; ipilimumab and nivolumab, n=43). between 2016 and 2018.

126 patients with confirmed episodes of pneumonia (n=97) or

pneumonitis (n=29) with CT scans available for analysis were

included (Supplementary Figure 1). All cases were reviewed by a

multidisciplinary adjudication committee, who reviewed the clinical

history, including the time course of symptoms, representative

laboratory, imaging, and microbiological data, and response to

antimicrobial or anti-inflammatory therapies (Table 1).

Pneumonia was diagnosed in episodes with 1) consistent
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TABLE 1 Characteristics of the study cohort.

Variable
Pneumonia
(n=97)

Pneumonitis
(n=29)

Median age at enrollment (years) 64.01 69.14

Female sex, n (%) 37(38%) 17(58.6%)

Race, n (%)

White/Caucasian 84(86.6) 25(86.2%)

Non-white 13(13.4%) 4(13.8%)

AML Diagnosis, n (%)

De novo AML 67(69.1%) 21(72.4%)

Secondary/therapy-related AML 30(30.9%) 8(27.6%)

Prior SCT 17(17.5%) 1(3.4%)

ECOG, n (%)

0 8(8.25%) 7(24.1%)

1 82(84.54%) 21(72.4%)

2 7(7.21%) 1(3.4%)

Symptoms at baseline, n (%)

Cough 22(22.7%) 6(20.7%)

Fever 18(18.6%) 7(24.1%)

Shortness of breath 22(22.7%) 8(27.6%)

Symptoms at syndrome, n (%)

Cough 72(74.2%) 19(65.5%)

Fever 77(79.4%) 21(72.4%)

Shortness of breath 63(64.9%) 22(75.9%)

Median cell counts at baseline

Bone marrow blasts (%) 20 15

Total WBC (103 cells/mL) 2.5 2.3

NC (cells/mL) % 23 19

LC (cells/mL) % 40 40.1

Platelets (103 cells/mL) 34 29

Median cell counts at syndrome

Total WBC (103 cells/mL) 2.4 1.4

NC (cells/mL) % 22 30

LC (cells/mL) % 25 25

Platelets (103 cells/mL) 22 14

Smoking status, n (%)

Never 46(47.4%) 21(72.4%)

Former 48(49.5%) 8(27.6%)

Current 3(3.1%)

Pneumonia within 30 days of ICI initiation, n (%) 21(21.7%) 6(20.7%)

Viral infection within 30 days of ICI initiation, n (%) 4(4.1%) 1(3.4%)

(Continued)
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symptoms (e.g. fevers, cough) and consistent imaging (for example,

lobar consolidation, nodular opacities, centrilobular or tree-in-bud

opacities, cavitary opacities, halo sign) and 2) had a clear response

to antibiotics but not corticosteroids or had microbiological

confirmation from a lower respiratory tract specimen of an

organism known to cause pneumonia (7). Pneumonitis was

diagnosed in episodes with 1) consistent symptoms (e.g. cough,

shortness of breath) and consistent imaging and 2) a clear response

to corticosteroids but not antibiotics or had histopathological

confirmation of pneumonitis. Based on CT appearance,

pneumonitis cases were classified into the following patterns (17):

nonspecific interstitial pneumonitis (NSIP), organizing pneumonia

(OP), hypersensitivity pneumonitis (HP), acute interstitial

pneumonia (AIP)-acute respiratory distress syndrome (ARDS), or

indeterminate/mixed (i.e., nonspecific patchy ground-glass or

consolidative opacities or a mixture of patterns without clear

dominant pattern). Pneumonitis was graded according to the

Common Terminology Criteria for Adverse Events (CTCAE) 5.0

(18). Because symptoms of pneumonitis and pneumonia may often

be similar, the multidisciplinary committee weighted imaging,

clinical course, and response to therapies heavily in their final

diagnoses. The MD Anderson Institutional Review Board approved

the study (PA18-0802).
Overall design

Our overall approach is summarized in Figure 1A. In brief, we

performed patient and imaging curation, then trained and tested a

CT-derived signature using habitat imaging to determine whether a

patient was more likely to have pneumonia or pneumonitis. In

parallel, we derived a clinical-blood benchmark model by selecting

informative clinical and blood metrics to fit into a classification

model. Ultimately, we integrated the two approaches (imaging and

benchmark features) to evaluate the prediction performance.
Image acquisition and preprocessing

The CT scans of the 126 patients enrolled in this study were

obtained using both Siemens and GE medical systems CT scanners

at MD Anderson Cancer Center at the time of the event. CT scans

had a slice thickness of 2.5mm and an in-plane spatial resolution of
Frontiers in Immunology 04159
0.98 to 1.2 mm. A deep learning-based segmentation model (19)

was used to extract the left and right lung parenchyma, followed by

a morphological dilation and erosion to smoothen the boundaries

of the extracted lung regions. An in-house radiologist reviewed and

manually corrected the lung ROI segmentations.
Habitat imaging analysis

The architecture of the habitat imaging technique (16) is a

unified approach containing several key steps as illustrated in

Figure 1B. First, a contrast-enhancing method was applied to

filter both the lung and mediastinum window images from the

original input images. The extracted lung and mediastinum images

were then further processed using a local entropy filter to generate

filtered images that capture subtle variations in the texture of the

images under different window settings. An image fusion approach

was then utilized to combine (fuse) the lung, mediastinum, and

their corresponding fi l tered images to form the final

composite image.

Second, the habitat detection has a patient- and population-

level clustering blocks. For the patient-level clustering step, the

simple linear iterative clustering (SLIC) algorithm (20) is used to

oversegment the individual patients’ composite images of lung ROI

into a large number of superpixels. Then, the extracted superpixels

across the whole patient are aggregated to identify the similar ones

inside one patient and across different patients. Specifically, the

superpixels from the patient-level clustering step are considered as

individual samples. In particular, we characterized individual

superpixels by extracting ten features separately on four image

channels (CT image normalized by lung window or mediastinal

window, as well as two corresponding entropy maps for local

texture). Ten different features include skewness, kurtosis, mean,

median, 1 quantile, 3 quantile, interquartile range, standard

deviation, variance, and energy. These features characterized

different aspects of the lung, including the intensity, the

symmetricity of intensity and texture, the intensity uniformity,

the texture of CT images, and the texture of entropy maps. The

superpixels were subsequently clustered using the hierarchical

clustering algorithm to identify subregions with similar imaging

patterns. The optimal number of subregions was determined using

both the gap criterion and hierarchical structure of the

clusters dendrogram.
TABLE 1 Continued

Variable
Pneumonia
(n=97)

Pneumonitis
(n=29)

Prior lung disease, n (%)

COPD 11(11.3%) 1(3.4%)

Asthma 5(5.2%) 1(3.4%)

Prior autoimmune disease, n (%) 5(5.2%) 2(6.9%)

Chest radiation prior to ICI, n (%) 5(5.2%) 2(6.9%)
ICI, immune checkpoint inhibitor; AML, acute myeloid leukemia; ECOG, Eastern Cooperative Oncology Group; WBC, white blood cell; NC, neutrophil count; LC, lymphocyte count; COPD,
chronic obstructive pulmonary disease; ILD, interstitial lung disease; SCT, stem cell transplantation.
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Feature extraction and machine learning
model construction

After the lesion/subregion segmentation, forty-four

multiregional spatial interaction (MSI) features were measured

from the habitat maps to quantify overall lung parenchyma. In

addition, we quantified the symmetric difference ( DSym) between

left and right lungs by:

DSym(L,R) = MSIL −MSIWj j � MSIR −MSIWj j (1)

where MSIW ,  MSIL,   and MSIR denotes the MSI features

computed on the whole, left and right lungs, respectively. One

strength of the MSI features is their clear interpretations. These

features are designed to quantify the spatial heterogeneity of

infected lung patterns. Specifically, the MSI features captures

information such as the absolute burden and relative percentage

of individual habitat as well as their interactions. More detailed

explanation regarding the extracted MSI features is presented

in Table 2.

After feature extraction, the correlation among the extracted

features was explored. Also, the univariate Chi-square test statistics

approach was applied to examine feature association with infection

types. Each feature was tested independently, and the output of the

univariate Chi-square model is the probability (p-value) that the

patient had been diagnosed with either pneumonia or pneumonitis

for each feature. The computed p-values of all the features are then

used to rank the individual features by computing feature

importance (score) as:

score =  −log(p)
Frontiers in Immunology 05160
where p is the corresponding p-value for each feature, and

higher score denotes greater importance. Next, we iteratively

increase the number of selected features based on their

importance in order to identify the optimal diagnostic model.

Specifically, the top-ranked features were used to build an

ensemble model of 100 boosted classification trees. To avoid

biased classification to the pneumonitis class due to data

imbalance (i.e., significantly larger number of samples in the

pneumonia class), we employed synthetic minority oversampling

technique (SMOTE) nested with leave-one-out cross validation

(LOOCV) approach together to validate model performance. To

avoid information leakage, we first left out one sample as the test

set before applying SMOTE on the training set to train a

prediction model. This process is repeated n -times (n equals to

total number of samples) until every data sample is left out as a

test sample.

In parallel, we also built a benchmark model using clinical and

blood-based measures. For clinical variables, we included cough,

fever, shortness of breath at both baseline and at time of syndrome

together with age and sex. For blood-based variables, we used five

blood-based measurements including absolute white blood cells

(WBC) count, absolute neutrophils count (ANC), absolute

lymphocyte count (ALC) and platelet count at both baseline and

time of syndrome together with bone marrow blast cells count at

baseline. Using similar strategy as our earlier work (5), we

considered the log transformation of WBC and platelets at both

baseline and at time of syndrome. Given the clinical and blood

measures, we adopted a similar SMOTE and LOOCV machine

learning strategy to build the benchmark model. The diagnostic

performance of the benchmark model was compared to the habitat
A

B

FIGURE 1

Architecture of the proposed framework. (A), Overview of the overall proposed approach starting from image acquisition, habitat analysis and
diagnostic model prediction. (B), Overview of the steps involved in the habitat analysis.
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TABLE 2 Multiregional spatial interaction features interpretation.

Feature
name

Feature description

MSI 1 –

MSI 4
2nd order statistics features (contrast, correlation, Homogeneity and energy)

MSI 5 –

MSI 9
absolute subregions volume (SR1 – SR5)

MSI 10 –

MSI 14
interaction (absolute) between subregions and border

MSI 15 –

MSI 18
interaction (absolute) between SR1 and the remaining subregions, i.e., MSI 15 = SR1 ∩ SR2, MSI 16 = SR1 ∩ SR3, …, MSI 18 = SR1 ∩ SR5.

MSI 19 –

MSI 21
interaction (absolute) between SR2 and SR3, SR4 and SR5, i.e., MSI 19 = SR2 ∩ SR3, MSI 20 = SR2 ∩ SR4, MSI 21 = SR2 ∩ SR5.

MSI 22 –

MSI 23
interaction (absolute) between SR3 and SR4, SR5, i.e., MSI 22 = SR3 ∩ SR4, MSI 23 = SR3 ∩ SR5.

MSI 24 interaction (absolute) between SR4 and SR5, i.e., MSI 24 = SR4 ∩ SR5.

MSI 25 –

MSI 29
normalized percentage of subregions volume (SR1 – SR5)

MSI 30 –

MSI 34
normalized interaction (percentage) between subregions and border

MSI 35 –

MSI 38
normalized interaction (percentage) between SR1 and the remaining subregions, i.e., MSI 35 = SR1 ∩ SR2, MSI 36 = SR1 ∩ SR3, …, MSI 38 = SR1 ∩ SR5.

MSI 39 –

MSI 41
normalized interaction (percentage) between SR2 and SR3, SR4 and SR5, i.e., MSI 39 = SR2 ∩ SR3, MSI 40 = SR2 ∩ SR4, MSI 41 = SR2 ∩ SR5.

MSI 42 –

MSI 43
normalized interaction (percentage) between SR3 and SR4, SR5, i.e., MSI 42 = SR3 ∩ SR4, MSI 43 = SR3 ∩ SR5.

MSI 44 normalized interaction (percentage) between SR4 and SR5, i.e., MSI 44 = SR4 ∩ SR5.

MSI 45 –

MSI 48
symmetric difference (left vs right lung) of the 2nd order statistics features

MSI 49 –

MSI 53
symmetric difference (left vs right lung) of absolute subregions volume (SR1 – SR5)

MSI 54 –

MSI 58
symmetric difference (left vs right lung) of the interaction (absolute) between tumor subregions and border

MSI 59 –

MSI 62
symmetric difference (left vs right lung) of the interaction (absolute) between SR1 and the remaining subregions, i.e., MSI 59 = |MSIL 15 – MSIW 15| × |
MSIR 15 – MSIW 15|, …, MSI 62 = |MSIL 18 – MSIW 18| × |MSIR 18 – MSIW 18|.

MSI 63 –

MSI 65
symmetric difference (left vs right lung) of the interaction (absolute) between SR2 and SR3, SR4 and SR5, i.e., MSI 63 = |MSIL 19 – MSIW 19| × |MSIR 19 –

MSIW 19|, …, MSI 65 = |MSIL 21 – MSIW 21| × |MSIR 21 – MSIW 21|.

MSI 66 –

MSI 67
symmetric difference (left vs right lung) of the interaction (absolute) between SR3 and SR4, SR5, i.e., MSI 66 = |MSIL 22 – MSIW 22| × |MSIR 22 – MSIW
22|, MSI 67 = |MSIL 23 – MSIW 23| × |MSIR 23 – MSIW 23|.

MSI 68 symmetric difference (left vs right lung) of the interaction (absolute) between SR4 and SR5, i.e., MSI 68 = |MSIL 24 – MSIW 24| × |MSIR 24 – MSIW 24|

MSI 69 –

MSI 73
symmetric difference (left vs right lung) of the percentage of subregions volume (SR1 – SR5)

MSI 74 –

MSI 78
symmetric difference (left vs right lung) of the normalized interaction (percentage) between subregions and border

MSI 79 –

MSI 82
symmetric difference (left vs right lung) of the normalized interaction (percentage) between SR1 and the remaining subregions, i.e., MSI 79 = |MSIL 35 –

MSIW 35| × |MSIR 35 – MSIW 35|, MSI 82 = |MSIL 38 – MSIW 38| × |MSIR 38 – MSIW 38|.

MSI 83 –

MSI 85
symmetric difference (left vs right lung) of the normalized interaction (percentage) between SR2 and SR3, SR4 and SR5, i.e., MSI 83 = |MSIL 39 – MSIW 39|
× |MSIR 39 – MSIW 39|, MSI 85 = |MSIL 41 – MSIW 41| × |MSIR 41 – MSIW 41|.

MSI 86 –

MSI 87
symmetric difference (left vs right lung) of the normalized interaction (percentage) between SR3 and SR4, SR5, i.e., MSI 86 = |MSIL 42 – MSIW 42| × |MSIR
42 – MSIW 42|, MSI 87 = |MSIL 43 – MSIW 43| × |MSIR 43 – MSIW 43|.

MSI 88 symmetric difference (left vs right lung) of normalized interaction (percentage) between SR4 and SR5, i.e., MSI 88 = |MSIL 44 – MSIW 44| × |MSIR 44 –

MSIW 44|.
F
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MSIL, multi regional spatial interaction feature extracted from the left lung; MSIR, multi regional spatial interaction feature extracted from the right lung; MSIW, multi regional spatial interaction
feature extracted from the whole lung.
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imaging model. Furthermore, we evaluated the performance when

integrating clinical-blood benchmark and habitat in a composite

model. For comparison purposes, we also extracted the classical

radiomics features from the whole lung regions and built a

prediction model.
Statistical analysis

The ability to separate pneumonia (coded as 0) from pneumonitis

(coded as 1) was assessed by the accuracy, specificity, and sensitivity

in the leave-one-out cross-validation. For this work, sensitivity means

the true positive rate of pneumonitis, while specificity represents true

negative rate of pneumonitis. To mitigate the imbalance in the

distribution of pneumonia and pneumonitis, Synthetic Minority

Oversampling Technique (SMOTE) algorithm was applied.

Furthermore, we applied Bayesian theorem to compute the pre-test

and post-test probability (21), which referred to the probability of

detecting pneumonitis before a diagnostic model was performed

(pre-test probability) and after a model is performed (post-test

probability). The feature correlation analysis was done using the

Pearson’s correlation test with the R software. The Chi-square test

statistics was used to evaluate the predictive value of individual

features and the t-test statistics was used to compare the prediction

performance of the different models.
Results

Study participants

Table 1 shows the characteristics of the overall study cohort

(n=126) who developed pneumonia or pneumonitis. Most patients

had de novo AML, but ICI was usually given after frontline therapy

was initiated. 86 patients received nivolumab without ipilimumab,

either alone (n=11), or with azacitidine (n=58) or idarubicin

(n=17). 15 patients received ipilimumab without nivolumab,

either alone (n=9) or with azacitidine (n=6). 25 patients received

nivolumab and ipilimumab together, with (n = 17) or without (n=8)

azacitidine. We identified 97 distinct patients of pneumonia and 29

distinct patients of pneumonitis in which a CT was available for

analysis. No patients had more than one pneumonia or

pneumonitis. All cases of pneumonia and pneumonitis were

independently reviewed by blinded expert thoracic radiologists

who reviewed feature characteristics in the current study.

Representative cases of pneumonia and pneumonitis are shown in

Supplementary Figure 2. Supplementary Table 1 shows a list of

organisms isolated in cases of microbiologically-proven pneumonia.

Of the patients with pneumonitis, 19 had an indeterminate/mixed

pattern, 7 had an organizing pneumonia pattern, and 3 had an acute

interstitial pneumonia (AIP)-acute respiratory distress syndrome

(ARDS) pattern. The median time to pneumonitis was 109 days

after ICI initiation (range 1-484 days).
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Habitat imaging reveals intrinsic infection
patterns of lung parenchyma

We applied our proposed habitat imaging method (Figure 1B)

and determined the optimal number of intra-lung subregions. As

shown in Figure 2A, there are five distinct clusters (i.e, habitats)

according to hierarchical structure of the dendrogram. We then

investigated the imaging parameters that underline and differentiate

these habitats. Figure 2A shows the detailed distributions of the

representative features from five types of imaging parameters

(intensity uniformity, Intensity, texture of lung window, texture

of entropy map, symmetricity of intensity and texture) in each of

these habitats. The detailed phenotypical patterns of CT imaging

associated with each habitat were summarized in Figure 2B. We

observed that subregions 1 corresponds to the uninfected lung

parenchyma, subregion 3 corresponds to ground glass opacity

(GGO) with elevated texture heterogeneity and low CT number,

subregion 4 corresponds to the consolidation, subregions 2 and 5

correspond to the transition zone to GGO at different degrees. The

detailed partitioning results of entire lung region after habitat

analysis were presented in Figure 3 for four selected pneumonia

and pneumonitis patients, where detailed habitats were consistently

defined to quantify the infection patterns.
Habitat model outperforms benchmark
model of clinical and blood metrics

Given the clinical variables and blood metrics both at baseline

and at time of infection (their correlation in Supplementary

Figure 3A), we built a benchmark model with the feature

importance presented in Figure 4A and model performance in

Figure 4B. The top ranked features include sex; cough at time of

event; baseline platelets; and ANC (at both baseline and at time of

event). This benchmark model had an accuracy of 68%, sensitivity

(i.e., true positive of pneumonitis) of 14%, and specificity (true

negative of pneumonitis) of 85%. Then, based on the habitat map

for individual patients, we extracted MSI features to characterize the

overall infection patterns as well as their symmetricity between left

and right lungs, which resulted in a total of 88 features. The

correlation among these habitat features was presented in

Supplementary Figures 3B, C. Next, we built a classifier to

differentiate pneumonia from pneumonitis using LOOCV, and the

feature importance was presented in Figure 4C. For the prediction

model, interestingly the top ranked habitat features were MSI30

which measures the infected area on the lung surface and MSI37,

which relates to the interaction between habitat 1 (normal lung

parenchyma) and habitat 4 (consolidation). Using this approach, we

found that pneumonia had elevated asymmetric interaction,

suggesting more asymmetry in the CT pattern between left and

right lung. The habitat model achieved an accuracy of 79%, sensitivity

of 48%, and specificity of 88%, based on the cross-validated confusion

matrix in Figure 4D. For comparison purposes, we also built a

conventional radiomics model (Supplementary Figure 4), which we
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found to have a significantly lower performance (accuracy, 60%;

sensitivity, 17%; specificity, 72%) to the habitat model (p = 5E − 19).
Imaging-blood composite model achieves
the optimal performance

Next, we integrated the prediction results from both the habitat

model and the benchmark model (Figure 5A). Based on the
Frontiers in Immunology 08163
cascading model with clinical and blood model in the first layer

and habitat model in the second, we simulated the predicted

infection type stratification as shown in Figure 5B. If we set up

the rule as following: we will make a diagnosis if both models agree

and will label the cases as ambiguous cases if both models disagree.

This has achieved 87.1% accuracy in predicting pneumonia, a

greater than 10% increase than clinical model. Of note, 0%

accuracy in predicting pneumonitis, indicating imaging and blood

are capturing different and non-overlapping pneumonitis cases. For
A

B

FIGURE 2

Habitat subregions identification. (A), Heatmap of the five identified subregions together with distribution plot (boxplot) of five representative features
from the feature types grouped by habitat subregions. (B), Characteristics of the five habitat subregions in relation to the CT feature types.
FIGURE 3

Representative habitat maps of four subjects from both the pneumonia and pneumonitis categories.
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these 37 conflicting cases that imaging and blood model disagreed,

imaging model had an accuracy of 59% and the blood model had an

accuracy of 41%.

In addition, we mixed the habitat features with clinical and

blood metrics together to re-fit a prediction model, and the ranked

feature importance table was shown in Figure 4E. In general, the

habitat features were consistently more important than the clinical

and blood measures. The composite model achieved the optimal

performance with an overall accuracy of 81%, sensitivity of 52% and

specificity of 90% (Figure 4F).

Further, we compared the post-test probability of detecting

pneumonitis based on different models when the various models
Frontiers in Immunology 09164
diagnosed pneumonitis (Table 3). The pre-test probability (i.e.,

prevalence) of pneumonitis was observed to be 23%. With the

benchmark prediction model using clinical and blood metrics, the

post-test probability degraded to 22% if the model diagnosed

pneumonitis. When using our habitat model, the post-test

probability increased to 55% if the model diagnosed pneumonitis.

We observed synergistic effects when combining habitat imaging

with clinical and blood metrics into a composite model, which

achieved the best post-test probability of 61% if the model

diagnosed pneumonitis, more than a 2-fold increase from pre-test

probability. By contrast, the classical radiomics model had the worst

performance with post-test probability of 15%.
A B

D

E F

C

FIGURE 4

Performance comparison of the different diagnostic models. (A, B) shows the feature importance and confusion matrix for the clinical-blood
(benchmark model). (C, D) shows the feature importance and confusion matrix for the habitat-based model. (E, F) shows the feature importance and
confusion matrix for the composite (clinical-blood plus habitat models).
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Discussion

Recognizing the difficulty in distinguishing pneumonia and

pneumonitis in the absence of definitive biomarkers, we

developed an imaging-based pipeline that could distinguish these

two entities with a much-improved accuracy using a well-

characterized cohort of patients with AML undergoing ICI

therapy. Our proposed imaging marker has significantly

outperformed a benchmark model based on clinical-blood

metrics. Further, we observed a synergy between our imaging

markers and blood markers, and their integration into a joint

model has achieved the best prediction. All in all, our pilot study

serves as proof-of-concept to demonstrate that machine learning of

computed tomography (CT) scans can offer complementary values

on top of existing clinical biomarkers for improved management of

immune-related adverse events (irAE).

Diagnosing pneumonitis in real-time is challenging, and the

prompt differentiation of pneumonitis from other conditions, such

as pneumonia or cancer progression, is not always possible from

imaging information alone. Additional tests may be required, but

these results may further delay the prompt administration of

definitive therapy toward pneumonia or pneumonitis, potentially

leading to patient harm. For example, prompt administration of

antibiotics for community acquired pneumonia decreases in-
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hospital mortality (22). Improving the ability of interpreting

radiologists to diagnose pneumonitis may lead to improved

patient outcomes. Tools such as the one we highlight in this work

can potentially augment the capabilities of interpreting so to help

radiologists make definitive image-based diagnoses. Approaches

that combine artificial intelligence imaging tools with clinical

radiologists often exceed the accuracy seen with human

evaluations, as has been shown when determining the probability

that a lung nodule is malignant (23) or whether reticular

abnormalities represent interstitial lung disease (24). We envision

that this tool may reduce the uncertainty seen when trying to

differentiate pneumonia and pneumonitis in real time, but further

studies are needed to validate this.

Pneumonitis is a serious complication of checkpoint inhibitor

immunotherapy, and the mortality ranges from 10-20% in non-

small cell lung cancer cohorts (NSCLC), where ICIs are frequently

used (25–27) to nearly 50% in AML (5). Pneumonitis is likely to be

more amenable to treatment if detected early and distinguished

from pneumonia. The treatments for pneumonitis, namely

immunosuppressive therapies of appropriate intensity and

duration, are substantively different from the treatments for

pneumonia. Furthermore, overuse of antimicrobial agents in

patients without pneumonia may alter the intestinal microbiome,

potentially reducing the efficacy of ICIs (28). In our original report,
A

B

FIGURE 5

Evaluation of the benefit of the habitat model in improving baseline model prediction. (A), shows the heatmap of the different model’s prediction.
(B), shows how the cascading model improves the benchmark models predictions in both the pneumonia and pneumonitis group. Notes that CB
and H here represents the clinical-blood and habitat models, respectively.
TABLE 3 Pretest and posttest probability comparison among different diagnostic models.

Model Pre-test Probability Post-test Probability

Benchmark (clinical-blood)

23%

22%

Habitat 55%

Refitted composite model 61%

Classical Radiomics 15%
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28/31 cases of pneumonitis were treated with both corticosteroids

and antibiotic therapies. While pneumonia was fivefold more

common in our cohort than pneumonit i s , promptly

distinguishing these two conditions will benefit all patients

undergoing ICI therapy for cancer, regardless of the underlying

rates of these two conditions. Further, diagnosis of pneumonitis

with histopathology in nearly all cases due to the concern for

bleeding due to thrombocytopenia or the concern for pulmonary

deterioration after a biopsy procedure.

Computed tomography (CT) patterns associated with immune

checkpoint inhibitor related pneumonitis may resemble interstitial

lung diseases seen in the general population, including organizing

pneumonia, interstitial pneumonitis, and others (29). The patterns

that may be seen in these diseases is highly variable from case to

case, as others have shown (30, 31). Radiomics has been used to

predict the risk of developing ICI-induced pneumonitis based on

baseline CT scans from 2 patients who developed pneumonitis and

30 who did not (32), but not to differentiate pneumonitis from other

lung diseases. In this study, we have implemented the habitat

imaging algorithm to differentiate pneumonia and pneumonitis.

Compared to conventional radiomics, the key strength of our

habitat imaging analysis is that it explicitly accounts for the

spatial heterogeneity of the infected lung and partitions the whole

lung regions into phenotypically distinct subregions. By analyzing

these subregions individually as well as their interactions, we have

demonstrated its superior performance in separating pneumonitis

from pneumonia. Analogous to the superior multiregional gene

sequencing over conventional cocktail sequencing (33), a fine

grained spatial analysis enabled by habitat imaging can reveal

new insights to improve the pneumonitis diagnosis. By contrast,

traditional radiomics extracts features (including texture) from the

entire lung region but cannot capture the degree of intra-lung

infection heterogeneity. This may explain why our habitat imaging

approach outperformed conventional radiomics.

Our study has several strengths. This is the first tool of its kind

and is positioned to address a significant problem that hinders the

treatment of all patients undergoing ICI therapy. The tool was

developed by incorporating CT images that used diverse acquisition

protocols, and thus can be more easily applied and validated in

external cohorts. Also, another strength of our study is the strict

selection of patients with AML under immunotherapy. AML

patients do not have solid malignancies in their lung regions to

confound the imaging analysis, which is different from solid tumors

(e.g. NSCLC).

Several limitations must be considered. First, the results

presented in this manuscript would benefit from an external

cohort for model validation. Second, while all cases of pneumonia

and pneumonitis in this study were confirmed by an expert

multidisciplinary cohort at MD Anderson, the accuracy of this

tool needs to be confirmed in a prospective cohort where the

appropriate testing, especially CT imaging of the chest and

universal BAL, are performed promptly and systematically. Third,

it is likely that blood and clinical markers that associate with

pneumonitis will vary from cohort to cohort, which would make

an approach that only utilizes imaging more attractive. Fourth,
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other lung processes such as disease progression or radiation injury

are more applicable to solid tumors but not seen in the current

cohort treated for AML, and therefore this tool must be validated

before applying in patients with solid tumors such as non-small cell

lung cancer. Fifth, it is possible that pneumonia and pneumonitis

may co-exist in some patients, and it is not uncommon for more

than one serious adverse event to manifest concurrently in AML

patients (34). Therefore, a test that determines the probability of

one or the other as mutually exclusive results may not be

appropriate in all cases. Sixth, there is no “gold standard” to

diagnose pneumonia, and it remains a clinical diagnosis.

Therefore, it is possible that the multidisciplinary adjudication of

pneumonia and pneumonitis were erroneous in some instances.

Finally, because ICIs are not currently approved to treat AML, there

is not a possibility to expand the number of cases with pneumonitis

in a similar cohort.In conclusion, we developed a tool that could

accurately distinguish pneumonia and pneumonitis in AML

patients treated with ICI inhibitors. If validated, our approach

holds great promise to improve the clinical care of cancer patients

treated with ICIs by improving our ability to differentiate

pneumonitis from other lung diseases in a prompt fashion.
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Background: Combined immunotherapy has shown promising results in the

treatment of advanced HCC, whereas the priority population that would respond

to the combined immunotherapy is still elusive. In addition, HCC with

asymptomatic hyperamylasemia was not reported previously.

Case presentation: An aged patient was diagnosed as HCC with BCLC stage C

(bone metastasis). Notably, this patient showed asymptomatic hyperamylasemia.

The patient was then enrolled in a trial evaluating combined immunotherapy of

anti-PD-1 antibody sintilimab (IBI308) plus anti-CTLA-4 antibody (IBI310) in

advanced HCC. After being treated with combined immunotherapy, this

patient rapidly achieved complete response (CR) according to mRECIST

criteria or immune partial response (iPR) according to iRECIST criteria and

maintain the CR state for more than 12 months. Interestingly, serum levels of

amylase and lipase in this patient were reduced after treatment.
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Conclusion: We reported, for the first time, a case of metastatic HCC with

asymptomatic hyperamylasemia, and suggested that HCC patients with

asymptomatic hyperamylasemia may benefit from combined immunotherapy

of anti-CTLA-4 and PD-1 antibodies.
KEYWORDS
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most commonly

diagnosed cancer and is currently the fourth leading cause of

cancer-related death worldwide (1). Currently, immune-

checkpoint inhibitors (ICIs) based systemic therapies showed

promising effects in treating advanced HCC. Combined

immunotherapy of Nivolumab Plus Ipilimumab has been

approved as a second-line systemic therapy for advanced HCC,

based on the results of the CheckMate 040 trial (2). In addition, the

HIMALAYA trial found that the tremelimumab plus durvalumab

improved overall survival (16.43 months, 95% CI, 14.16 to 19.58)

versus sorafenib (13.77 months, 95% CI, 12.25 to 16.13) (3). In

China, a phase 3 trial comparing the effectiveness and safety of anti-

cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) antibody

(IBI310) combined with sintilimab (IBI308) versus sorafenib in the

first-line treatment of advanced HCC is ongoing.

Paraneoplastic syndrome (PNS) was found in 20–40% of HCC

patients, and 8–17% of patients having more than one PNS. The

most common PNS in HCC are hypercholesterolemia,

hypoglycemia, hypercalcemia, and erythrocytosis, whereas

rheumatic, neuromuscular, dermatological, hematological, and

endocrine syndromes were less commonly found. HCC patients

with PNS showed worse prognosis than those without PNS (4), and

the best treatment for HCC patients with PNS, especially for those

with unresectable, advanced HCC, is still exploring.

In this study, we report a case of metastatic HCC with

asymptomatic hyperamylasemia, a PNS that has never been

reported in HCC before. This patient showed a significant

response to combined immunotherapy of sintilimab plus anti-

CTLA-4 antibody.
Case presentation

In August 2021, an elderly patient was admitted to Tongji

Hospital (Wuhan, China) for a mass at the right chest wall with

tenderness for 1 month. At admission, this patient received a

computed tomography (CT) scan, and results of abdominal CT

revealed abnormally enhancing nodules of 92mm and 16 mm in the

right posterior lobe and right anterior lobe of the liver respectively.

Chest CT revealed a mass in the right anterior chest wall with bone
02170
destruction on the right side of the sternum. In addition, the serum

level of AFP was 2075 ng/ml at admission. Based on these findings,

this patient was diagnosed with HCC according to the clinical

diagnostic criteria of AASLD and EASL. The patient’s Eastern

Cooperative Oncology Group performance status (PS) score was

0 and liver blood tests at admission showed the patient’s Child-pugh

score was 5 (grade A). The patient refused to undergo a biopsy of

the tumor for pathological diagnosis. We evaluated the patient’s

China Liver Cancer stage (CNLC IIIb: PS 0, Child-Pugh A and

extrahepatic metastasis), BCLC stage (BCLC C, PS 0, Child-Pugh A

and extrahepatic metastasis) and TNM stage IV (cT3N0M1,

multiple tumors, tumor diameter>5cm and distant metastasis),

which are critical for treatment choice and prognosis assessment.

After discussion in a multidisciplinary team board meeting

based on the evaluation, radical resection was not applicable and

systemic therapy with atezolizumab and bevacizumab was

recommended to the patient. However, the patient refused this

therapy due to its high cost that they could not afford since

atezolizumab is not on the list of drugs covered by medical

insurance in China. The patient was then recommended to

participate in a trial designed to evaluate the efficacy and safety of

combined immunotherapy using sintilimab (IBI308) and anti-

CTLA-4 antibody (IBI310) versus sorafenib in first-line treatment

of advanced HCC (NCT04720716). After signing informed consent

form, it was confirmed through screening that this patient met

eligibility criteria for trial participation. At screening, it was found

that this patient had hyperamylasemia with serum levels of amylase

at 892 U/L, pancreatic amylase at 510 U/L, and lipase at 67.7 IU/L.

The patient was confirmed to have no symptoms of abdominal pain.

The dynamic changes in serum levels of AFP, amylase and lipase are

shown in Figures 1A–C. The abdominal CT scan revealed no signs

of enlargement or inflammation in this patient’s pancreas

(Figure 1D), and the serum levels of creatinine and eGFR were

within normal range. After the screen, this patient was randomized

to the group of combined immunotherapy, and began the first dose

of combined immunotherapy on August 31st, 2021.The flowchart

of the treatment and the changes of the imaging examination is in

Figure 2. After receiving four cycles of combined immunotherapy,

the patient was evaluated as having achieved CR according to

mRECIST criteria, iPR according to iRECIST criteria or PR

according to RECIST 1.1 criteria. Accordingly, AFP levels

decreased rapidly until they eventually returned to normal range.

In addition, sternal metastasis was found to have disappeared on
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physical examination after the third cycle of treatment. Levels of

amylase and lipase remained high at the beginning of treatment

(1293 U/L and 618.9 IU/L). Interestingly, as the duration of

treatment, the levels of amylase and lipase decreased significantly

(492 U/L and 89.8 IU/L). Although levels of amylase and pancreatic

amylase increased at the first two cycles of immunotherapy, the

abdominal CT scan did not reveal any signs of enlargement or

inflammation in the pancreas (Figure 2).

After beginning combined immunotherapy, the patient

subsequently developed a series of adverse events (AEs) (grade 1,

CTCAE 5.0), such as fatigue, pruritus, loss of appetite, and

hyperglycemia. The patient then developed hypothyroidism and

erythema nodosum on both lower limbs (grade 2, CTCAE 5.0) and

was treated with levothyroxine and mucopolysaccharide polysulfate

cream. At the 12th cycle of treatment (May 9th, 2022), the treatment

was delayed, since the fatigue and loss of appetite were exacerbated

to the grade 3 of CTCAE 5.0 criteria. Treatment continued after

these adverse effects were improved to the grade 2 (July 14th, 2022).

Noticeably, amylase levels rebounded to 723 U/L after the treatment

was interrupted. As treatment continued, amylase levels eventually

decreased to 567 U/L.

In October 2022, the treatment was delayed again due to a

COVID-19 outbreak in Wuhan. After the lift lockdown of the

hospital, this patient was informed to continue the treatment, but he

refused because he was tired of repeating SARS-CoV-2 tests before

every admission, and did not feel any discomfort. The patient

received the last dose of combined therapy on September 15th,

2022. As of July 2023, telephone follow-ups are still being

performed and the patient is surviving without any symptoms.
Frontiers in Immunology 03171
Discussion

To the best of our knowledge, this is the first reported case of a

patient with advanced HCC and asymptomatic hyperamylasemia.

Asymptomatic hyperamylasemia is rarely found in non-pancreatic

tumors (5, 6). We performed a literature review of neoplasms

associated with hyperamylasemia (Supplementary Table 1), and

found that it was occasionally present in lung cancer, ovarian cancer,

pheochromocytoma, and hematological malignancies including

multiple myeloma, MALT lymphoma, AML and ALL (7).

Considering that amylase levels are not routinely measured in blood

tests during screening and follow-up of HCC, the incidence of HCC

with hyperamylasemia might be underestimated. In ALL,

hyperamylasemia is usually associated with L-asparaginase toxicity

and leukemic infiltration of the pancreas. Besides these situations,

amylase-producing tumor cells appear to be the major source of

hyperamylasemia in malignancies. In human, a-amylase is encoded

by AMY1 (salivary type) and AMY2 (pancreatic type) genes. a-
Amylase can be produced by the liver and is encoded by the AMY-

2B, an isogene of AMY2 (7, 8). In this case, evidence indicates that

elevated levels of amylase may be produced by the tumor. Firstly, both

serum levels of amylase and pancreatic amylase were elevated in this

case. Secondly, dynamic changes in serum levels of amylase and

pancreatic amylase were observed after starting combined

immunotherapy. Specifically, levels of amylase and pancreatic

amylase increased during the first two cycles of immunotherapy,

suggesting that amylase was released from necrotic tumor cells. Levels

of amylase decreased during subsequent cycles of immunotherapy.

Unfortunately, since the patient refused to undergo a tumor biopsy and
A B
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FIGURE 1

(A) The alpha fetoprotein (AFP) levels of the patient during the treatment of sintilimab combined with IBI310; (B) The total amylase and P-amylase
levels of the patient during the treatment; (C) The lipase levels of the patient during the treatment; (D) The abdominal CT scan of the patient at
admission which revealed no signs of enlargement or inflammation of the pancreas.
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histopathological detection of amylase in tumor tissue was unavailable,

it was impossible to provide definite evidence for an amylase-producing

HCC. Interestingly, levels of amylase behaved like a specific tumor

biomarker for predicting efficacy and recurrence in different cancers

since its dramatic decrease reflected tumor response to treatment.

In this study, we reported that this case, metastatic HCC with

hyperamylasemia showed a quick and durable response to combined

immunotherapy. In addition, previous studies have reported that

cases of lung cancer, ovarian cancer, and ALL with hyperamylasemia

were highly sensitive to chemotherapy (9–11). These results shed light

on the association between hyperamylasemia and the sensitivity of

cancer patients to systemic therapy including chemotherapy or

immunotherapy. Further research is required to understand the

underlying mechanisms. Furthermore, this is the first time that

combined immunotherapy has been used for the treatment of a

malignant tumor with asymptomatic hyperamylasemia. This has

shown great predictive potential and efficacy. It remains to be

explored whether combined immunotherapy can be generalized to

other cancers with asymptomatic hyperamylasemia and whether

cancers with asymptomatic hyperamylasemia are more sensitive

to immunotherapy.

In conclusion, we reported for the first time a case of metastatic

HCC with asymptomatic hyperamylasemia that was highly sensitive

to combined immunotherapy using anti-CTLA-4 and anti-PD-1

antibodies. Our report suggests that despite being rarely found in

HCC, hyperamylasemia might serve as a marker for reflecting the

efficacy of immunotherapy. This association is worth validating in a

large HCC cohort in the future.
Frontiers in Immunology 04172
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FIGURE 2

(A) Plain and enhanced CT of main lesions of the patient in different periods. a-i: right posterior lobe of the liver; j-r: right anterior lobe of the liver;
s-a’ the right anterior chest wall; b’j’: the pancreas with no signs of any inflammation and enlargement. (B) This is a flowchart of the treatment of the
patient. At different times, the patient received combination immunotherapy (sintilimab plus IBI310). CR, complete response, PR, partial response, SD,
stable disease, AEs, adverse events.
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Combining CSPG4-CAR and
CD20-CCR for treatment of
metastatic melanoma

Karin Teppert, Nora Winter, Vera Herbel, Caroline Brandes,
Simon Lennartz, Fabian Engert, Andrew Kaiser,
Thomas Schaser and Dominik Lock*

Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany
The prognosis for patients with metastatic melanoma is poor and treatment

options are limited. Genetically-engineered T cell therapy targeting chondroitin

sulfate proteoglycan 4 (CSPG4), however, represents a promising treatment

option, especially as both primary melanoma cells as well as metastases

uniformly express CSPG4. Aiming to prevent off-tumor toxicity while

maintaining a high cytolytic potential, we combined a chimeric co-stimulatory

receptor (CCR) and a CSPG4-directed second-generation chimeric antigen

receptor (CAR) with moderate potency. CCRs are artificial receptors similar to

CARs, but lacking the CD3z activation element. Thus, T cells expressing solely a

CCR, do not induce any cytolytic activity upon target cell binding, but are capable

of boosting the CAR T cell response when both CAR and CCR engage their target

antigens simultaneously. Here we demonstrate that co-expression of a CCR can

significantly enhance the anti-tumor response of CSPG4-CAR T cells in vitro as

well as in vivo. Importantly, this boosting effect was not dependent on co-

expression of both CCR- and CAR-target on the very same tumor cell, but was

also achieved upon trans activation. Finally, our data support the idea of using a

CCR as a powerful tool to enhance the cytolytic potential of CAR T cells, which

might open a novel therapeut ic window for the treatment of

metastatic melanoma.

KEYWORDS

immunotherapy, adoptive T cell therapy, chimeric antigen receptor, chimeric
costimulatory receptor, melanoma
Introduction

Great clinical success has been achieved with the implementation of CAR T cells,

especially for treatment of hematological malignancies (1–3). However, liquid tumors only

represent 8-10% of all adult human cancers and certain characteristics of solid tumors such

as strong physical barriers inhibiting T cell infiltration and a highly immunosuppressive

tumor microenvironment have been demonstrated to weaken adoptive T cell therapies (4–

6). In addition, one major challenge represents the selection of a suitable tumor antigen to
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be targeted, since most of the identified tumor-associated antigens

are also expressed on healthy tissues, carrying the risk for on-target/

off-tumor toxicity and severe side effects (7). This is for instance the

case for the target antigen CSPG4, first identified in melanoma and

thus also referred to as melanoma-associated-chondroitin-sulfate-

proteoglycan (MCSP) (8). Although expression levels are clearly

lower than in tumor cells, CSPG4 is also found on non-malignant

tissue, such as pericytes and small intestine (9, 10). Nonetheless,

CSPG4 represents a promising target for adoptive T cell therapies,

as it is not only overexpressed in melanoma but also in a broad

range of other malignancies such as triple-negative breast cancers,

various types of gliomas, head and neck squamous-cell carcinomas,

soft-tissue sarcomas, tumor-associated vasculature and also

leukemia (11–13). In line with this, CSPG4 was described to

promote multiple steps of cancer development such as

angiogenesis, dissemination, metastasis, proliferation, and survival

(14, 15). The expression in not only primary but also metastatic

melanoma cells further underlines the great therapeutic potential of

targeting CSPG4, especially for treatment of metastatic melanoma,

which is generally associated with poor prognosis and a median

survival of less than one year (9, 10, 16). Traditional approaches

such as chemotherapy, radiotherapy and surgical removal are

ineffective in late-stage metastasized melanoma (17). Targeted

immunotherapies such as MEK- or BRAF-inhibitors have led to

promising results, but the high mutational rate in melanoma

strongly promotes the development of secondary resistances (18).

The implementation of immune checkpoint blockade (ICB) has

yielded a groundbreaking outcome, marking the first successful

extension of survival for metastatic melanoma (19, 20). However,

latest reports from clinical trials (NCT01844505) showed that long-

lasting effects can only be expected in approximately half of the

patients (21, 22). Adoptive T-cell based immunotherapies targeting

for instance VEGFR-2 (NCT01218867), GD2 (NCT02107963,

NCT03635632), CD70 (NCT02830724), gp100 (NCT03649529)

or CD20 (NCT03893019) are currently assessed in several clinical

trials and were suggested to be especially helpful in case of

treatment-resistant melanomas (23). Particularly combinatorial

approaches were suggested to increase efficiency and to minimize

the risk for therapy-accompanied adverse events such as on-target/

off-tumor toxicity (23). This aspect of increasing tumor cell

specificity is also highly relevant in the context of targeting

CSPG4, due to its role in multiple physiological processes and the

expression on healthy tissues (24). To this end, our approach was

focused on combining a low-affinity CSPG4-CAR, which by itself

only showed weak activity and cytotoxicity, with a chimeric co-

stimulatory co-receptor (CCR). CCRs are artificial receptors, which

comprise an extracellular binding moiety, a spacer, a

transmembrane region and defined intracellular signaling

domains that differ from conventional CAR designs. As the CD3z
signaling domain is typically absent in CCRs, no cytolytic activity is

induced upon antigen engagement. However, CCRs are capable of

boosting a simultaneously activated CAR T cell response, which

results in an enhanced release of inflammatory cytokines and

increased cytotoxicity. Due to the low functional avidity, the risk

for CAR-binding to healthy target cells expressing low levels of

CSPG4 is reduced. We show that CSPG4-expressing target cells
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were only effectively lysed when both CCR and CAR engaged their

target antigens. This means that the CCR could either simply target

a second tumor-associated antigen, or an antigen, which is not

expressed by the tumor cell but found in close proximity, as for

example in the tumor microenvironment (TME). In this study,

CD20 was selected as CCR target; on the one hand to guarantee

omnipresent expression in B cells, and on the other hand, due to the

clinical success by targeting CD20+ cell subsets in melanoma (9, 10,

24–26).
Results

Generation of a panel of CCR variants
expressing different co-stimulatory domains

With the primary goal to improve the safety of CSPG4-targeting

CAR T cell therapies, we used a low-affinity antibody-derived

CSPG4-CAR, which showed low cytotoxic activity, consequently

entailing a minimized risk for on-target/off-tumor toxicity. As

expected, comparison of CAR T cells, either expressing the

conventional Leu16-derived CD20-CAR or a CSPG4-CAR,

revealed more than 20-fold lower levels of IFN-g release with the

novel low-affinity CSPG4-CAR (Figure 1A). Aiming to boost the

activity of this CSPG4-CAR, various CD20-targeting CCR

constructs with different combinations of 4-1BB and/or CD28 co-

stimulatory domains were generated (Figure 1B). CD20 was

selected as CCR target in order to guarantee omnipresent

expression through bystanding or tumor-infiltrating B cells (9, 10,

24–26). The hypothesized mechanism is illustrated in Figure 1C,

showing that target cell lysis is only successfully facilitated by

CSPG4-CAR T cells, when both CAR and the co-expressed CCR

engage their target antigens simultaneously. As depicted, CAR- and

CCR-target can either be expressed in cis (on the same target cell) or

in trans (on two different target cells).
CCRs boost the cytolytic potential of
CSPG4-directed CAR T cells

In order to test whether a CCR boosts the cytolytic potential of

the CSPG4-CAR, activated T cells were co-transduced with the

CSPG4-CAR and with one of the engineered CD20-CCR variants.

Prior to functionality analysis, the T cells were enriched via the

surface markers DLNGFR and/or DEGFR (exemplarily shown in

Figure S1A). To initially study the approach in trans and to assess

whether the boosting effect is dependent on CCR engagement with

its target antigen, T cells co-expressing the CSPG4-CAR and a

specific CCR construct were co-cultured with CSPG4+ Mel526 cells

in vitro, in presence or absence of CD20+ JeKo-1WT cells. After 24

hours, the level of pro-inflammatory cytokines in the supernatant

was determined. Since strong 4-1BB signaling supports survival and

persistence of CAR T cells, we focused on two different CCR

constructs with either two sequential 4-1BB endodomains or the

combination of 4-1BB and CD28 co-stimulatory domain, termed

CCR-(4-1BB_4-1BB) and CCR-(CD28_4-1BB), respectively.
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Strongest effect upon dual stimulation was observed with CSPG4-

CAR T cells co-expressing CCR-(4-1BB_4-1BB), resulting in

significantly increased IFN-g and TNF-a production compared to

CSPG4-CAR T cells only (Figure 2A). In general, all CCR variants

led to increase in cytokine secretion with more than 10- and 100-

fold higher IFN-g and TNF-a release, respectively, whereas control

groups with T cells expressing only CAR or only CCR did not show

noticeable release of pro-inflammatory cytokines (exemplarily

shown in Figures S1B, C). The data demonstrated that the

functionality of the CSPG4-CAR was significantly increased

through co-expression of a CCR and, as previously hypothesized,

that the combination of CAR and CCR only facilitated increased
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potency when both CAR and CCR were engaging their

target antigens.

In order to simplify the engineering process, to ensure purity of

the final T cell product (containing neither CAR-only nor CCR-

only T cells), we designed a polycistronic lentiviral construct,

encoding for both CSPG4-CAR and CD20-directed CCR-(4-

1BB_4-BB), termed CSPG4-CAR_CD20-CCR (Figure 2B). CCR

and CAR co-expressing T cells were engineered using the newly

designed polycistronic lentiviral vector and subsequently enriched

via the transduction marker DLNGFR, reaching comparable

transgene expression above 75% (Figure 2C). After 24 hours of

co-culture in trans, CSPG4-CAR_CD20-CCR T cells demonstrated
B

C

A

FIGURE 1

Co-expressing CD20-targeting Chimeric Co-stimulation Receptor (CCR) to boost CSPG4 CAR functionality. (A) Fold-increase in IFN-g release by high-
performing CD20-CAR T cells (right graph) in comparison to low-affinity antibody-derived CSPG4-CAR T cells (left graph) upon 24 hours co-culture
with CD20+ JeKo-1 cells or CSPG4+ Mel526 cells, respectively. Data shows mean and individual values for four different donors (± SD).
(B) Schematic representation of a T cell co-expressing a 4-1BB-co-stimulated second-generation CSPG4-CAR and a chimeric CD20-CCR, containing
one or two co-stimulatory domains (4-1BB_4-1BB; 4-1BB, CD28_CD28; CD28; CD28_4-1BB) and lacking the CD3z signaling domain. (C) Mechanism of
boosting the performance of the low-performing CSPG4-CAR (blue) by co-expression of a CD20-CCR (yellow), either achieved through cis (left) or
trans (right) activation, meaning that CCR- and CAR- target are expressed on the same target cell or on different target cells, respectively.
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strongly enhanced secretion of IL-2, IFN-g and TNF-a, compared

to CSPG4-CAR T cells only (Figure 2D). As expected, this boosting

effect was dependent on the presence of CD20+ JeKo-1WT cells. Co-

culture with a mixture of Mel526WT and JeKo-1CD20KO cells led to

comparable cytokine release between CSPG4-CAR T cells and dual-

specific CSPG4-CAR_CD20-CCR cells.

After proving the applicability of the boosting system in the

trans setting, we next aimed to assess, whether cytokine secretion of

CSPG4-CAR_CD20-CCR T cells is also enhanced upon cis

activation, using CD20+ CSPG4+ Mel526 cells. In accordance with

the results obtained in trans, CSPG4-CAR_CD20-CCR T cells led to

significantly increased, more than 5-fold higher, IFN-g and GM-

CSF secretion than CSPG4-CAR T cells without CCR (Figure 3A).

Particularly, the IL-2 secretion was strongly increased in CSPG4-

CAR_CD20-CCR T cells, demonstrating more than 100-fold higher
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production than CSPG4-CAR T cells. Moreover, co-expression of

CCR-(4-1BB_4-1BB) significantly enhanced the in vitro cytolytic

potential and recovered functionality of the CSPG4-CAR

(Figure 3B). Lysis of CD20+ CSPG4+ Mel526 target cells was

comparable between untransduced T cells and CSPG4-CAR T

cells, whereas only dual-stimulated CSPG4-CAR_CD20-CCR T

cells demonstrated significant cytotoxicity.
CCR boosts CAR in a
dose-dependent manner

As hypothesized, we were able to show that the cytotoxic

potential of our low-affinity antibody-derived CAR, which on its

own only showed moderate activity and consequently also
B

C D

A

FIGURE 2

Co-expression of CSPG4-CAR and CD20-CCR significantly increases cytokine release upon trans activation and can be achieved through
transduction with a polycistronic lentiviral construct. (A) T cells were lentivirally transduced with a CSPG4-CAR and/or a CD20-CCR, either
containing 4-1BB_4-1BB or CD28_4-1BB costimulatory domains. Cytokine secretion of IFN-g and TNF-a was determined after 24 hours of co-
culture with CSPG4+ Mel526 and CD20+ JeKo-1WT cells. Box and whiskers plots show median and individual values (normalized to CSPG4-CAR) for
eight different donors from four individual experiments. Significance was determined using nonparametric one-way ANOVA (ns, not significant;
*r ≤ 0.05, ***r ≤ 0.001). (B) Gene schematics of CD20-CCR_CSPG4-CAR T cells, poly-cistronically expressing CSPG4-CAR and CD20-specific
CCR-(4-1BB_4-1BB). (C) Frequency of magnetically enriched DLNGFR+, measured before co-culture with target cells. Mean and individual values are
shown for four different donors from two independent experiments (± SD). (D) Cytokine secretion (IL-2, IFN-g, TNF-a) after 24 hours of co-culture
with a mixture of CSPG4+ Mel526 and either CD20+ JeKo-1WT cells or CD20- JeKo-1CD20KO cells at an E:T ratio of 5:1. Bar graph shows mean and
individual values for three different donors (± SEM).
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minimized risk for on-target/off-tumor toxicity, can be recovered in

a target-specific manner by co-expression of the CD20-targeting

CCR-(4-1BB_4-1BB). To assess whether this boosting effect

through the CCR in this artificial system is dependent on the

CCR-target antigen level, we co-cultured CSPG4-CAR_CD20-

CCR T cells with CSPG4+ Mel526WT target cells and spiked in

defined percentages of CD20-expressing CSPG4+ Mel526CD20 cells.
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This titration experiment, which is especially relevant in case of

reduced CCR-target antigen availability, revealed that only 10% of

CCR antigen expressing target cells were already sufficient to

significantly induce lysis of CSPG4+ target cells with CSPG4-

CAR_CD20-CCR T cells in a dose-dependent manner. The

higher the frequency of CD20+ cells, the stronger the CAR-

induced cytotoxicity and clearance of Mel526 cells (Figure 3C).
B
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FIGURE 3

CSPG4-CAR_CD20-CCR T cells demonstrate significantly enhanced cytotoxicity upon cis stimulation and respond in a dose-dependent manner.
(A) Cytokine release by CD20-CCR_CSPG4-CAR T cells after 24 hours of co-culture with CD20+ CSPG4+ Mel526CD20 target cells an E:T ratio of 1:1.
Box and whiskers plots show median and individual x-fold values, normalized to CSPG4-CAR T cells, for five different donors from two individual
experiments. (B) Integrated intensity of GFP+ CD20-CCR_CSPG4-CAR T cells after 94 hours co-culture with UTD (untransduced) T cells, CSPG4-
CAR T cells, or CD20-CCR_CSPG4-CAR T cells at an E:T ratio of 1:1. Displayed are mean and individual values (± SD). Significance was determined
using ordinary one-way ANOVA (ns, not significant; *r ≤ 0.05, ***r ≤ 0.001). (C) UTD T cells and CD20-CCR_CSPG4-CAR T cells were co-cultured
for 94 hours with varying percentages of Mel526WT and Mel526CD20 target cells at an E:T ratio of 2:1. Displayed is the integrated intensity of GFP+

target cells, showing mean and individual values of three different donors (± SEM). Significance was determined using ordinary one-way ANOVA (*r
≤ 0.05, ***r ≤ 0.001). (D) Cytokine concentrations in the supernatant were determined after 24 hours.
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Consistently, engagement of CD20 via the CCR was required for full

cytokine secretion, shown by the dose-dependent increase in GM-

CSF, IFN-g, IL-2 and TNF-a in the supernatant after 24 hours of

co-culture (Figure 3D).

Considering this relatively low CCR-activation threshold and

the potential on-target/off-target toxicity against CSPG4low-

expressing healthy cells through CD20+ bystander cells, we

performed a side-by-side comparison of CSPG4-CAR_CD20-CCR

T cells co-cultured with either CSPG4high or CSPG4low target cells

(exemplarily shown in Figures S2A–C). As hypothesized, we

observed that co-culture with CSPG4low A-431 cells (in presence

of CCR-stimulating JeKo-1WT cells) did not induce proliferation

nor increase cytotoxicity of CSPG4-CAR_CD20-CCR T cells.
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CCR boosts CAR in vivo and mediates
robust tumor regression in a
melanoma model

In order to study the cytolytic potential of CSPG4-CAR_CD20-

CCR T cells in vivo with solid tumors, a melanoma xenograft model

was established with CD20+ Mel526 tumor cells (Figure 4A). After

tumor engraftment, mice were randomized according to tumor size.

Subsequently, 1 × 106 UTD T cells, CSPG4-CAR T cells, CD20-

CCR T cells, or CSPG4-CAR_CD20-CCR T cells were injected

intravenously (Figure 4B). In line with the in vitro findings, CSPG4

CAR T cells led to outgrowth of tumor cells, while tumor clearance

was only observed in the group with CCR-expressing CSPG4-CAR
B
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FIGURE 4

In vivo tumor clearance only successfully achieved upon treatment with CSPG4-CAR_CD20-CCR T cells. (A) Experimental timeline comparing
antitumor efficacy of CSPG4-CAR, CD20-CCR and CSPG4-CAR_CD20-CCR in mice bearing Mel526FFluc_CD20_eGFP cells. (B) Randomization of
different treatment groups with 5 mice each. (C) Endpoint-analysis of the anti-tumor reactivity of UTD, CSPG4-CAR, CD20-CCR or CSPG4-
CAR_CD20-CCR was assessed using in vivo imaging systems (IVIS) measurement. (D) IVIS measurements displaying tumor burden on day 3, 6, 10, 13
and 17. (E) Luminescence measured over the course of the whole study displayed for mouse treated with UTD T cells, CSPG4-CAR T cells, CD20-
CCR T cells and CSPG4-CAR_CD20-CCR co-expressing T cells. Significance was determined using nonparametric Mann-Whitney t-test (ns = not
significant, *r ≤ 0.05, **r ≤ 0.01).
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T cells (Figures 4C–E). Mice treated with CSPG4-CAR T cells

showed continuous outgrowth of the engrafted melanoma cells,

similar as observed for groups treated with UTD or CCR-only T

cells. In summary, this study showed that the moderate cytotoxic

potential of the low-affinity antibody-derived CSPG4-CAR could

successfully be recovered in vitro as well as in vivo by co-expression

of a 4-1BB_4-1BB-costimulated CD20-CCR.
Discussion

The rather poor prognosis for patients with metastatic

malignant melanoma is associated with a median survival of less

than one year (16, 27). CSPG4-targeting adoptive T cell therapy,

however, might represent a powerful treatment option, especially as

CSPG4 is not only expressed in primary but also metastatic

melanoma cells (11, 13). Moreover, CSPG4 was also found in a

broad range of other malignancies such as triple-negative breast

cancer, various types of gliomas, head and neck squamous cell

carcinoma, soft-tissue sarcomas, tumor-associated vasculature and

also leukemia (9, 10). This is in line with the reported role of CSPG4

in several cancer-associated pathways, including angiogenesis,

dissemination, metastasis, proliferation and survival (13, 14). It is

important to keep in mind that low levels of CSPG4 were also found

in non-malignant tissue, which might cause severe side effects due

to on-target/off-tumor toxicity (28–30). For this reason, our

approach was focused on combining a low-affinity CSPG4-

targeting CAR, which by itself only showed weak anti-tumor

cytotoxicity, with an anti-CD20 chimeric co-stimulatory co-

receptor (CCR). As hypothesized, CSPG4-expressing tumor cells

were only efficiently lysed when both CCR and CAR engaged their

target antigens simultaneously. Interestingly, boosting of the CAR T

cell response was not only observed upon cis activation (both

targets expressed on same tumor cell) but also in case of trans

activation (targets on two different tumor cells). This is a very

promising finding for clinical application as targeting of CSPG4+

primary and metastatic melanoma cells can be facilitated via trans

stimulation through abundantly available bystanding or even

tumor-infiltrating CD20-expressing B cells (31). Additionally,

boosting through cis activation allows the targeting of tumor-

initiating CD20+ CSPG4+ melanoma cancer stem cells, which is

supported by the clinical success using the anti-CD20 antibody

Rituximab for treatment of melanoma (25, 26, 32–34).

We demonstrated that the co-expression of a CD20-CCR,

encoding two sequential 4-1BB co-stimulatory domains, led to

significantly increased target cell-specific cytotoxicity of the

CSPG4-CAR in vitro and in vivo. Although the superiority of this

CCR was not very pronounced, aiming to ensure survival and

persistency of our gene-engineered T cells, we specifically focused

on a strong 4-1BB signaling which is known – in contrast to CD28

signaling - to specifically upregulate transcription factors associated

with memory differentiation and anti-apoptotic pathways (35). The

melanoma xenograft model with CD20+ Mel526 tumor cells clearly

demonstrated that treatment with CSPG4-CAR T cells led to

continuous tumor outgrowth, while robust tumor regression was

only achieved upon treatment with dual-specific CSPG4-
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CAR_CD20-CCR T cells. This again substantiates the need for

simultaneous target antigen engagement through both CAR and

CCR, which highly increases the safety and tumor cell restriction of

CSPG4-targeted T cell therapy. Aiming for the same goal of reducing

the risk for on-target/off-tumor toxicity, Kloss et al. showed that also

a first-generation CD19-CAR can be functionally rescued through

combination with a PSMA-targeting CCR (36). While validating this

finding for the target antigen CSPG4, we were also able to successfully

extend the understanding by analyzing multiple CCR molecules with

various co-stimulatory domains, the influence of the CCR target

antigen level, and the applicability of this combinatorial approach in

cis and in trans. In this context, the finding that even low frequencies

of CCR antigen-expressing target cells were sufficient to significantly

enhance the cytolytic capacity is of particular importance for

potential clinical applications, where the CCR target might be the

limiting factor. Further studies, though, are required to assess

whether this low CCR-activation threshold – despite the

combination with low-affinity antibody-derived CARs - would then

also increase the risk for on-target/off-tumor toxicity. In-depth

validation is required to assess the extent of bystander lysis of

CD20+ cells. However, since the CD20-targeting CCR by itself was

shown to be non-functional, only minor depletion of non-malignant

bystander B cells is expected, while the side effects should be clinically

tolerable, especially considering the success of leukemia or lymphoma

treatment with CD20- or CD19-targeting CAR T cells (37).

A clinical study using Her2-targeting CAR T cells drastically

demonstrated the necessity to increase safety of CAR T cell

therapies, as already low levels of target antigen expression on

healthy tissue led to on-target/off-tumor toxicity causing lethal

adverse effects (7). Novel technologies such as the adCAR,

UniCAR, or inducible CAR allow for temporal “on-/off-

switching” and a controllable CAR T cell response (28–30).

However, all of those systems require regular re-injection of the

respective stimulus and the clinical long-term efficacy still needs to

be evaluated. Wiesinger et al. used mRNA electroporation in order

to achieve transient expression of the CSPG4-CAR and to minimize

the risk for side effects in the clinical trial (38). Again, this approach

necessitates complete tumor clearance and might have insufficient

long-term effect to prevent recurrence. Another approach for safer

adoptive cell therapy is based on Boolean logic AND gates, in which

an affinity-reduced first-generation CAR containing only the CD3z
activation signal is combined with a CCR providing the co-

stimulatory domain (39). Similar to this, it was also our goal to

achieve a perfectly calibrated and balanced split antigen recognition

in order to only induce full T cell response, when both CAR and

CCR are stimulated simultaneously. However, our CAR is not

necessarily dependent on CCR stimulation and shows

functionality by itself. Despite of the very low potency of our

CAR, this might still represent a safety problem, which needs to

be clinically evaluated. The use of a second-generation CAR with

reduced potency offers the advantage of minimizing the risk of

antigen escape, whereas target cell lysis is only expected in

malignant tissues with sufficient CSPG4 expression levels to

induce CAR-T cell activation.

In regard to clinical applicability, we also demonstrated that T

cells expressing CAR and CCR can be successfully manufactured by
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using only one polycistronic lentiviral vector, even showing slightly

higher anti-tumor activity compared to co-transduction. In order to

apply our approach to other clinically relevant settings, it would also

be interesting to study the functionality of CAR T cells co-

expressing a CCR, targeting the tumor microenvironment.

Especially in the context of solid tumors, various studies

demonstrated the beneficial effect of CARs targeting components

of the TME such as TGF-b (15) or fibroblast activating protein (40–

42). Moreover, the efficacy and functional persistence of CSPG4-

CAR_CD20-CCR T cells could further be amplified through

combination with ICB, especially considering its great clinical

progress in treatment of advanced melanoma (43) and the

encouraging results of combining ICB and adoptive cell therapy

observed in preclinical and clinical studies (44–47).

Finally, our in vitro and in vivo findings confirm that co-

expression of a CD20-directed CCR successfully potentiated the

anti-tumor cytotoxicity of CSPG4-CAR T cells in a CCR- and CAR-

target antigen-dependent manner. In light of the fact that this

boosting effect was achieved upon cis and trans activation, this

approach opens a novel therapeutic window by targeting not only

primary and metastatic tumor cells but also tumor-promoting

melanoma cancer stem cells (25, 26, 32–34, 48). However, this

combinatorial adoptive T cell-based approach might be of

particular relevance in case of advanced late-stage melanomas,

when traditional therapy such as chemotherapy, radiotherapy or

surgical removal are ineffective (17, 23).
Conclusion

We showed that our CD20-targeting CCRs enhance the cytolytic

potential and polyfunctionality of the co-expressed CSGP4-CAR, not

only upon a simultaneous activation but also in a CCR-target

antigen-dependent manner. Depending on target antigen

expression, safety and toxicity might vary for different CCR and

CAR combinations and need to be evaluated individually. However,

our data suggests that especially the combination of CCRs with low-

affinity antibody-derived CARs, which depend on high-level target

antigen expression and consequently spare basal tissues, represents a

promising therapeutic concept for the treatment of a wide range of

solid tumors.
Methods

Unless mentioned to the contrary, kits were used according to

the manufacturer´s protocol.
Generation of engineered cell lines

Mel526 cells (CVCL_8051) were lentivirally transduced to express

a PGK promotor-driven construct encoding FFluc_CD20_eGFP. After

72 hours, CD20+ cells were enriched using anti-CD20 Biotin (Miltenyi

Biotec, #130-113-372) and anti-Biotin-Microbeads (Miltenyi Biotec,

#130-105-637) and LS columns (Miltenyi Biotec, #130-122-729).
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Subsequently, cells were seeded in a limiting dilution for 2 weeks.

Individual clones were analyzed using flow cytometry and frozen.

Mel526FFluc_CD20_eGFP cells are referred to as Mel526CD20.

JeKo-1 CD20 knock-out cells (JeKo-1CD20KO) were generated as

previously described (49). In brief, 1 μg gRNAs targeting 5´-

CACGCAAAGCTTCTTCATGA-3´ (Metabion) were co-

transfected with 1 μg Cas9 (Integrated DNA Technologies,

Coralville, USA) encoding plasmid using Nucleofector 2b Device

and the Cell line Nucleofector Kit V VCA-1003 (Lonza Group,

Basel, Switzerland). After seven days, CD20+ cells were depleted

using LD columns (Miltenyi Biotec, #130-042-901) and anti-CD20

Biotin (Miltenyi Biotec, #130-113-372) and anti-Biotin-Microbeads

(Miltenyi Biotec, #130-105-637). Hereafter, 0.3 cells/well were

seeded in a 96-well culture plate (Corning, #3598) and a single

cell expansion was performed for two weeks. JeKo-1CD20KO cells

were analyzed by flow cytometry and frozen.
Cloning and generation of engineered
CSPG4-CAR, CD20-CCR and CSPG4-
CAR_CD20-CCR CAR T cells

The CSPG4-specific second-generation CAR sequence encodes

a 225.28s-derived scFv linked to an IgG4 Hinge_CH2_CH3 spacer,

a 4-1BB co-stimulatory, CD3z signaling domain and a P2A-

connected DLNGFR. The CD20-directed CCR library contained a

Leu-16-derived scFv, a spacer domain, different combinations of 4-

1BB and CD28 as co-stimulatory domains and P2A-linked DEGFR.
In the PGK-promotor-driven construct encoding CCR as well as

CAR, the CCR-(4-1BB_4-1BB) was P2A element-linked to the

CSPG4-CAR followed by a T2A element-linked DLNGFR.
T cells were isolated from healthy donor-derived Buffy coats

using the PAN T cell isolation Kit (Miltenyi Biotec, #130-096-535).

T cells were activated using T Cell TransAct™, human (Miltenyi

Biotec, #130-111-160). After 24 hours, T cells were transduced with

lentiviral particles and cultured in TexMACS (Miltenyi Biotec,

#130-097-196), supplemented with 12.5 ng/ml human IL-7

(Miltenyi Biotec, #130-095-367) and human IL-15 (Miltenyi

Biotec, #130-095-760), respectively. CAR and/or CCR (co-)

expressing T cells were enriched after 7 days via their co-

expressed marker genes DLNGFR and DEGFR using either anti-

DLNGFR-Biotin (Miltenyi Biotec, #130-112-797) anti-Biotin

MultiSort-MB Kit (Miltenyi Biotec, #130-091-256) or anti-

DEGFR-PE (Miltenyi Biotec, #130-115-505) and anti-PE-MB

(Miltenyi Biotec, #130-105-639), respectively.
Functionality testing of engineered T cells

Cytolytic activity was assessed by co-culturing either

untransduced or modified effector cells with 1 × 104 GFP+ target

cells. Trans stimulation was facilitated through co-culture with a

mixture of Mel526WT and either CD20+ JeKo-1WT or CD20- JeKo-

1CD20KO cells. Cis stimulation was achieved through co-culture with

CD20-transduced Mel526CD20 target cells. Effector-to-target ratios

and time of co-culture are indicated in the figure legends. All
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experiments were performed using technical duplicates. Specific

killing was calculated based on the number of residual target cells

measured by flow cytometry using MACSQuant Analyzer 10

(Miltenyi Biotec, Bergisch Gladbach, Germany) or using the

IncuCyte S3 Live-Cell Analysis Systems (Essen BioScience,

Michigan, USA), determining the integrated intensity of GFP+

target cells in GCU x μm/well. Cytokine concentrations were

determined in supernatant after 24 hours of co-culture using the

human MACSPlex Cytokine 12 Kit (Miltenyi Biotec, #130-099-169).

All experiments performed on animals follow institutional

guidelines and regulations. 6- to 8-week-old female NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ NSG mice were purchased from

Charles River and kept under specific pathogen-free conditions.

Mice were kept at 12:12 light/dark cycles with unrestricted food and

water supply. 4 × 106Mel526CD20 cells were injected subcutaneously

in the flanks. When a tumor size of 0.5 cm² was reached, mice were

randomized into treatment groups, each containing 5 mice. 1 × 106

effector cells were infused intravenously (i.v.). Tumor burden was

monitored twice a week using an in vivo Imaging System IVIS

Lumina III (Perkin Elmer, Waltham, USA) after intraperitoneal D-

Luciferin (Gold Biotechnology, #LUCK-1G) injection.
Statistical analysis

Statistical significance was determined using GraphPad Prism

version 8.1.2. The used test is described in the figure legends. The r-
values are indicated by following criteria: ns, not significant; *r ≤

0.05, **r ≤ 0.01, ***r ≤ 0.001, ****r ≤ 0.0001).
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SUPPLEMENTARY FIGURE 1

Co-expression of CSPG4-CAR and CD20-CCRs, containing various co-
stimulatory domains, significantly increases cytokine release upon trans

activation. (A) T cells were lentivirally transduced with a CSPG4-CAR,
CD20-CCRs (different variants with alternative endodomains displayed in

parenthesis) or a combination of both CSPG4-CAR and CD20-CCR (blue

bars). The level of (co-)expression is shown pre- and post-enrichment. CAR
and CCR expression was determined via co-expression of surface markers

DLNGFR and DEGFR, respectively. Exemplarily shown are mean and individual
values of two different donors (± SD). (B, C) Dual-specific T cells co-

expressing CSPG4-CAR and CD20-CCR and T cells only expressing CD20-
CCR were co-cultured with CSPG4+ Mel526 with our without CD20+ JeKo-

1wt cells. Displayed is the IFN-g secretion after 24 hours of co-culture.
Significance was determined using ordinary one-way ANOVA (ns, not

significant; *r ≤ 0.05, **r ≤ 0.01, ***r ≤ 0.001, ****r ≤ 0.0001). Shown are

mean and individual values of two different donors (± SD). (D, E) Dual-specific
T cells co-expressing CSPG4-CAR and CD20-CCR and T cells only

expressing CD20-CCR or CSPG4-CAR were co-cultured with CSPG4+
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Mel526 with our without CD20+ JeKo-1wt cells. Displayed is the TNF-a
secretion after 24 hours of co-culture. Box and whiskers plots display

values of two different donors. (F) CSPG4-CAR T cells, either co-expressing

4-1BB_4-1BB-co-stimulated CCR (green bars) or CD28_4-1BB-co-
stimulated CCR (blue bars), were co-cultured with CSPG4+ Mel526 and

CD20+ JeKo-1WT (trans) or CD20+ CSPG4+ Mel526CD20 (cis). Shown are
mean and individual values of two different donors (± SD).

SUPPLEMENTARY FIGURE 2

Proliferative capacity and cytotoxicity of CSPG4-CAR_CD20-CCR T cells

upon co-culture with CSPG low-expressing target cells. (A) CSPG4 MFI of
SupT1 (negative control), A-431 (CSPG4low) and Mel526WT (CSPG4high) cells.

(B) Proliferation of CSPG4-CAR_CD20-CCR T cells upon 5 days of co-culture
Frontiers in Immunology 10183
with CSPG4low A-431 or CSPG4high Mel526 target cells, both with or without
CCR-stimulating CD20+ JeKo-1 cells at an E:T ratio of 1:1. Shown are mean

values of two donors (± SD), normalized to proliferation of non-stimulated

effector cells. (C) CSPG4-CAR_CD20-CCR T cells co-cultured with either A-
431 (CSPG4low) or Mel526 (CSPG4high) cells (in presence of CD20+ JeKo-1

cells). Shown are mean values of two donors (± SD) and x-fold change of
target cell lysis after 24 hours normalized to start of co-culture.

SUPPLEMENTARY FIGURE 3

Mel526WT target cell lysis upon co-culture with CSPG4-CAR_CD20-CCR T

cells in presence of JeKo-1WT or JeKo-1CD20 cells at an E:T ratio of 5:1. Data
shows mean values of two donors. Integrated intensity of GFP+ Mel526WT

target cells was determined over the course of 64 hours of co-culture.
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Construction of an acute
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efferocytosis-related genes

Ying Wang1†, Ting Bin1†, Jing Tang1†, Xiao-Jun Xu1, Chao Lin2*,
Bo Lu1* and Tian-Tian Sun1*

1Department of Haematology. The Seventh Affiliated Hospital, Sun Yat-Sen University,
Shenzhen, China, 2Pediatric Hematology Laboratory, Division of Hematology/Oncology, Department
of Pediatrics. The Seventh Affiliated Hospital, Sun Yat-Sen University, Shenzhen, China
Background: One of the most prevalent hematological system cancers is acute

myeloid leukemia (AML). Efferocytosis-related genes (ERGs) and N6-

methyladenosine (m6A) have an important significance in the progression of

cancer, and the metastasis of tumors.

Methods: The AML-related data were collected from The Cancer Genome Atlas

(TCGA; TCGA-AML) database and Gene Expression Omnibus (GEO; GSE9476,

GSE71014, and GSE13159) database. The “limma” R package and Venn diagram

were adopted to identify differentially expressed ERGs (DE-ERGs). The m6A

related-DE-ERGs were obtained by Spearman analysis. Subsequently, univariate

Cox and Least Absolute Shrinkage and Selection Operator (LASSO) were used to

construct an m6A related-ERGs risk signature for AML patients. The possibility of

immunotherapy for AML was explored. The pRRophetic package was adopted to

calculate the IC50 of drugs for the treatment of AML. Finally, the expression of

characterized genes was validated by quantitative reverse transcription-PCR

(qRT-PCR).

Results: Based on m6A related-DE-ERGs, a prognostic model with four

characteristic genes (UCP2, DOCK1, SLC14A1, and SLC25A1) was constructed.

The risk score of model was significantly associated with the immune

microenvironment of AML, with four immune cell types, 14 immune

checkpoints, 20 HLA family genes and, immunophenoscore (IPS) all showing

differences between the high- and low-risk groups. A total of 56 drugs were

predicted to differ between the two groups, of which Erlotinib, Dasatinib, BI.2536,

and bortezomib have been reported to be associated with AML treatment. The

qRT-PCR results showed that the expression trends of DOCK1, SLC14A1 and

SLC25A1 were consistent with the bioinformatics analysis.

Conclusion: In summary, 4 m6A related- ERGs were identified and the

corresponding prognostic model was constructed for AML patients. This

prognostic model effectively stratified the risk of AML patients.

KEYWORDS
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bioinformatics, drug prediction
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1 Introduction

Acute myeloid leukemia (AML) refers to a kind of malignant

disease originated from haemopoietic stem cells and features clonal

expansion of blasts of myeloid lineage under abnormal

differentiation. Upon the proliferation of immature myeloid cells,

immature progenitors (blasts) are accumulated and normal

hemopoiesis is impaired, resulting in the occurrence of serious

infection, anemia and hemorrhage (1). AML accounts for 1.3% of

newly diagnosed cancer cases in the U.S (2). The rising AML

incidences are partially a result of rising prevalence of AML

related to therapy, because the primary malignancy of increasing

numbers of cancer patients who received cytotoxic chemotherapy

have been cured (3). AML is one of the most fatal type of

hematologic malignancy, with the 5-year survival rate < 30%.

Hence, new prognostic biomarkers shall be urgently identified for

well monitoring patient outcomes as well as more deeply explaining

the AML pathogenesis.

Recent researchers have ident ified revers ible N6-

methyladenosine (m6A) RNA methylation regulators as a new way

to achieve the post-transcriptional regulation (4). Geneticists

confirmed that m6A was methylated in eukaryotic messenger RNA

(mRNA). RNAmethylation modification takes up over 60% of all the

RNA modifications, of which the representative type on higher

biological mRNAs is the m6A RNA methylation (5). When m6A

regulators are dysregulated, the cell reproductive capacity weakens,

and the self-renewal capacity losses, together with developmental

defects and apoptosis (6). m6A RNA methylation regulators play

roles in the cancer occurrence and development, involving liver

cancer (7, 8), glioblastoma (9), osteosarcoma (10), and colorectal

cancer (11).

Macrophages critically impact the remodeling of tissues in

normal physiology and the way inflammation and tissue injury

are resolved (12). The key step in the resolution process lies in the

elimination of apoptotic cells (ACs) (13). The elimination of

apoptotic cells by professional and non-professional phagocytes, a

process that is essential for maintaining tissue homeostasis called

“efferocytosis” (13, 14). Such process has been informed in recent

studies, together with the roles it plays in maintaining tissue

homeostasis and repair as well as the organism health. Our study

stresses on the mechanisms regarding efferocytosis (dying cell

recognition, phagocytic engulfment and homeostatic resolution),

as well as explains the resulting pathological and physiological

consequences upon the abrogation of the efferocytosis process

(13). As we all know, m6A regulates gene expression and thus

cellular processes such as cellular self-renewal, differentiation,

invasion, and apoptosis (15). For example, Mettl14-mediated

m6A modification could induce apoptosis of spinal cord neurons

in spinal cord injury by promoting miRNA translation (16).

Apoptosis and its subsequent clearance by efferocytosis occur in

virtually all tissues during development, homeostasis, and disease.

However, the prognostic value of m6A-related efferocytosis related-

genes (ERGs) in AML has not been systematically investigated.

AML is an aggressive blood cancer among adults, and the

existing techniques fail to obviously improve most patients’
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survival rate. In the situation, it is necessary to find potential

markers for enhancing AML patients’ diagnosis, treatment and

prognosis. According to previous studies, we inferred m6A RNA

methylation regulators and efferocytosis were inextricably linked to

the onset and progression of AML. Our study adopts AML-related

data from public database and the comprehensive biological

informatics approach for mining the m6A-related ERGs in AML.

The prognostic model related to m6A and ERGs was constructed to

predict the prognosis of the AML patients. In addition, the

exploration of potential molecular mechanisms and therapeutic

approaches will contribute to the treatment and prognosis of AML.
2 Materials and methods

2.1 Acquirement of the data of the
AML patients

Bone marrow samples of 132 TCGA-AML (Illumina platform)

patients were downloaded from the Cancer Genome Atlas (TCGA)

(https://portal.gdc.cancer.gov/), and these AML patients with complete

clinical information and survival data were used as the training set for

the follow-up analysis. Three independent cohorts (GSE9476,

GSE71014, and GSE13159) were acquired from the Gene Expression

Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). The

GSE71014 dataset (Illumina HumanHT-12 V4.0 expression beadchip)

containing the RNA-seq and survival data of 104 AML patients was

used as the validation set. The GSE9476 dataset (Affymetrix Human

Genome U133A Array) contains 10 normal samples and 7 AML bone

marrow samples for differential expression analysis. Peripheral blood

samples from the GSE13159 dataset (Affymetrix Human Genome

U133 Plus 2.0 Array) were excluded, and 73 normal samples and 501

AML bone marrow samples were obtained for expression validation of

characteristic genes. Based on the previous paper, 74 efferocytosis-

related genes (ERGs) were acquired (17, 18).
2.2 Identification of m6A -related
differentially expressed ERGs

The data annotations in the GSE9476 dataset were performed

based on the Symbol conversions corresponding to the chips in the

GPL96 file. The raw count is converted to FPKM mainly by the

following formula:

FPKM = ExonMappedFragments ∗ 109=TotalMappedFragments ∗ ExonLength

CEL files were generated usingMAS 5.0 software (Affymetrix) with

target signals for probe sets scaled to 500. Log2 expression values for

individual probe sets were generated from. CEL files via robust multi-

array average (gcRMA). The “limma” package, a package for analyzing

gene expression data generated by microarray or RNA-seq technology

(19), was used to obtain the DEGs in the GSE9476 dataset. The

screening criteria was: p value < 0.05 and |log2FoldChange| > 0.5 (20,

21). The “VennDiagram” package (22) was applied to visualize the

differentially expressed ERGs (DE-ERGs). Spearman andWilcoxon.test
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were applied to screen for m6A-related DE-ERGs (|cor| > 0.3 and p <

0.05). Prediction of miRNAs form6A-related DE-ERGs was performed

using TargetScan, miRTarBase, and starBase databases. Based on

lncbase, starbase, and miRNet database, lncRNAs were subsequently

predicted based on miRNAs common to the three databases.

Cytoscape software was adopted to visualize the lncRNA-miRNA-

mRNA network.
2.3 Acquirement of m6A-related DE-ERGs-
related subtypes in the training set

Consensus Clustering, an unsupervised clustering method, can

divide samples into subtypes based on different datasets, resulting

the discovery of new disease subtypes. The R package

“ConsensusClusterPlus” (23) was utilized to identify the subtypes

based on the expression of m6A -related DE-ERGs. Additionally,

the overall survival (OS) among different subtypes was explored by

the “Survival” package (24). Enrichment pathways for inter-subtype

differences were assessed using Gene Set Variation Analysis

(GSVA) (25). The Cell-type identification by estimating relative

subsets of RNA transcripts (CIBERSORT) algorithm (26) was

utilized to analyze the abundance of immune cell infiltration for

all samples between the subtypes. To examine the variations in

immune cells between two subtypes, the Wilcoxon test was used.
2.4 Constructing a new AML prognostic
risk model based on m6A -related DE-
ERGs

The data of TCGA-AML were transformed based on the hg38

human reference genome. After transforming the data in the form

of count into the form of FPKM, the FPKM was then log2(fpkm+1)

computed to get the final FPKM value, which was our

normalization method. By using univariate Cox analysis of m6A

-related DE-ERGs in the TCGA-AML dataset, the prognosis-related

genes were acquired (P < 0.05). Subsequently, the most predictive

characteristic genes were identified by the least absolute shrinkage

and selection operator (LASSO) (27). Subsequently, the risk score of

each AML patient was calculated based on the formula:

Riskscore =on
1coef (genei)*expr(genei)

Based on the median risk score, the AML patients were divided

into two groups. The difference in OS between the two groups was

then displayed using Kaplan-Meier (KM) curves. The “survROC”

(28) was applied to display the receiver operating characteristic

(ROC) curves to perform an assessment of the prognostic capability

of the prognostic risk model. At last, the stability of this prognostic

risk model was investigated in the external GSE71014 dataset.

Meanwhile, the wilcoxon test was applied to evaluate the

expression of characteristic genes in the training and validation sets.
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2.5 Assessment of prognostic risk model

In order to explore the differences in biological functions

between high- and low-risk groups, we performed Gene Set

Variation Analysis (GSVA). The “GSVA” package (25) was used

to calculated the score of the pathways in samples, and “limma”

package (19) was used to implement the differential analysis of

pathways (|t value| > 2). Since somatic mutations play a critical role

in tumor development, we investigated the tumor body mutations

of samples in the two groups by “maftools” package (29), and

showed the top20 mutated genes, respectively. Clinicopathological

characteristics of TCGA-AML included cytogenetic risk, age, M

subtype, bone marrow (BM) blasts (%), invasiveness, and Platelets

(x10^9/L). To determine if clinicopathological characteristics and

risk scores were independent predictive factors for AML patients,

univariate and multifactorial Cox analyses were performed. The

“rms” (30) was adopted to construct the nomogram to predict

survival probability based on independent prognostic criteria. The

calibration curve was adopted to validate whether the nomogram

has good predictive power.
2.6 Relationship between AML patients’ risk
scores and tumor microenvironment

The “estimate” package (31) was adopted to compare the

stroma, immune, estimate score, and tumor purity between the

high/low-risk groups. Spearman’s rank correlation was used to

analyze the correlation between TME and risk score. The

CIBERSORT (32) was utilized to analyze the abundance of

immune cell infiltration for all samples in the TCGA-AML

dataset. To examine the variations in immune cells between the

two groups of AML, the Wilcoxon test was used. Subsequently, 48

immune checkpoint and HLA family genes were analyzed for

differences in expression between the two groups. The Cancer

Immunome Atlas framework (https://www.tcia.at/home) was

adopted to calculate immunophenoscore (IPS) of each TCGA-

AML patient sample. IPS predicts patient response to

immunotherapy, with higher scores associated with greater

immunogenicity (33). Calculation of mRNA expression-based

stemness index (mRNAsi) scores of TCGA-AML patients was

performed by “glmnet” package (34), and then the correlation

between mRNAsi scores and risk scores was analyzed

by Spearman.
2.7 Prediction of chemotherapy drug

Using the “pRRophetic”, the chemotherapy medicines for AML

were predicted based on GDSC (https://www.cancerrxgene.org/)

(35). To compare the two groups’ differences in drug sensitivity, we

adopted the Wilcoxon.test.
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2.8 Validation of expression of
characterized genes

The AML and normal samples were collected form Seventh

Affiliated Hospital, Sun Yat-Sen University according to the

following inclusion criteria: (1) aged 18-60 years; (2) bone marrow;

(3) initial diagnosed AMI patients and healthy donor. The exclusion

criteria of AMI samples were M3 and therapeutic interventions (such

as chemotherapeutic agents), and bone marrow stimulated by

granulocyte colony-stimulating factor. The clinical information of

AML and normal samples in qRT-PCR (Supplementary Table 1).

This study was approved by Sanming Project of Medicine in

Shenzhen (No.SZSM201911004), Ethics Committee of Seventh

Affiliated Hospital, Sun Yat-Sen University. The expression of

characterized genes was verified using quantitative reverse

transcription-polymerase chain reaction (qRT-PCR). Total RNA

was extracted from bone marrow samples (6 AML samples and 5

normal samples) with TRIzol method. The reverse transcription

reactions were performed using SureScript-First-strand-cDNA-

synthesis-kit (Servicebio, China), and then used to perform qRT-

PCR with Universal Blue SYBR Green qPCR Master Mix. The

qRT-PCR thermocycling protocol was as follows: initial

denaturation at 95°C for 60 s, denaturation at 95°C for 20 s,

annealing at 55°C for 20 s, extension 72°C for 30s, and

amplification for 40 cycles. GAPDH was used as the housekeeping

gene. The primer sequences were shown in Table 1. The 2-△△CT

method was applied to calculate the expression level of genes and

normalized to GAPDH.
3 Result

3.1 The m6A-related DE-ERGs for AML

There were 2482 DEGs (up=1192 and down=1290) (Figures 1A,

B) and a total of 14 ERGs were differentially expressed in the

GSE9476 dataset (Figure 1C). And then 14 m6A related-DE-ERGs

were obtained by Spearman’s correlation analysis (Figure 1D). A
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total of 27 predicted miRNAs based on 14 m6A-associated DE-

ERGs were common across the 3 databases (Supplementary

Table 2). Subsequently, based on shared miRNAs, 7 of the

predicted lncRNAs were common across the 3 databases

(Supplementary Table 3). Finally, 7 m6A-DE-ERGs, 27 miRNAs,

and 7 lncRNAs of the lncRNA-miRNA-mRNA network were

constructed (Figure 1E). It was known from the network that

DLEU1 could only affect HIF1A by regulating hsa-miR-381-3p,

while HIF1A could be affected by multiple miRNAs.
3.2 The m6A-related ERGs related-
subtypes for AML

Based on the expression of 14 m6A related-DE-ERGs, 132 AML

patients were classified into two subtypes (Figures 2A–C). The

cluster1 had a worse prognosis than cluster2 (p < 0.05) (Figure 2D).

Figure 2E showed that ERGs associated with m6A may be regulated

through various amino acid metabolic pathways and some down-

regulated pathways (chemokine signaling pathway, B-cell receptor

signaling pathway, and Fc gamma R-mediated phagocytosis). 22

immune cells were present in some abundance between the two

subtypes (Figure 2F). Figure 2G revealed that 14 immune cell types

were differentially expressed between the two subtypes, of which the

proportion of naive B cells, eosinophils, resting mast cells, resting

NK cells, plasma cells, resting CD4 memory T cells, and CD8 T cells

was significantly higher in cluster 2 than cluster 1. Moreover, the

proportion of monocytes was notably higher in the cluster 1. In

summary, we speculated that the activity in terms of immune

response, immune surveillance, and cellular immunity was

stronger in cluster 2, whereas the increase in the proportion of

monocytes may imply that the effects of immunomodulation are

stronger in cluster 1.
3.3 The m6A-related ERGs prognostic risk
model for AML

According to m6A related-DE-ERGs, four genes with p < 0.05

were screened in the training set (Figure 3A). After that, LASSO

regression analysis was carried out to obtain four characteristic

genes (UCP2, DOCK1, SLC14A1, and SLC25A1) (Figures 3B, C).

Risk score = 0.5890×UCP2 + 0.2590×DOCK1 -0.2193×

SLC14A1 + 0.2553×SLC25A1. Based on median risk score =

4.864, patients were classified into two groups (Figure 3D).

Patients with low-risk scores had significantly higher OS than

those with high-risk scores (Figure 3E). The ROC curve for OS

was computed to further evaluate the validity of the risk signature,

and the AUC values at 1, 3, and 5 years were larger than 0.70,

demonstrating improved efficacy of the prognostic risk model

(Figure 3F). The prognostic risk model still had strong predictive

power in the GSE71014 datasets (Figures 3D–F). The expression

trends of DOCK1 and SLC25A1 were increased in AML, while the

opposite was true for SLC14A1 and UCP2 in the GSE9476 and

GSE13159 datasets (Supplementary Figure S1).
TABLE 1 The primer sequences of characteristic genes.

Primers Sequence

DOCK1 F GTTTGCTGCAACCCCTTCTCT

DOCK1 R GACCAGCGAACCAGGTAGT

SLC14A1 F TGGCTGTTACTCCCTGTATGTGC

SLC14A1 R ATGGATTGTAATGTCCTGTGGC

SLC25A1 F CCGTCAGGTTTGGAATGTTCG

SLC25A1 R TAACCCCGTGGAAGAATCCTC

UCP2 F GGAGGTGGTCGGAGATACCAA

UCP2 R ACAATGGCATTACGAGCAACAT

GAPDH F CGAAGGTGGAGTCAACGGATTT

GAPDH R ATGGGTGGAATCATATTGGAAC
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3.4 The biological and mutational changes
in AML

A total of 4083 GO entries and 117 pathways now differ between

the high/low-risk groups (|t|>2). Figure 4A displayed the top10 up-

regulated and top4 down-regulated KEGG pathways that were

significantly different between high- and low-risk groups, e.g.,

biosynthesis of unsaturated fatty acids, antigen processing and

presentation, and pantothenate and CoA biosynthesis. Moreover,

the top10 up- and down-regulated GO terms (including biological

progress (BP), cellular component (CC), and molecular function

(MF)) that were notably different between two risk groups were

shown in Figures 4B–D. Interestingly, some immune-related

biological functions, such as T cell extravasation, MHC protein

complex, T cell receptor binding, and MHC class I protein binding,
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were significantly up-regulated in GO terms that differed significantly

between high- and low-risk groups. Figures 4E, F showed the top20

mutated genes in the high- and low-risk groups, of which ASXL1,

NPM1, and TP53 were mutated between both groups.

3.5 The independent predictors and
nomogram in AML

Clinicopathological variables and risk scores from 132 patients

were combined to perform univariate and multivariate Cox analyses

(Figures 5A, B). The risk scores and Cytogenetic risk was the

prognostic factor for AML patients. Construction of a nomogram

model on the basis of independent prognostic factors (Figure 5C), it

was found that the survival rate decreases as the overall score

increases. The slope of the calibration curve of the model is close to
B

C D

E

A

FIGURE 1

Differential expression analysis. (A, B) The volcano map (A) and heat map (B) of up- and down-regulated DEGs. (C) The Venn diagram of 14 DE-ERGs
obtained by overlapping ERGs and DEGs. (D) The relevance of DE-ERGs and m6A-related genes. Genes in red text are DE-ERGs and genes in blue
text are m6A regulators. The color and size of the circles indicate the direction and size of the correlation. *p<0.05; ** p<0.01; ***p<0.001. (E) The
network constructed based on m6A-DE-ERGs, miRNAs, and lncRNAs. Red represents m6A-DE-ERGs, green represents miRNAs, and blue represents
lncRNAs. DEGs, differentially expressed genes; AML, acute myeloid leukemia; ERGs, efferocytosis-related genes; DE-ERGs, differentially expressed
ERGs; miRNA, microRNA; lncRNA, long non-coding RNA.
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1, indicating that the predictions of the model are true and

reliable (Figure 5D).
3.6 The differences of immune
microenvironment and immunotherapy
between two risk groups

The ImmuneScore, StromalScore, and Estimate score of

samples in the high-risk group were significantly higher than in

the low-risk group (p < 0.05) (Figure 6A). Figure 6B revealed that

ImmuneScore, StromalScore, and EstimateScore were positively
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associated with risk score. The proportion of 22 immune cell

types was present in some abundance (Figure 6C) and 4 immune

cell types (activated dendritic cells, monocytes, resting CD4

memory T cells, and gamma delta T cells) were significantly

different between the two groups (Figure 6D). In addition, 14

immune checkpoints, 20 HLA family genes were significantly

differentially expressed between the high/low-risk groups, and

most factors were upregulated in the high-risk group (Figures 6E,

F), and there was a negative correlation between risk score and

mRNAsi score (R=-0.2 and p<0.05) (Figure 6G). Moreover, the IPS

score was notably different between high- and low-risk groups, and

the low-risk group was accompanied by higher score (Figure 6H).
B C

D E

F G

A

FIGURE 2

Results of consensus clustering of 132 AML patients. (A) Consensus clustering CDF for k = 2 to k = 5. (B) The corresponding relative change in area
under the CDF curves when cluster number changed from k to k + 1. (C) Consensus clustering matrix of 132 AMI samples for k = 2. (D) The survival
difference between cluster1 and cluster2, which are shown below the survival graph, are the number of samples corresponding to that survival time.
(E) The top10 up- and down-regulated pathways enriched in two sub-types. (F) The heat map of 22 immune cells in cluster1 and cluster2.
(G) Discrepancies of the proportion of immune cells in two sub-types. CDF, cumulative distribution function; GSVA, Gene Set Variation Analysis. ns,
not significant; *p<0.05; ** p<0.01; ***p<0.001; ****p<0.0001.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1268090
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.1268090
This showed that the prognostic risk model was linked to the

immune microenvironment of AML, which provides some

theoretical basis for immunotherapy of AML.
3.7 The differences of drug sensitivity
between two risk groups

IC50 was calculated for each AML patient in the two groups,

yielding a total of 56 drugs with significantly different IC50s

(Supplementary Table 4). Figure 7 displayed box plots of the IC50

values for the top 10 significantly different treatment-sensitive drugs.

The findings demonstrated that the low-risk group’s IC50 was much

higher than the high-risk groups. Among them, Erlotinib, Dasatinib,

BI.2536, and Bortezomib have been reported to be associated with the

treatment of AML. Therefore, we believed that risk scores could be

used to predict sensitivity to the above drugs for AML patients, where
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drug inhibitors might be more effective against organisms or cell lines

in samples from high-risk group.
3.8 The expression of m6A-related ERGs
by qRT-PCR

The qRT-PCR analysis was performed to further verify

characterized genes in AML and normal samples (Table 2;

Figures 8A–D). The expression level of DOCK1 and SLC25A1

was higher in AML samples than in normal samples (Figures 8A,

C). UCP2 mRNA expression was increased in AML patient

samples as compare to healthy control samples, however the

difference was not statistically significant (Figure 8D). The

expression of SLC14A1 was higher in normal samples than in

AML samples (Figure 8B).
B C

D E F

A

FIGURE 3

Construction and validation of the prognostic risk model. (A) Univariate Cox analysis of four genes. (B, C) The error plots for 10-fold cross-validation
(B) and the plot of gene coefficients (C) in least absolute shrinkage and selection operator (LASSO) analysis. Each line (C) represents a gene. (D) The risk
curve of prognostic risk model in the training set and GSE71014 dataset. (E) The Kaplan-Meier curves of high- and low-risk groups in two datasets.
(F) The ROC curves of 1/3/5-year in the training set and GSE71014 dataset. ROC, receiver operating characteristic; AUC, area under the curve.
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4 Discussion

The m6A methyltransferase METTL3 can impact the way AML

is initiated and maintained. STM2457 is a high-efficiency selective

first-in-class catalytic inhibitor specific to METTL3, and using it for

tumor treatment can weaken the AML growth, and enhance the cell

differentiation and apoptosis (36). In the study by Joselyn Cruz

Cruz et al. (37), MerTK inhibition by small molecule tyrosine

kinase, MRX2843, could change the leukemia microenvironment

from tumor-permissive toward immune responsiveness to

leukemia, as well as enhance the AML clearance mediated by

immune. And the MerTK (or other vesicular cell receptors) on

macrophages play an important role in mediating efferocytosis.

m6A and genes related to efferocytosis can mediate the immune

system, thereby affecting the AML development. Nevertheless,
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seldom studies have reported their joint roles. On that account,

our study investigates m6A-related ERGs, aiming at contributing to

new prognostic models and treatment strategies for AML patients.

In this study, we identified 7 m6A-DE-ERGs (CXCR4, PPARG,

SGK1, WNK1, DNM1L, ADAM17, HIF1A), 27 miRNAs, and 7

lncRNAs, which were used to construct the lncRNA-miRNA-

mRNA network. Some studies have reported the close association

between SGK1, CXCR 4, PPARG, and ADAM17 and HIF1A and

AML (38–42). DLEU1 can only exert impact on HIF1A through

regulating hsa-miR-381-3p, while HIF1A can be impacted by

various miRNAs. According to Abdul-Aziz AM et al. (42),

PARP14 regulated the expression of HIF1A, thereby enhancing

AML cell growth and glycolysis. On that account, applying miRNAs

and 7 lncRNAs to regulate m6A-related DE-ERGs can impact the

AML development.
B
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FIGURE 4

Functional enrichment analysis and somatic mutation analysis. (A) The KEGG pathways enriched in high- and low-risk groups. (B–D) The GO terms
enriched in two risk groups. B: BP; C: CC; D: MF. (E) Top 20 genes with the highest mutation frequency in the high-risk group. (F) Top 20 genes
with the highest mutation frequency in the low-risk group. GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological
progress; CC, cellular component; MF, molecular function.
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Amino acids not only constitute proteins, but also serve as the

intermediate metabolites for various biosynthetic pathways. The

study by Yoko Tabe et al. (43) summed up the amino acid

metabolism occurring in hematologic malignancy, and assisted in

reclassifying amino acid-depleting enzymes into targeted

therapeutic agents. In our study, amino acid metabolic pathways

significantly impact AML development. According to Courtney L

Jones et al. (44), the leukemia stem cell (LSC) population presented

elevated amino acid uptake, steady-state levels, and catabolism, and

drugs targeting LSC metabolic vulnerabilities could serve for

eradicating LSCs in clinical practice. Hence, m6A-related DE-

ERGs may regulate the AML occurrence and development

through various amino acid metabolic pathways. Our study also

reveals the close association between chemokine signaling pathway

and AML. Chemokine refers to a family of small cytokines with

chemotactic properties, consisted by 8-10 kilodaltons. Chemokine

can traffic and regulate the proliferative, migratory, differentiative

and homing activities of immune cells. The CXCR4 chemokine
Frontiers in Immunology 09193
receptor can enhance the survival rate of various cell types.

According to the study of Kimberly N Kremer et al. (45), CXCR4

chemokine receptor signaling regulated many of the Bcl-2 family

members (Bcl-XL, Noxa, and Bak), thereby inducing AML cell

apoptosis. Taken together, m6A-related DE-ERGs may be involved

in AML progres s ion by downregu la t ing chemokine

signaling pathway.

In the 14 m6A-related ERGs related-subtypes analysis, different

subpopulations present obviously different monocytes, plasma cells

and naive B cells, with more infiltrated in the worse prognosis

cluster1. Clinical experiments in the study confirmed the significant

role of monocytes, plasma cells and naive B cells in the AML

pathogenesis, and its close association with myeloid tumor cell

progression. Monocyte is the innate immune cell in the

mononuclear phagocyte system and can remarkably regulate

tumor development and progression. Plasma cell that secretes

antibody serves as the core pillar of the humoral immunity,

generated during the basic cellular restructuration from the naive
B

C D

A

FIGURE 5

Independent prognostic analysis. (A, B) The independent prognostic predictors obtained by univariate (A) and multivariate (B) Cox analyses. (C) The
nomogram of risk score and cytogenetic risk. (D) The calibration curve of the nomogram.
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B cells-antigen contact. When naive B cells are differentiated into

extrafollicular B cells, antibody-secreting cells with weaker affinity

and short life can be generated. Claire E Olingy et al. (46) made a

comprehensive explanation of the monocyte heterogeneity in the

homeostasis process, highlighted the role played by monocyte in the

cancer development, as well as gave effective monocyte-targeted

cancer treatment strategies. In the study by Maartje C A Wouters

et al. (47), substantial evidences, by virtue of a comprehensive

PubMed search, had proved that plasma cells positively impact the

antitumor immunity, and it is suggested to enhance these responses

in designing cancer immunotherapies. Helmink BA et al. (48) used
Frontiers in Immunology 10194
mass cytometry for interrogating various surface proteins, finding

the existence of naive B cells, memory B cells, activated memory B

cells, and plasmablasts. Therefore, we speculated that different

subtypes suggested the possible mediating roles played by

monocytes, plasma cells and naive B cells in the prognosis of

patients with different AML subtypes.

Our study constructed the prognosis model and the prognostic

genes of UCP 2, DOCK 1, SLC14A1, and SLC25A1. Uncoupling

protein 2 (UCP2), and mitochondrial uncoupling proteins belong

to the family of mitochondrial anion carrier proteins (MACP).

AML patients showed elevated UCP2 expression. Dongxu Gang
B
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FIGURE 6

Immune infiltration and immune correlation analyses. (A) The discrepancies of immune score, stromal score, and estimate score between high- and
low-risk groups. *p<0.05; ** p<0.01; ***p<0.001; ****p<0.0001. (B) The relevance of risk score to immune score, stromal score, and estimate score.
(C) The heat map of abundance of 22 immune cells in two risk groups. (D) The discrepancies of immune cells between two risk groups. ns, not
significant; *p<0.05; ** p<0.01. (E, F) The discrepancies of immune checkpoints (E) and HLA family genes (F) between high- and low-risk groups. ns,
not significant; *p<0.05; ** p<0.01; ***p<0.001; ****p<0.0001. (G) The relevance of risk score and mRNAsi score. (H) Discrepancies of IPS between
high- and low-risk groups. HLA, human leukocyte antigen; mRNAsi, stemness index based on mRNA expression; IPS, immunophenoscores. ns, not
significant; *p<0.05; ** p<0.01; ***p<0.001; ****p<0.0001.
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et al. (49) found that UCP2 inhibition could lead to weakened AML

cell line proliferation, cell cycle alternation, and apoptosis

enhancement in vitro. Dedicator of cytokinesis 1(DOCK1) is the

dedicator of cytokinesis proteins and the guanine nucleotide

exchange factors specific to small Rho family G proteins.

According to Sze-Hwei Lee et al. (50), highly expressed DOCK1

led to worse AML prognosis, and higher DOCK1 expression

exhibited an obvious relevance to older age, higher platelet and

peripheral blast counts, intermediate-risk cytogenetics, FLT3-ITD,

MLL-PTD and PTPN11, NPM1, RUNX1, ASXL1 and DNMT3A

mutations. Solute carrier family 14 member 1 (SLC14A1) is a gene

that encodes a protein that mediates urea transport in erythrocytes

(51). Through targeting SLC14A1, ARHGAP5 and PIK3CA, miR-

10a-3p may be involved in the development of FLT3 mutation in

adult AML (52). Solute carrier family 25 member 1(SLC25A1) is a

mitochondrial carrier that facilitates the flow of citrate/isocitrate in

mitochondria in exchange for the entry of malate in the cytoplasm

(53, 54). According to a report, prognostic signature associated with

SLC25A1 denotes AML patients worse prognosis (55). On that

account, UCP 2, DOCK 1, SLC14A1, and SLC25A1 show important
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prognostic value in AML, but subsequent studies are still needed to

explore their functions in AML.

The HLA correlation analysis revealed the highly expressed

HLA in the high-risk group, which had a worse prognosis, and the

two risk groups presented obvious difference in the expressions of

the 14 immune checkpoints, 20 HLA family genes, and IPS.

Immune checkpoint molecules, inhibitory and stimulatory, refer

to ligand-receptor pairs that inhibit or stimulate the immune

responses (56). Luca Vago et al. (57) conducted studies to test the

latest immunotherapies for the specific targeting of AML cells

(antibody therapy and cellular therapy, etc.) or the broader

reactivation of antileukemia immunity (vaccines and checkpoint

b l o c k a d e , e t c . ) , w h i c h c omb i n e s c omp l emen t a r y

immunotherapeutic strategies with chemotherapeutics or other

pharmacotherapies. Rikako Tabata et al. (58) demonstrated the

underlying clinical benefits exhibited by immuno-oncology (IO)

therapy specific to AML and ICIs with or without conventional

chemotherapy. These prove the certain efficacy of immunotherapy

in AML. Immune checkpoint, HLA and IPS are different in the two

risk groups, suggesting their mediating roles in AML prognosis.

Hence, the immune microenvironment of AML offers theoretical

basis for immunotherapy of AML.

In the study, the predicted drugs are Erlotinib, Dasatinib,

BI.2536, and Bortezomib, etc. Erlotinib, as a type of tyrosine

kinase inhibitor, did not achieve a good response in AML

patients in pilot study (59). Dasatinib is a type of kinase inhibitor,

and has the function of inhibiting BCR-ABL, Src family kinases, c-

Kit, and platelet-derived growth factor receptor kinase. Due to the

inhibitory effect on BCR-ABL, it is usually used for treating chronic

myeloid leukemia (CML) and Philadelphia chromosome-positive
FIGURE 7

The discrepancies of drug sensitivity between high- and low-risk groups. The lower the log2(IC50) value, the more sensitive the groups of patient
was to the drug. IC50, half-maximal inhibitory concentration.
TABLE 2 The results of qRT-PCR.

Normal AML P value

DOCK1 1.2828 ± 0.6249 4.4652 ± 1.4656 0.0072

SLC14A1 1.7453 ± 1.0774 0.208. ± 0.1413 0.03

SLC25A1 1.1357 ± 0.5504 3.5250 ± 1.1734 0.0102

UCP2 1.0428 ± 0.2490 1.6593 ± 0.6231 0.1158
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acute lymphoblastic leukemia. A subpopulation of AML patients

show BCR-ABL expression. Patients with unselected AML present

remarkably mixed clinical responses to dasatinib, which shall be

validated in larger-scale studies (60). BI.2536 is a newly discovered

Plk inhibitor capable of inducing mitotic arrest and apoptosis.

According to the randomized, open-label, phase I/II trial, clinical

activity in patients treated with single-agent BI 2536 provides the

first evidence of the potential therapeutic value of targeted Plk in

patients with relapsed refractory AML (61). Bortezomib,

proteasome inhibitor, is the mainstream drug for treating various

myeloma and mantle cell lymphoma. AML patients give a series of

different clinical responses to the chemotherapy regimens that

combine bortezomib, and some cases show a complete remission

rate over 80% (62). On these account, dasatinib, BI.2536, and

bortezomib may be applicable for treating AML, which shall be

more deeply concerned in future studies.

In summary, using bioinformatic methods, this study has

identified prognostic genes for AML and constructed a prognostic

model associated with m6A and ERGs. Differential analyses were

conducted between high and low-risk groups, evaluating immune

cell infiltration, immune therapy response, functional enrichment,

and drug sensitivity. However, the study has discernible limitations.

The analysis predominantly relies on a constrained number of

samples from public databases, highlighting the imperative need

for an expanded sample size. While gene expression levels have

been validated through qRT-PCR, the requisite further verification

and elucidation of potential molecular mechanisms necessitate

animal experiments. Moreover, the analyses pertaining to

immune therapy and drug sensitivity in the study require clinical

validation to ascertain their clinical value further. Such exploration
Frontiers in Immunology 12196
will constitute the main thrust of our ensuing research efforts.

Ultimately, our findings furnish researchers with a novel theoretical

framework for delving deeper into the relationship between m6A

regulatory factors, efferocytosis, and AML, thereby providing new

targets for enhancing the prognosis and treatment of AML.
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Background: Neoadjuvant immunochemotherapy may benefit patients with

non-small cell lung cancer (NSCLC), but its impact requires further investigation.

Methods: A meta-analysis was conducted. PubMed, Embase, Web of Science,

and the Cochrane Library were searched. The study was registered in PROSPERO

(registration no. CRD42022360893).

Results: 60 studies of 3,632 patients were included. Comparing with neoadjuvant

chemotherapy, neoadjuvant immunochemotherapy showed higher pCR (RR: 4.71,

95% CI: 3.69, 6.02), MPR (RR, 3.20, 95% CI: 2.75, 3.74), and ORR (RR, 1.46, 95% CI:

1.21, 1.77), fewer surgical complications (RR: 0.67, 95%CI: 0.48, 0.94), higher R0

resection rate (RR: 1.06, 95%CI: 1.03, 1.10, I2 = 52%), and longer 1-year and 2-year

OS, without affecting TRAEs. For neoadjuvant immunochemotherapy in NSCLC, the

pooled pCR rate was 0.35 (95% CI: 0.31, 0.39), MPR was 0.59 (95% CI: 0.54, 0.63),

and ORRwas 0.71 (95% CI: 0.66, 0.76). The pooled incidence of all grade TRAEs was

0.70 (95% CI: 0.60, 0.81), and that of >= grade 3 TRAEs was 0.24 (95% CI: 0.16, 0.32).

The surgical complications rate was 0.13 (95% CI: 0.07, 0.18) and R0 resection rate

was 0.98 (95% CI: 0.96, 0.99). The pooled 1-year OS was 0.97 (95%CI: 0.96, 0.99),

and 2-year OSwas 0.89 (95%CI: 0.83, 0.94). Patients with squamous cell carcinoma,

stage III or higher PD-L1 performed better. Notably, no significant differences were

observed in pCR, MPR, and ORR between 2 or more treatment cycles.

Pembrolizumab-, or toripalimab-based neoadjuvant immunochemotherapy

demonstrated superior efficacy and tolerable toxicity.

Conclusion: According to our analysis, reliable efficacy, safety, and survival of

neoadjuvant immunochemotherapy for operable NSCLC were demonstrated.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_

record.php?ID=CRD42022360893, identifier CRD42022360893.
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non-small cell lung cancer, neoadjuvant immunochemotherapy, efficacy, safety, survival
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1 Introduction

Non-small cell lung cancer (NSCLC) remains the main reason

of tumor-related deaths (1). Of patients with NSCLC, 20-25% are

surgically resectable, but 30-55% of patients treated with surgery

still experience cancer relapse, metastasis, or death (2, 3). Due to the

large tumor burden in advanced NSCLC, direct surgical treatment

is challenging, while neoadjuvant therapy can shrink the tumor and

make unresectable tumors resectable (4, 5). As a result, the NCCN

guidelines recommend preoperative neoadjuvant therapy and

postoperative adjuvant therapy as the standard therapy for

NSCLC (6). But neoadjuvant chemotherapy may only provide a

5-6% benefit of 5-year overall survival (OS) and few patients achieve

pathologic complete response (pCR) (7).

Immune checkpoint inhibitor (ICI) plays an important role in the

first-line and second-line therapy of patients with NSCLC, showing a

better survival benefit than chemotherapy (8–12). A growing view is

that earlier immunotherapy may provide greater benefits. Several

clinical studies have shown that neoadjuvant immunotherapy can was

crucial in the comprehensive treatment of NSCLC, with controllable

adverse events and less surgical delay (13, 14). CheckMate 159 showed

that the pCR and MPR rates of nivolumab were 10% and 45%,

respectively (15). The LCCMC 3 study revealed that the MPR rate of

patients receiving 2 cycles of atezolizumab neoadjuvant therapy was

20.4%, and the pCR rate was 6.8% (16). These results were superior to

those of previous neoadjuvant chemotherapy.

In the NADIM study, neoadjuvant immunochemotherapy for

operable NSCLC had a pCR rate of 69.2% and anMPR rate of 84.6%

(17, 18). In the NeoTPD01, and NCT02716038, and SAKK 16/14

studies, the MPR was around 60% (19–21). CheckMate 816, the first

successful phase III trial of neoadjuvant immunochemotherapy

versus chemotherapy in operable stage IB-III NSCLC, showed

that MPR (36.9% vs. 8.9%) and pCR (24% vs. 2.2%) were

significantly improved (22, 23). Updated data from the NADIM

II study also revealed that neoadjuvant immunochemotherapy can

effectively shrink tumors, increase pCR (36.8% vs. 6.9%), MPR

(52.6% vs. 13.8%), and ORR (75.4% vs. 48.2%), and help patients

obtain better survival in locally advanced IIIA-IIIB resectable

NSCLC (24, 25). These studies provide encouraging results of

neoadjuvant immunochemotherapy in patients with NSCLC.

Despite the promising results, concerns about the efficacy, safety,

and survival of neoadjuvant immunochemotherapy remain. To address

these concerns, we conducted a meta-analysis to combine all related

trials and evaluate the efficacy, safety, and survival rates of neoadjuvant

immunochemotherapy in operable NSCLC. Additionally, we

compared the results among different subgroups, such as age, gender,

smoking history, histology, stage, treatment cycles, pretreatment

programmed death-ligand 1 (PD-L1), and ICI type. Our goal was to

provide guidance for the clinical treatment of NSCLC.
2 Methods

To ensure the accuracy and transparency of our study, we

followed the PRISMA (Preferred Reporting Items for Systematic
Frontiers in Immunology 02200
Reviews and Meta-Analyses) and AMSTAR (Assessing the

methodological quality of systematic reviews) guidelines (26, 27).

This study was registered in PROSPERO (registration

no.CRD42022360893, available at: https://www.crd.york.ac.uk/

prospero/display_record.php?ID=CRD42022360893).
2.1 Data search

We searched PubMed, Embase, Web of Science, and Cochrane

Library, using keywords such as “neoadjuvant”, “immunotherapy”,

“chemotherapy”, and “non-small cell lung cancer”. The search was

conducted independently by two authors and included papers

updated until July 2023. Language restrictions were not applied.
2.2 Study criteria

To be eligible for our study, trials were required to have

administered neoadjuvant immunochemotherapy to patients

diagnosed with operable NSCLC and acquired radiological or

pathological response data. Enrolled patients should not have

received any prior systemic anti-neoplastic treatment for NSCLC,

must have had no history of lung radiotherapy, and should have

undergone surgical resection for NSCLC. Excluded were trials

involving patients with concurrent progressive or actively treated

additional malignancies, those who had received previous systemic

antineoplastic therapy for NSCLC, or those with a history of lung

radiotherapy. Studies falling into categories such as reviews,

comments, case reports, trial protocols, or animal experiments

were also eliminated. In the context of randomized controlled

trials (RCTs), preference was given to those that compared non-

combination therapy with combination therapy, establishing a basis

for a comparison group. In cases where multiple publications

reported results from the same study population across different

journals, the most comprehensive or most current study was

selected for inclusion.
2.3 Data extraction and quality assessment

We screened these literatures based on pre-determined

inclusion and exclusion criteria. Two authors independently

screened the records, read the full-text papers, and extracted

details from the included studies. The primary endpoints were

pCR (no residual vital cancer cells), major pathologic response

(MPR, <= 10% residual vital cancer cells), the incidence of grade 3

or higher treatment-related adverse events (TRAEs), and 1-year and

2-year OS (the duration from randomization to death from any

reason). The secondary endpoints were objective response rate

(ORR, proportion of patients with a partial or complete

response), total grade TRAEs, R0 resection rate, and the incidence

of surgical complications. We assessed the quality of RCTs using the

Cochrane Collaboration’s tool (28). For dual-arm non-RCTs, we

used the Newcastle-Ottawa scale, and for single-arm non-RCTs, we

used the Methodological Index for Non-Randomized Studies
frontiersin.org
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criteria (MINORS) to assess quality (29, 30). We consulted a third

referee to resolve discrepancies.
2.4 Data synthesis and statistical analysis

For single-arm studies, we combined the proportion of each

endpoint with a 95% confidence interval (95% CI) to draw forest

plots. For dual-arm studies, we calculated the risk ratio (RR) and

95% CI. We used the Cochrane Q test and I2 test to determine

statistical heterogeneity. If I2 > 50% or p < 0.05, we used the random

effects model. If I2 < 50% or p > 0.05, we used the fixed effects model.

We carried out subgroup analysis according to age, gender, smoking

history, histology, stage, treatment cycles, pretreatment PD-L1, and

ICI type. The sensitivity analysis evaluated the stability of the results

by ruling out each trial separately. We evaluated publication bias

using funnel plots. We used R 4.3.1 software and the meta_v6.2-1

package for the analysis.
3 Results

3.1 Study selection

Totally, 1,601 studies were screened. After eliminating

duplicates and irrelevant studies based on their titles and

abstracts, 1,416 were excluded, and the remaining 185 studies

were reviewed in detail. Out of these, 125 studies were further

excluded due to reasons such as incorrect study type, insufficient

data, non-targeted outcomes, duplicated cohorts, trial protocol, and

treatment combined with radiotherapy. Ultimately, 60 studies

comprising 4 RCTs, 13 dual-arm cohorts, and 43 single-arm

studies were selected for analysis, with a total of 3,632 eligible

patients included. Figure 1; Supplementary Table 1 provides details

of this literature search. Tables 1, 2 suggest the characteristics of the

eligible studies. All the included studies were considered moderately

or highly credible, and Supplementary Figure 3 provides funnel

plots. The quality scores of each eligible study are presented in

Supplementary Tables 2-4.
3.2 Efficacy of
neoadjuvant immunochemotherapy

The efficacy of neoadjuvant immunochemotherapy was assessed

based on pCR, MPR, and ORR rates, with neoadjuvant

immunochemotherapy showing significantly better efficacy than

neoadjuvant chemotherapy. The estimated RR was 4.71 (95% CI:

3.69, 6.02, I2 = 0%) for pCR, 3.20 (95% CI: 2.75, 3.74, I2 = 26%) for

MPR, and 1.46 (95% CI: 1.21, 1.77, I2 = 62%) for ORR (Figures 2A, B;

Supplementary Figure 1A). For neoadjuvant immunochemotherapy

in NSCLC, the pooled pCR rate was 0.35 (95% CI: 0.31, 0.39,

I2 = 78%), the MPR rate was 0.59 (95% CI: 0.54, 0.63, I2 = 85%),

and the ORR rate was 0.71 (95% CI: 0.66, 0.76, I2 = 82%) (Figure 3).
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3.3 Safety of
neoadjuvant immunochemotherapy

In the comparison of safety and surgical outcomes between

neoadjuvant immunochemotherapy and neoadjuvant

chemotherapy, the estimated RR for >= grade 3 TRAEs was 1.14

(95%CI: 0.99, 1.31, I2 = 21%) (Figure 2C) and for all grade TRAEs,

the RR was 1.00 (95%CI: 0.96, 1.03, I2 = 19%), suggesting no

significant difference (Supplementary Figure 1B). However,

neoadjuvant immunochemotherapy may result in fewer surgical

complications (RR: 0.67, 95%CI: 0.48, 0.94, I2 = 0%) and higher R0

resection rate (RR: 1.06, 95%CI: 1.03, 1.10, I2 = 52%)

(Supplementary Figures 1C, D). The pooled incidence of >=

grade 3 TRAEs was 0.24 (95%CI: 0.16, 0.32, I2 = 96%)

(Figure 4A). The pooled incidence of all grade TRAEs was 0.70

(95%CI: 0.60, 0.81, I2 = 97%) and that of surgical complications was

0.13 (95%CI: 0.07, 0.18, I2 = 82%), and the R0 resection rate was

0.98 (95%CI: 0.96, 0.99, I2 = 61%) (Supplementary Figure 2).
3.4 Survival of
neoadjuvant immunochemotherapy

When compared with neoadjuvant chemotherapy, neoadjuvant

immunotherapy may significantly enable long survival for patients,

with a RR of 1.18 (95%CI: 1.04, 1.34, I2 = 0%) for 1-year OS, and 1.08

(95%CI: 1.02, 1.14, I2 = 53%) for 2-year OS (Figures 2D, E). Among the

studies that reported specific survival data for patients with NSCLC

receiving neoadjuvant immunochemotherapy, the pooled results were

0.97 (95%CI: 0.96, 0.99, I2 = 46%) for 1-year OS, and 0.89 (95%CI: 0.83,

0.94, I2 = 84%) for 2-year OS (Figures 4B, C).
3.5 Sensitivity analysis and
subgroup analysis

To test the stability, we performed sensitivity analyses by

removing each individual trial, and found that our selected

studies were reliable (Supplementary Figure 4). We also

performed subgroup analyses, and the results are presented in

Figure 5; Supplementary Figures 5-7.

As basic clinical characteristics may contribute to heterogeneity,

we conducted subgroup analyses based on age, gender, and smoking

history in the neoadjuvant immunochemotherapy group. However,

no significant differences were found in these subgroups (all p

values > 0.05).

Among the included patients, the histology subtypes were

divided into squamous and non-squamous. Neoadjuvant

immunochemotherapy treatment in patients with squamous lung

cancer performed significantly higher rates of MPR (p = 0.03) and

ORR (p < 0.01), and a tendency towards better pCR without

reaching statistical significance (p = 0.09). Stage is also a key

factor of heterogeneity, so we further explored subgroups based

on stage (II, IIIA, IIIB, IIIC). We found that patients with stage II
frontiersin.org
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NSCLC experienced less benefit in terms of pCR (p < 0.01) and

ORR (p = 0.05) than those with advanced stage.

The optimal treatment cycle for neoadjuvant immunochemotherapy

remains uncertain, with no clear evidence indicating whether 2 or more

cycles are superior. To investigate this, we conducted a subgroup analysis

of treatment cycles (2 cycles vs. >2 cycles) and found no significant

discrepancies in pCR (p = 0.92), MPR (p = 0.80), or ORR (p = 0.61)

between these subgroups. We also examined the effect of pretreatment

PD-L1 expression and found that patients with higher PD-L1 (TPS ≥

50% or TPS = 1-49%) had significantly improved pCR, MPR, and ORR

compared to those with lower PD-L1 (TPS < 1%). Patients who achieved
Frontiers in Immunology 04202
partial response (PR) or complete response (CR) had higher MPR rates

than those with stable disease (SD) (p < 0.01).

We observed significant differences among subgroups in

pCR, MPR, ORR, and 3 or higher grade TRAEs for different

ICI types (p < 0.01). Pembrolizumab-based neoadjuvant

immunochemotherapy demonstrated higher pCR (0.49, 95%

CI: 0.37-0.61), MPR (0.69, 95% CI: 0.57-0.80), and ORR (0.86,

95% CI: 0.71-0.95) rates. Toripalimab-based neoadjuvant

immunochemotherapy showed higher pCR (0.44, 95% CI:

0.31-0.57) and MPR (0.61, 95% CI: 0.48-0.73) rates .

Nivolumab-based neoadjuvant immunochemotherapy had
FIGURE 1

PRISMA diagram of identifying eligible studies.
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TABLE 1 Main characteristics of dual-arm studies included in the meta-analysis.

eoadjuvant
erapy of
tervention
rm

Neoadjuvant
therapy of
control Arm

Surgery Outcomes

volumab +
clitaxel
carboplatin

paclitaxel
+ carboplatin

53/20 pCR, MPR,
ORR, TRAE

volumab +
platin
carboplatin

cisplatin
or carboplatin

149/135 pCR, MPR,
ORR, TRAE,
OS, R0
resection rate

mbrolizumab
chemo

cisplatin-
based chemo

325/317 pCR,
MPR, TRAE

I + chemo platinum based
doublet chemo

26 pCR, MPR

I + chemo chemo 17/48 MPR, OS

I + chemo chemo 40/41 pCR, MPR

I + chemo chemo 20/42 pCR, MPR, R0
resection rate

I + chemo chemo 79/89 pCR, MPR

mbrolizumab or
ripalimabd +
mcitabine,
clitaxel or nab-
clitaxel + cisplatin
carboplatin

gemcitabine,
paclitaxel or nab-
paclitaxel +
cisplatin
or carboplatin

8/13 pCR, MPR,
ORR, TRAE,
R0
resection rate

mrelizumab +
clitaxel
carboplatin

paclitaxel
+ carboplatin

31/25 pCR, MPR,
ORR,
TRAE, OS
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Author
(Year)

Study
(Phase,
Design)

Registered ID
(Randomization)

Study
type

Sample
size

Stage Median
age

Gender
(M/F)

Smoking
history
(%)

Median
follow-
up
(month)

N
th
in
A

Provencio
(2022)
(24, 25)

NADIM II
(II,
open-label)

NCT03838159
(1:1)

RCT 86 (57/29) IIIA-
IIIB

_ _ _ _ n
p
+

Forde
(2023)
(23)

CheckMate
816
(III,
open-label)

NCT02998528
(1:1)

RCT 358
(179/179)

IB-IIIA 64.5 255/103 88.8 41.4 n
ci
o

Wakelee
(2023)
(31)

KEYNOTE-
671
(III,
double-
blind)

NCT03425643 (1:1) RCT 797
(397/400)

II-III 63.5 563/234 87.3 25.2 p
+

Alì
(2023)
(32)

_ (12:14) Retro 26 (12/14) I-IV 69 18/8 _ 29 IC

Cesur
(2022)
(33)

_ _ Retro 65 (17/48) _ _ _ _ _ IC

Sun
(2022)
(34)

_ _ Retro 81(40/41) II-IIIA _ 57/24 77.8 24 IC

Dai
(2022)
(35)

_ ChiCTR2200060433
(20:42)

Retro 62 (20/42) IB-IIIB _ 53/9 74.2 24 IC

Sun
(2022)
(36)

_ _ Retro 168 (79/89) II-IIIA 61 136/32 92.9 18 IC

Feng
(2022)
(37)

_ (8:13) Pro 21 (8/13) IIA-
IIIB

64 20/1 95.2 20.53 p
to
ge
p
p
o

Hou
(2022)
(38)

_ (31:25) Pro 56 (31/25) IIIA-
IIIB

60.7 43/13 82.1 11.8 ca
p
+
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TABLE 1 Continued

ian
w-

nth)

Neoadjuvant
therapy of
intervention
Arm

Neoadjuvant
therapy of
control Arm

Surgery Outcomes

pembrolizumab or
nivolumab or
sintilimab or
camrelizumab +
paclitaxel or
pemetrexed or
docetaxel or
gemcitabine
+ platinum

paclitaxel or
pemetrexed or
docetaxel or
gemcitabine
+ platinum

79/91 pCR, MPR,
ORR, R0
resection rate

ICI + chemo chemo 12/6 pCR, MPR

:

:

PD-1 + cisplatin
or carboplatin

cisplatin
or carboplatin

69/121 pCR, MPR,
ORR, TRAE,
OS, R0
resection rate,
surgical
complications

: 18
: 24

ICI + chemo chemo 42/98 pCR, MPR,
ORR, R0
resection rate,
surgical
complications

:

:

pembrolizumab or
nivolumab or
sintilimab +
platinum-based
doublet chemo

platinum-based
doublet chemo

10/10 pCR, MPR,
ORR, OS,
surgical
complications

nivolumab or
camrelizumab or
tislelizumab + chemo

chemo 79/89 pCR, MPR

camrelizumab + ab-
Pac + cisplatin

ab-Pac + cisplatin 13
(7/6)

pCR, MPR,
ORR, TRAE

vents; EFS, event free survival; OS, overall survival; Pro, prospective study; DFS, disease free survival;
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(Year)

Study
(Phase,
Design)

Registered ID
(Randomization)

Study
type

Sample
size

Stage Median
age

Gender
(M/F)

Smoking
history
(%)

Med
follo
up
(mo

Liu
(2022)
(39)

_ (79:91) Retro 170 (79/91) IB–IIIB _ 141/29 82.9 17.0

Yue
(2022)
(40)

_ (1:1) Retro 18 (12/6) I-III 62.5 17/5 81.8 17.7

Zhang
(2022)
(41)

_ (1:2) Retro 190
(69/121)

IB-IIIB _ 175/15 85.3 ICI +
chem
18.6
chem
22.4

Zhao
(2022)
(42)

_ (42:98) Retro 140 (42/98) IB-IIIB _ 123/17 50 ICI +
chem
chem

Liang
(2021)
(43)

_ (1:1) Retro 20 (10/10) IIB-IIIB 60.89 14/6 70 ICI +
chem
13.5
chem
20.8

Sun
(2021)
(44)

_ (1:1) Retro 168 (79/89) II-IIIA _ 136/32 79.7

Lei
(2020)
(45)

(II,
open-label)

NCT04338620
(1:1)

RCT 27 (14/13) IIIA-
IIIB

_ _ _ _

RCT, randomized controlled trials; pCR, pathologic complete response; MPR, major pathologic response; ORR, objective response rate; TRAE, treatment related adverse
Retro, retrospective study; ICI, immune checkpoint inhibitors; chemo, chemotherapy; PD-1, programmed death 1; ab-Pac, albumin-bound paclitaxel.
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TABLE 2 Main characteristics of single-arm studies included in the meta-analysis.

Neoadjuvant therapy
of intervention Arm

Surgery Outcomes

atezolizumab +carboplatin+
nab-paclitaxel

29 pCR, MPR, OS, R0
resection rate

toripalimab + chemo 48 pCR, MPR, TRAE, R0
resection rate

ICI + chemo 211 pCR, MPR, ORR,
TRAE, R0 resection
rate,
surgical complications

nivolumab + chemo 22 pCR, MPR, ORR,
TRAE, R0
resection rate

pembrolizumab + chemo _ pCR, MPR

pembrolizumab + carboplatin or
cisplatin+ pemetrexed or
nab-paclitaxel

21 pCR, MPR

ICI + chemo 29 pCR, MPR, ORR, R0
resection rate

ICI + chemo 101 pCR, MPR, ORR, OS,
R0 resection rate

ICI + chemo 129 pCR, MPR, ORR

adebrelimab (SHR-1316) + nab-
paclitaxel + carboplatin

34 pCR, MPR, ORR,
TRAE,
surgical complications

ICI + chemo 18 pCR, MPR, DFS, OS,
R0 resection rate

camrelizumab + albumin
paclitaxel + carboplatin
or cisplatin

17 pCR, MPR, TRAE,
surgical complications

ICI + chemo 11 pCR, MPR, ORR,
TRAE, R0 resection
rate,
surgical complications
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(Year)
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(Phase,
Design)

Registered ID Study
type

Sample
size

Stage Median
age
(Years)

Gender
(M/F)

Smoking
history
(%)

Median
follow-
up
(month)

Henick
(2023) (46)

(I, open-label) _ Pro 30 _ _ _ _ 39.5

Tao
(2023) (47)

(II, open-label) NCT04606303 Pro 55 IIB-IIIB 62 50/5 89.1 _

Fang
(2023) (48)

_ _ Retro 211 IB–IIIB 64 196/15 85.8 17

Cascone
(2023) (49)

NEOSTAR (II,
open-label)

NCT03158129 Pro 22 IB–IIIA 69.5 10/12 77.3 39.2

Chen
(2023) (50)

_ _ Retro 61 _ _ _ _ _

Zhao
(2023) (51)

_ _ Retro 25 IIB-IIIB 65 22/3 _ _

Han
(2023) (52)

_ _ Retro 29 III-IV _ 21/8 72.41 _

Hu
(2023) (53)

_ _ Retro 101 IIB-IIIC 58 93/8 64.4 12

Zhuang
(2023) (54)

_ _ Retro 129 IIA-
IIIB

63 117/12 72.1 _

Wu
(2023) (55)

(Ib/III,
double-blind)

NCT04316364 Pro 37 I-III _ _ _ _

Wang
(2022) (56)

(II, open-label) NCT04865705 Pro 33 IIIA-
IIIB

_ _ _ _

Zhang
(2022) (57)

(II, open-label) ChiCTR2100044645 Pro 26 IIB-IIIB _ _ _ _

Xu
(2022) (58)

_ _ Retro 14 IIIA-
IIIB

68 14/0 85.71 _

205

https://doi.org/10.3389/fimmu.2023.1273220
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


TABLE 2 Continued

Neoadjuvant therapy
of intervention Arm

Surgery Outcomes

tislelizumab + carboplatin +
pemetrexed or nab-paclitaxel

27 pCR, MPR, TRAE, R0
resection rate

durvalumab + chemo 10 pCR, MPR, TRAE,
OS, R0 resection rate

ICI + chemo 59 pCR, R0 resection rate

ICI + chemo 23 pCR, MPR, ORR,
TRAE, R0 resection
rate,
surgical complications

ICI + chemo 59 pCR, MPR, ORR,
PFS, OS

sintilimab + nab-paclitaxel
+ carboplatin

16 pCR, MPR, ORR,
DFS, OS, TRAE, R0
resection rate

ICI + chemo 44 pCR, MPR, TRAE, R0
resection rate,
surgical complications

sintilimab + carboplatin + nab-
paclitaxel or pemetrexed

29 pCR, MPR, ORR,
TRAE, DFS, OS

pembrolizumab or nivolumab
+ chemo

76 pCR, MPR, ORR,
TRAE, R0
resection rate

nivolumab + paclitaxel
+ carboplatin

45 pCR, MPR, TRAE,
DFS, OS, R0 resection
rate,
surgical complications

sintilimab + carboplatin,
gemcitabine or pemetrexed

30 pCR, MPR, ORR,
TRAE, DFS, OS, R0
resection rate,
surgical complications

toripalimab + cisplatin-
based chemo

19 pCR, MPR, TRAE, R0
resection rate,
surgical complications
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Stage Median
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(Years)

Gender
(M/F)

Smoking
history
(%)

Median
follow-
up
(month)

Lin
(2022) (59)

(II, open-label) NCT05244837 Pro 37 IIB-III 63 31/6 _ _

Dong
(2022) (60)

(II, open-label) NCT04897386 Pro 14 III 64.5 _ _ 9.5

Ma
(2022) (61)

_ _ Retro 59 IIA-
IIIB

61.34 50/9 72.9 _

Dai
(2022) (62)

_ ChiCTR1900023758,
NCT04379739, and
off-trial

Retro 23 IIB,
IIIA-B

63.2 22/1 60.9 15

Faehling
(2022) (63)

KOMPASSneoOP _ Retro 59 IIB-
IVB
(44%)

63.6 30/29 95 24.3

Sun
(2022) (64)

(II, open-label) NCT04326153 Pro 20 IIIA-B 59.5 18/2 90 _

Gao
(2022) (65)

(open-label) ChiCTR2200057840 Pro 44 IIIA-B 61.5 33/11 33 (75.0) _

Qiu
(2022) (66)

neoSCORE
(II, open-label)

NCT04459611 Pro 60 IB-IIIA _ _ _ _

Wu
(2022) (67)

_ _ Pro 76 IB-IIIB 62 72/4 67 12.2

Zhai
(2022) (68)

_ _ Retro 46 IIIA-
IIIB

63 26/20 93.5 15.5

Zhang
(2022) (69)

(II) ChiCTR1900023758 Pro 50 IIIA 64.84 44/6 76 13.6

Yan
(2021) (70)

Renaissance
Study
(II, open-label)

NCT04606303 Pro 21 IIB-IIIB 62 19/2 85.7 _
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TABLE 2 Continued

eoadjuvant therapy
f intervention Arm

Surgery Outcomes

isplatin + docetaxel
durvalumab

55 pCR, MPR, ORR,
TRAE, EFS, OS, R0
resection rate

embrolizumab or nivolumab +
arboplatin + paclitaxel

12 pCR, MPR, TRAE,
surgical complications

embrolizumab + cisplatin +
aclitaxel or pemetrexed
paclitaxel

35 pCR, MPR, TRAE,
PFS, OS, R0
resection rate

CI + chemo 20 pCR, MPR, ORR,
TRAE, PFS, R0
resection rate,
surgical complications

embrolizumab or sintilimab or
amrelizumab + taxol + cisplatin
r carboplatin

25 pCR, MPR, ORR, R0
resection rate,
surgical complications

intilimab or pembrolizumab or
oripalimab + chemo

20 pCR, MPR, ORR,
TRAE, R0 resection
rate,
surgical complications

amrelizumab or toripalimab or
islelizumab or sintilimab or
embrolizumab + chemo

27 pCR, MPR, TRAE

oripalimab + nab-paclitaxel or
emetrexed + carboplatin
r cisplatin

15 pCR, MPR, TRAE, R0
resection rate,
surgical complications

oripalimab + carboplatin +
emetrexed or nab-paclitaxel

30 pCR, MPR, TRAE,
EFS, R0 resection rate,
surgical complications

embrolizumab or toripalimab
r sintilimab or camrelizumab
chemo

17 pCR, MPR, ORR,
TRAE, R0 resection
rate,
surgical complications

embrolizumab + ab-Pac
carboplatin

37 pCR, MPR, ORR,
TRAE, R0 resection
rate,
surgical complications
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(Year)

Study
(Phase,
Design)

Registered ID Study
type

Sample
size

Stage Median
age
(Years)

Gender
(M/F)

Smoking
history
(%)

Median
follow-
up
(month)

Rothschild
(2021) (21)

SAKK 16/14
(II, open-label)

NCT02572843 Pro 67 IIIA
(N2)

61 35/32 95.5 28.6

Chen
(2021) (71)

_ _ Retro 12 IIIA-
IIIB

61 9/3 75 18.17

Chen
(2021) (72)

_ _ Retro 35 IIIA-
IIIB

_ 29/6 77.1 13.29

Duan
(2021) (73)

(open-label) _ Pro 23 IIA-
IIIB

61.83 22/1 95.7 _

Hong
(2021) (74)

_ _ Retro 25 II–III _ 23/2 68 _

Hu
(2021) (75)

_ _ Pro 20 IB-IIIB 56 18/2 85 _

Shi
(2021) (76)

_ _ Retro 27 IIA-
IIIB

_ _ _ _

Zhang
(2021) (77)

(II) NCT04144608 Pro 18 IIIA-
IIIB

57 13/2 _ 6

Zhao
(2021)
(19, 78)

NeoTPD01
(II)

NCT04304248 Pro 33 IIIA-
IIIB

61 27/6 _ 4.13

Zhou
(2021) (79)

_ _ Retro 20 IB-IIIB _ 17/3 85 _

Shen
(2021) (80)

_ _ Pro 37 IIB-IIIB 62.8 35/2 83.8 7
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TABLE 2 Continued

Gender
(M/F)

Smoking
history
(%)

Median
follow-
up
(month)

Neoadjuvant therapy
of intervention Arm

Surgery Outcomes

54/2 _ 11 toripalimab or pembrolizumab +
platinum-doublet chemo

45 pCR, MPR, TRAE, R0
resection rate,
surgical complications

34/12 100 24 paclitaxel + carboplatin
+ nivolumab

41 pCR, MPR, ORR,
TRAE, PFS, OS, R0
resection rate,
surgical complications

15/15 100 12.9 atezolizumab + nab-paclitaxel
+ carboplatin

29 pCR, MPR, ORR,
TRAE, DFS, OS, R0
resection rate,
surgical complications

7/8 73 10 chemo + avelumab 11 pCR, MPR, ORR,
TRAE,
surgical complications

8/5 _ 10 nivolumab + cisplatin +
pemetrexed or gemcitabine

13 pCR, MPR, TRAE

11/2 84.6 3.1 pembrolizumab or toripalimab +
platinum-doublet chemo

5 pCR, MPR, ORR,
TRAE, R0 resection
rate,
surgical complications

24/15 _ 44.2 cisplatin + docetaxel
+ cetuximab

37 pCR, ORR, TRAE,
PFS, OS

ORR, objective response rate; TRAE, treatment related adverse events; chemo, chemotherapy; PFS, progression free survival; OS, overall survival;
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Author
(Year)

Study
(Phase,
Design)

Registered ID Study
type

Sample
size

Stage Media
age
(Years

Zhang
(2021) (81)

_ NCT04324151 Retro 56 IIIA-
IIIB

58

Provencio
(2020) (18)

NADIM
(II, open-label)

NCT03081689 Pro 46 IIIA 63

Shu
(2020) (20)

(II, open-label) NCT02716038 Pro 30 IB-IIIA 67

Tfayli
(2020) (82)

_ NCT03480230 Pro 15 IB-III 65

Zinner
(2020) (83)

_ _ Pro 13 IB-IIIA 69

Liu
(2020) (84)

_ _ Pro 13 II-III 63.4

Hilbe
(2015) (85)

INN06
(II, open-label)

Eudract-Nr: 2006-
004639-31

Pro 41 IB-IIIB 57.5

Retro, retrospective study; PD-1, programmed death 1; pCR, pathologic complete response; MPR, major pathologic response;
Pro, prospective study; DFS, disease free survival; EFS, event free survival; ab-Pac, albumin-bound paclitaxel.
n

)
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higher pCR (0.35, 95% CI: 0.30-0.41) and ORR (0.62, 95% CI:

0.56-0.67) rates. In contrast, avelumab-based neoadjuvant

immunochemotherapy demonstrated relatively lower pCR

(0.09, 95% CI: 0.00-0.41), MPR (0.27, 95% CI: 0.06-0.61), and

ORR (0.27, 95% CI: 0.08-0.55) rates. Pembrolizumab- (0.06,

95% CI: 0.00-0.13) and toripalimab-based (0.02, 95% CI: 0.00-

0.08) neoadjuvant immunochemotherapy had significantly

lower incidence of 3 or higher grade TRAEs than other ICIs (p

< 0.01).
Frontiers in Immunology 11209
4 Discussion

ICIs plus chemotherapy have emerged in the neoadjuvant

therapy of NSCLC. This approach has demonstrated good

therapeutic effects and safety, offering new hope for the prolonged

survival of patients with NSCLC (86). It represents the current

direction of NSCLC neoadjuvant therapy. However, there is still a

need to further evaluate the efficacy, safety, and survival of this

treatment for operable NSCLC. To address this, we conducted this
A

B

D

E

C

FIGURE 2

Comparison of efficacy, safety and survival between neoadjuvant immunochemotherapy with neoadjuvant chemotherapy alone. (A) Comparison of
pCR; (B) Comparison of MPR; (C) Comparison of >= 3 Grade TRAEs; (D) Comparison of 1-year OS; (E) Comparison of 2-year OS.
A B C

FIGURE 3

Efficacy of neoadjuvant immunochemotherapy in resectable non-small cell lung cancer. (A) pCR of neoadjuvant immunochemotherapy in
resectable non-small cell lung cancer; (B) MPR of neoadjuvant immunochemotherapy in resectable non-small cell lung cancer; (C) ORR of
neoadjuvant immunochemotherapy in resectable non-small cell lung cancer.
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A B

C

FIGURE 4

Safety and survival of neoadjuvant immunochemotherapy in resectable non-small cell lung cancer. (A) >= 3 Grade TRAEs of neoadjuvant
immunochemotherapy in resectable non-small cell lung cancer; (B) 1-year OS of neoadjuvant immunochemotherapy in resectable non-small cell
lung cancer; (C) 2-year OS of neoadjuvant immunochemotherapy in resectable non-small cell lung cancer.
FIGURE 5

Subgroup analysis of pCR by clinical characteristics.
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meta-analysis. Our analysis, which included 60 studies and 3,632

patients, found that neoadjuvant immunochemotherapy was

superior to neoadjuvant chemotherapy in terms of achieving

higher rates of pCR, MPR, and ORR. Additionally, neoadjuvant

immunochemotherapy was related to a lower incidence of surgical

complications and longer 1-year and 2-year OS, without affecting

TRAEs and R0 resection rates. These findings provide valuable

reference for the clinical treatment of NSCLC.

Our study investigated the efficacy of neoadjuvant

immunochemotherapy for NSCLC, and the results showed that

the pooled pCR was 0.35 (95% CI: 0.31, 0.39), MPR was 0.59 (95%

CI: 0.54, 0.64), and ORR was 0.71 (95% CI: 0.66, 0.76). These rates

were significantly higher than those for neoadjuvant chemotherapy

(pooled pCR of 0.04) and neoadjuvant immunotherapy (pCR of no

more than 0.10) reported in previous studies (7, 15, 16).

Combination therapy can achieve optimal treatment effects by

stimulating tumor cell mutations, releasing new tumor antigens,

and restructuring the immune microenvironment (87). Our study

found that neoadjuvant immunochemotherapy performed better

for patients with squamous cell carcinoma, or stage III (p < 0.01).

Previous studies have also shown that neoadjuvant systemic therapy

brings greater clinical benefits to patients with stage III, but caution

is needed when assessing pathologic response due to bias

introduced by non-operative patients (22). It is possible that

patients with squamous cell carcinoma, or stage III are associated

with a high level of tumor mutational burden (TMB), inflammation,

and PD-L1 expression, which may make them more responsive to

immunotherapy (88). However, it is crucial to remember that these

factors are not absolute for individual patients.

In neoadjuvant immunochemotherapy for NSCLC, the pooled

1-year OS was 0.97 (95%CI: 0.96, 0.99), and 2-year OS was 0.89

(95%CI: 0.83, 0.94). The benefit of neoadjuvant chemotherapy of

OS, compared to operation, is only 5%-6%. The CheckMate 816

trial showed that preoperative nivolumab in combination with

chemotherapy resulted in a 37% lower risk of disease recurrence,

progression, or death than chemotherapy (22). The SAKK 16/14

trial revealed an encouraging 1-year event-free survival (EFS) of

73% and 2-year EFS of 68% in the neoadjuvant durvalumab plus

chemotherapy group (21). EFS measures the time from treatment

initiation to the occurrence of any disease-related event and can

provide an early assessment of treatment efficacy. However, we did

not evaluate EFS in our study because the endpoint of survival is

non-uniform, including EFS, OS, progression-free survival (PFS),

and disease-free survival, making the survival outcomes difficult

to analyze.

Our study suggested that neoadjuvant immunochemotherapy

did not increase TRAEs compared with neoadjuvant chemotherapy

and may lead to fewer surgical complications, fully confirming its

safety. The pooled rate of all grade TRAEs was 0.60 (95% CI: 0.60,

0.81), and that of grade 3 or higher TRAEs was 0.24 (95% CI: 0.16,

0.32). In NSCLC, immune-related adverse events, including

pneumonitis, thyroid dysfunction, and skin rash, are the most

common types of TRAEs associated with ICIs used in

neoadjuvant immunochemotherapy. The pooled rate of surgical
Frontiers in Immunology 13211
complications of neoadjuvant immunochemotherapy was 0.13

(95% CI: 0.07, 0.18), and the pooled R0 resection rate of

neoadjuvant immunochemotherapy was 0.98 (95% CI: 0.96, 0.99).

Although these adverse events could be serious and potentially life-

threatening, they are relatively rare and can usually be managed

effectively if detected and treated early. Close monitoring

and prompt reporting of any symptoms to the healthcare

provider are essential for ensuring the safety of neoadjuvant

immunochemotherapy in patients with NSCLC.

Accurately identifying the population for neoadjuvant

immunotherapy is critical. Our data show that higher PD-L1

expression (TPS >= 50% or TPS = 1-49%) performed better in

neoadjuvant immunochemotherapy (p < 0.01). In the published

NADIM trial, pCR patients had a higher proportion of PD-L1

positive tumors, but PD-L1 expression was not related to patient

survival (18). The results of the CheckMate 816 study revealed that

patients with pretherapy PD-L1 above 1% had longer EFS than

those with PD-L1 below 1%, supporting PD-L1 as a predictor of

neoadjuvant immunotherapy (22). However, in the phase II study

of atezolizumab plus chemotherapy, no significant difference was

found in MPR and pretreatment PD-L1 (20). TMB is a measure of

the number of mutations in a tumor’s DNA and has been suggested

as a potential predictive biomarker for response to neoadjuvant

immunochemotherapy (22). Additionally, the preoperative ctDNA

clearance rate may be related to a high predictive effect on

postoperative recurrence (22, 40). However, the mechanism and

predictive value of ctDNA clearance still need further exploration in

basic research. Although our data suggest that these biomarkers can

be used as predictors, more marker guidance is needed for patient

selection and precise treatment due to the heterogeneity of the data.

Moreover, no significant differences were observed in pCR (p =

0.92), MPR (p = 0.80), and ORR (p = 0.61) between 2 or more

treatment cycles, suggesting that increasing cycles of therapy may

not increase efficacy. Patients who were PR or CR were related to a

higher MPR rate than those in SD (p < 0.01). We also found that

pembro l i zumab- or to r ipa l imab-ba sed neoad juvan t

immunochemotherapy performed better in efficacy without

affecting >= 3 grade TRAEs. In most included studies,

neoadjuvant immunotherapy combined with chemotherapy was

used for 2-4 cycles, and operation was performed 4–6 weeks after

neoadjuvant immunotherapy (14).

Our study has some limitations. Firstly, the follow-up time of

some trials was not long enough to adequately report on long-term

survival. Additionally, existing studies are still limited regarding the

selection of effective predictors such as ctDNA and the timing of

neoadjuvant immunotherapy or adjuvant therapy, making it

difficult to obtain more novel results. Thirdly, the study outcomes

were non-uniform, making it difficult to pool the survival results of

EFS. Therefore, more innovative long-term RCTs are needed to

overcome the above obstacles, and the internal mechanism of

neoadjuvant immunochemotherapy needs to be further explored.

Despite these limitations, this meta-analysis provides objective

information on the efficacy, safety, and survival of neoadjuvant

immunochemotherapy in operable NSCLC.
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5 Conclusion

Our study demonstrates the reliable efficacy, safety, and survival

of neoadjuvant immunochemotherapy for operable NSCLC,

making it a promising direction for neoadjuvant treatment in

the future.
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The emergence of immune-checkpoint inhibitors (ICIs) has revolutionized the

field of oncology, providing promising results in various malignancies. However,

ICIs can sometimes lead to severe injection reactions, requiring alternative

treatment options. In this case report, we introduce a case of a severe infusion

reaction induced by atezolizumab. After atezolizumab infusion, the patient

experienced symptoms that were suggestive of anaphylactic shock, including

chest tightness, low blood pressure, and loss of consciousness, all of which were

restored by immediate administration of steroid, antihistamine, and epinephrine.

When selecting a new ICI, we were concerned about cross-reactivity with

atezolizumab. As such, we conducted a skin test to establish the underlying

mechanism of the previous reaction to atezolizumab infusion, the results of

which were highly suggestive of Ig-E-mediated hypersensitivity. The skin test for

pembrolizumab, another ICI, was negative. Therefore, we replaced atezolizumab

with pembrolizumab, and the infusion proceeded safely. To date, the patient has

undergone 13 cycles of pembrolizumab, and the disease has remained stable.

This case demonstrates that patients who exhibit severe injection reactions to

ICIs can continue treatment safely, without cross-reactions, with alternative ICIs.

This case will help provide patients who have experienced drug-related

hypersensitivity reactions with a choice to use alternative ICIs, thus expanding

their options for chemotherapy.
KEYWORDS

immune-checkpoint inhibitors (ICIs), atezolizumab, pembrolizumab, infusion reaction,
hypersensitivity, immune-related adverse drug reactions (ADRs)
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Introduction

Immunotherapy has revolutionized the treatment landscape for

various malignancies, with immune-checkpoint inhibitors (ICIs)

emerging as a promising class of therapeutics (1). ICIs function by

blocking immune checkpoints, thereby enhancing the immune

system’s ability to target cancer cells (1). Although each ICI has a

unique molecular target, they share a common mechanism of action

and may exhibit overlapping adverse effects (1).

Atezolizumab, a monoclonal antibody targeting programmed

death-ligand 1 (PD-L1), has emerged as a promising

immunotherapeutic agent for the treatment of various malignancies

(2–4). Although atezolizumab has demonstrated significant efficacy

in boosting the immune system’s ability to combat cancer, its use is

occasionally associated with infusion reactions, posing challenges

with clinical administration (5).

In the context of cancer immunotherapy, the immune-related

adverse drug reactions (ADRs) are an important consideration.

The pathophysiology of ICI-related ADRs is complex and involves

T-cell activation against self-antigens, leading to inflammatory

responses in the affected tissues. However, Infusion reactions

related to ICIs are typically non-IgE-mediated hypersensitivity

reactions that can occur during or shortly after the administration

of these agents. So it is imperative to discern between infusion

reactions specific to ICIs and drug hypersensitivity reactions, as

the clinical management and potential implications for ongoing

cancer treatment significantly differ between the two (1, 2).

Treatment for metastatic urothelial cancer typically includes

chemotherapy as a first-line treatment, often with a combination of

drugs such as cisplatin and gemcitabine. In recent years,

immunotherapy involves drugs like pembrolizumab or atezolizumab

has become a vital part of the treatment formetastatic urothelial cancer,

especially for patients who don’t respond well to chemotherapy (3).

In this case report, we present the clinical course of a patient

with metastatic ureter cancer who received atezolizumab as a

primary treatment. The patient had a serious and unexpected

infusion reaction similar to anaphylaxis during the first injection

of atezolizumab. Despite concerns surrounding cross-reactions to

other ICIs, pembrolizumab was selected as an alternative and was

infused with no adverse effects.

This case report aims to provide a comprehensive review of

infusion reactions linked to atezolizumab, including their clinical

manifestations, underlying mechanisms, management strategies,

and implications for patient care. This unprecedented scenario

provides an opportunity to explore the safety, effectiveness, and

potential implications of using pembrolizumab as an alternative to

atezolizumab, which avoids the drug reaction that occurred during

the first infusion. Furthermore, by reporting this case, we aim to

contribute to the growing body of literature surrounding immune-

related adverse events associated with ICIs.
Case description

A 74-year old man with a past medical history of hypertension

underwent nephrectomy and ureterectomy for a right ureter tumor on
Frontiers in Oncology 02216
May 23, 2017. Adjuvant chemotherapy was recommended, but the

patient refused and requested regular follow-up only. After 4 years, the

patient developed abdominal lymph node metastases and received

systemic chemotherapy. The patient was administered a chemotherapy

regimen consisting of gemcitabine, dosed at 1000mg/m², and cisplatin,

dosed at 35mg/m². This regimen was scheduled over a three-week

cycle, with the patient receiving treatment during the first two weeks

and having the third week as a rest period. After seven cycles of

chemotherapy, the recurred lesion progressed, and the chemo-agent

was changed to atezolizumab, a PD-L1 inhibitor. Ten minutes after the

first infusion of atezolizumab, the patient complained of dyspnea and

itching, and displayed hypotension with systolic blood pressure

decreasing to 40 mmHg. Subsequently, his oxygen saturation

decreased to 80% and he lost consciousness. The level of

consciousness was assessed as Glasgow coma scale 5. The patient

was immediately administered antihistamine, steroid, epinephrine, and

fluid to treat the hypersensitivity reaction. Afterwards, blood pressure

and consciousness recovered within minutes. As a result, consciousness

was restored, and vital signs stabilized. Causality assessments suggested

that the event met the WHO-UMC causality assessment as terms of

“probable” (4)., with a Naranjo’s score of 7 (5).

Given the severity of the reaction to atezolizumab, it was decided to

cease further administration; instead, salvage radiation therapy was

performed on the recurred lymph node lesions. During the period 22/

3/10-3/31, salvage radiation therapy was applied 25 times to the ureter

and surrounding lymph nodes, for a total of 3200cGy. Initially,

radiation therapy provided a stable response, but the metastatic

lymph node lesions worsened again 5 months after the end of

radiation treatment. We discussed with the patient whether to re-

administer systemic chemotherapy or try another ICI, pembrolizumab,

and the patient expressed that they wished to try pembrolizumab.

Given the possibility that the severe infusion reaction that occurred

after the administration of atezolizumab was type 1 hypersensitivity,

and the possibility that a new ICI would cross-react with atezolizumab,

we decided to conduct a skin test on both ICIs.
Diagnostic assessment and details of
the therapeutic intervention, follow-
up, and outcomes

The drug dose used in the skin test was determined by referring

to a previous study (6, 7). A positive reaction in the skin test was

defined according to the criteria recommended by the American

Allergy Society (8): Positive skin test, development of a wheal that is

at least 3 mm greater than that observed with the negative control

for prick/puncture; or intradermal test (IDT) accompanied by a

flare > 5 mm. The skin prick test with atezolizumab at a

concentration of 60 mg/mL was negative, and the intradermal test

was positive at 0.06 mg/mL and 0.6 mg/mL (IDT, 0.06 mg/mL;

wheal, 3.8 × 3.5; flare, 7 × 7 and 0.6 mg/mL; wheal, 5.3 × 4.9; flare,

12 × 8) (Figure 1). The skin prick test (25 mg/ml) and intradermal

(0.25 mg/ml) test were performed with pembrolizumab, and both

were negative (Figure 1). Therefore, we decided to carefully infuse

pembrolizumab, without steroid or antihistamine injection, and the
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first injection was completed safely, without any hypersensitivity-

related symptoms. We introduced Keytruda at 3-week intervals and

conducted restaging CT scans every 3 months. After the 11th

chemotherapy session, a partial response was still maintained

(Figure 2). After the 20th infusion, CT scan showed disease

progression, leading to the discontinuation of Keytruda.
Discussion

As various types of ICIs continue to develop, interest in

incidence, mechanisms, preventions of immune-related ADRs are

also being actively growing. Previous autoimmune disease, genetic

predisposition, combination therapy, using ICIs in combination

with other therapies can increase the risk of ADRs. Some evidence

suggests that the type and stage of cancer may affect the likelihood

of experiencing immune-related ADRs. For instance, melanoma

patients treated with CTLA-4 inhibitors may experience different

ADRs compared to those with lung cancer treated with PD-1/PD-

L1 inhibitors. Research has indicated that there may be sex-based

differences in the incidence and severity of immune-related ADRs.

However, the data is not entirely conclusive, and more research is

needed to understand these differences fully. Elderly patients may

have a different risk profile for ADRs due to age-related changes in

the immune system and a higher likelihood of comorbidities (9).

Most anticancer agents, including ICIs, carry a risk of adverse drug

reactions, especially infusion reactions, with several reports of infusion

reactions after using ICIs (10, 11). Infusion reactions can be classified as

type 1 hypersensitivity reactions (immune-mediated adverse reaction)

and non-allergic reactions, such as cytokine-release syndrome (CRS)

(1, 12). Regardless of whether the reaction is allergic or non-allergic, the

clinical manifestations are the same and require accurate assessment

and acute management (1).

Currently, there is no unified consensus on whether the

mechanism of infusion reactions caused by monoclonal
Frontiers in Oncology 03217
antibodies, including ICIs, is immune-mediated or a symptom of

CRS (1, 12). However, it is generally accepted that the culprit drug

should be discontinued if a serious infusion reaction is observed.

Clinically, anaphylaxis is diagnosed by measuring the serum

tryptase level, conducting skin tests, and measuring the serum

allergen-specific IgE levels to identify the allergen (13). Blood

samples for the measurement of tryptase should be obtained

15 min to 3 h after symptom onset. In this case, the tryptase level

was measured 4 h after the onset of symptoms and showed a value

of 17.4, which is above the normal range (1–11.4 ng/mL).

Severe infusionreactionswithatezolizumabarerare, buta fewrelated

caseshavebeenreported (6, 14).Althoughsuccessfuldesensitizationwith

atezolizumab has been reported (6), re-administration after severe

infusion reactions should be carefully considered. There has been no

specific evidence reported that suggests anti-PD-L1 ICIs are more likely

to cause anaphylactic or immune-related adverse drug reactions (ADRs)

compared to other ICIs. The safety profiles of ICIs can vary due to their

different molecular structures andmechanisms of action. Anti-PD1 and

anti-PD-L1antibodiesdiffer in their target interactions; for instance, anti-

PD1 antibodies block the binding of PD-1 to both of its ligands, PD-L1

andPD-L2,whileanti-PD-L1antibodies specificallyblock the interaction

betweenPD-1andPD-L1.Thesedifferences could theoretically influence

the immunogenicity of the drugs and result in different safety profiles.

However, the clinical significance of these differences in terms of ADRs,

including anaphylactic reactions, is still being studied and is not fully

understood (15).

In this case, we determined whether the infusion reaction that

occurred after the use of atezolizumab was IgE-mediated

hypersensitivity or CRS. The results of the skin prick test and serum

tryptase levels were highly indicative of type 1 hypersensitivity.

Typically, type 1 hypersensitivity requires sensitization to a specific

antigen, but in this case, the patient had not been previously exposed to

atezolizumab. As an example of cross-reactivity, it is possible that this

patient was sensitized to a drug or food with a similar epitope to

atezolizumab. In the context of alpha-gal syndrome, anaphylaxis can be
FIGURE 1

Skin prick test: negative for atezolizumab and pembrolizumab. Intra-dermal test: positive at 0.06 mg/mL and 0.6 mg/mL of atezolizumab (IDT; 0.06
mg/mL; wheal, 3.8 × 3.5; flare, 7 × 7 and 0.6 mg/mL; wheal, 5.3 × 4.9; flare, 12 × 8), and negative for pembrolizumab.
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triggered when an individual who has been sensitized to a sugar

molecule called alpha-gal, found in red meat, receives their first dose

of the drug cetuximab. Cetuximab contains the alpha-gal molecule, and

exposure to it can prompt an allergic reaction in those who have

developed sensitivity. The sensitization to alpha-gal can lead to an

immune response upon subsequent exposure to it through certain

medications, resulting in anaphylaxis (16). However, it is difficult to

exclude the possibility that the skin prick test or elevated serum tryptase

directly activated mast cells or was a false positive result.

Although the burden of side effects related to cytotoxic drugs has

been alleviated with the introduction of ICIs, cases of severe infusion

reactions due to ICIs are still reported occasionally (14, 17, 18).

Understanding the mechanisms underlying these infusion reactions

is critical to effectively manage and mitigate associated risks, but

elucidating the hidden pathways of immune responses remains a

considerable challenge for physicians. Therefore, as an appropriate

alternative, the introduction of another ICI should be carefully

considered. This will require individualized treatment decisions based

on patient characteristics, including tumor type, previous therapy, and

potential for cross-reactivity between ICIs. Strategies for monitoring

and managing infusion reactions and other adverse events associated

with ICIs are considered worthy of discussion.
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FIGURE 2

Abdominal non-contrast computed tomography after three cycles of pembrolizumab. (A) Enlarged metastatic lymphadenopathies in aorto-caval,
and para-aortic on CT conducted August 22, 2022. (B) A partial response was observed on restaging CT conducted October 18, 2022. White circle
means "metastatic LNs".
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