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Cancer patients are susceptible to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Different antitumor treatments
have attracted wide attention in the context of coronavirus disease 2019 (COVID-19), especially immune checkpoint inhibitors (ICIs)
that have revolutionized oncology changes. It may also have protective and therapeutic roles in viral infections. In this article, we
collected 26 cases of SARS-CoV-2 infection during ICIs therapy and 13 related to COVID-19 vaccination from Pubmed, EMBASE, and
Wed of Science. Of these 26 cases, 19 (73.1%) presented mild cases and 7 (26.9%) were severe cases. Melanoma (47.4%) was a
common cancer type in mild cases and lung cancer (71.4%) in severe cases (P= 0.016). The results showed that their clinical
outcomes varied widely. Although there are similarities between the immune checkpoint pathway and COVID-19 immunogenicity,
ICIs therapy overactivated T cells, which often leads to immune-related adverse events. In fact, the COVID-19 vaccine has been
shown to be safe and effective in patients treated with ICIs. In this review, we report the vital clinical observations of SARS-CoV-2
infection or vaccination in cancer patients treated with ICIs and explore the potential interaction between them.

Cell Death and Disease          (2023) 14:390 ; https://doi.org/10.1038/s41419-023-05922-w

INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic has affected
almost every country, community, and a large number of
individuals. Cancer patients, due to the tumor itself and various
anticancer treatments, are immunocompromised and thus more
susceptible to being infected with severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) [1, 2]. Patients with cancer
had higher rates of intensive care unit (ICU) admissions and higher
mortality compared with COVID-19 patients without cancer [2].
The impact of specific cancer therapies varied also aroused
widespread concern during the pandemic, particularly in immune
checkpoint inhibitors (ICIs).
ICIs, including anti-cytotoxic T lymphocyte-associated antigen 4

(CTLA-4), anti-programmed cell death protein-1 (PD-1), and anti-
PD-ligand 1 (PD-L1), have shown higher efficacy against some
solid tumors by clearing the inhibitory pathways that block
effective anti-tumor T-cell responses [3–5] and are a recent
promising cancer treatment. The impact of ICIs is lasting. Gatto
et al. hypothesized that cancer patients undergoing ICIs could
enhance their ability against SARS-CoV-2 by increasing the activity
of T cells [6], but ICIs also disrupt immune homeostasis and may
lead to immune-related adverse events (irAEs) [7], which may
increase the difficulties of diagnosis in the context of COVID-19.
The popularity of vaccines has brought a new dawn to cancer

patients. Studies based on influenza vaccines have shown that
influenza vaccines are safe in ICIs-treated patients, and no new or
higher levels of irAEs have been observed after vaccination [8, 9].
In fact, irAEs are known to occur in cancer patients who receive
ICIs. Due to the overstimulation of the immune system during

vaccination, it remains imperative to consider the possibility of
irAEs and exercise caution when treating such patients [10].
Clinical performance, treatment and prognosis of cancer

patients treated with ICIs after SARS-CoV-2 infection or COVID-19
vaccination are divergent. The immune response between them is
still the focus of research. This literature review aimed to
summarize the published cases, elaborate on their clinical features
and prognosis, and discuss the potential interaction
between them.

COVID-19 IMMUNOLOGY
COVID-19 is an immune-related disease. The invasion of SARS-CoV-
2 rapidly activated various immune cells and facilitated the
generation of the protective immune response, including the
activation and expansion of CD4+ and CD8+T cells. Generally
eliminating virus infection and gaining effective immunity depends
on natural killer cells and cytotoxic CD8+T [11], the latter through
eliminates infected cells by releasing cytotoxic granules such as
granzymes, perforin [12]. Several studies have shown that
sustained viral stimulation may induce T cells in COVID-19 patients
to become dysregulated, hyperactivated, and subsequently
exhausted [13, 14]. Diao et al. found that the number of CD4+T
and CD8+T cells decreased dramatically in COVID-19 patients,
especially for patients admitted to ICU [15]. Decreased CD8+T and
natural killer cells were also found but highly activated in severe
COVID-19 [16], which partly explains the severe immune damage
[17]. T cell exhaustion may be one of the major causes of worsened
clinical outcomes in COVID-19 patients [12].
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Immune checkpoint (IC) molecule PD-1 plays a central role in
peripheral activated T cells, and its expression is considered to be
a marker of T cell exhaustion [18]. Levels of PD-1 and CTLA-4
expressed on both CD4+T and CD8+T were observed to be
upregulated in COVID-19 patients [19, 20], which may reflect an
association with the severity of COVID-19 [20]. Shahbaz et al.
indicated that PD-1 expression was much higher in severe COVID-
19 than in mild/moderate disease [19]. Similarly, Avendano-Ortiz
et al. proved that IC can be used as a marker to determine the
severity of COVID-19 at admission [21].
During SARS-CoV-2 infection, immune effector cells were

activated and a large number of cytokines and chemokines are
synthesized and released. It has been observed that the level of
interleukin (IL)-1, IL-6, interferon (IFN)-γ, granulocyte-macrophage
colony-stimulating factor, tumor necrosis factor (TNF) were
significantly increased in patients with severe COVID-19 [22]. High
concentrations of IL-6, IL-10, and IFN-γ were confirmed to
negatively regulate T cell survival or proliferation and play a key
role in inducing lymphopenia [15]. To compensate for the
disadvantage of depleted lymphocytes, more proinflammatory
cytokines were secreted by activated macrophages, neutrophils,
and monocytes [23], further promoting the production of cytokine
storm, which accelerates the progression of patients to acute
respiratory distress syndrome (ARDS) and multiple organ dysfunc-
tion. High IL-6 levels exert pleiotropic effects on the immune
system through cis-signaling, resulting in cytokine release syn-
drome (CRS) [24]. IL-6 inhibitor has been shown to be effective in
patients with severe COVID-19 and have become one of the
standard treatments against COVID-19, but the best beneficiary
group needs to be evaluated [25].

ICIS MECHANISM OF ACTION
In cancer and chronic infection condition, due to prolonged
exposure to the same antigen, T cells gradually lose their effect
and show overexpression of IC molecules [26]. ICIs reverse T cell
exhaustion by blocking immunosuppressive signaling between
antigen-presenting cells and T cells, thus enhancing effective
immune protection [27]. Specifically, CTLA-4 competes with CD28
for ligand B7 expressed on antigen-presenting cells to control
previously activated T cells. Scientists observed that anti-CTLA-4
not only enhances the function of T cells but also reduces the
regulatory T cells [3]. PD-1 binding to PD-L1 is responsible for
blocking the proliferation and survival of cytotoxic CD8+T. The
purpose of ICIs is not to kill tumor cells directly, but to enhance
immune response and endogenous antitumor activity by anti-
CTLA-4 to increase co-stimulation or blocking PD-1/PD-L1 to
inhibit the induced death of effector T cells [18]. The difference in
the mechanism of action between CTLA-4 and PD-1 shows the
potential for combination therapy. A randomized, double-blind,
phase 2 trial revealed that 4-year recurrence-free survival was
significantly higher in the nivolumab plus ipilimumab group
(64.2%) than the nivolumab alone group (31.4%) or placebo group
(15.0%) [28]. But in some cases, this combination therapy did not
improve disease-free survival [29]. Thus, clarifying the indications
and determining the mechanism of administration is necessary for
combination therapy.
Notably, activation of the immune system by ICIs may impair

tolerance to certain normal tissue antigens and cause irAEs,
thereby affecting multiple organs including skin, gastrointestinal
tract, liver, and pancreas [30]. In very rare cases, the effects can be
fatal. Researchers found that PD-1 combined with CTLA-4
blockade triggers more irAEs than monotherapy, and the most
common cause of death is colitis [31]. irAEs usually occur within
the first few weeks to months of treatment initiation, but delayed
toxicity can occur even after treatment is stopped [30]. The exact
mechanisms of irAEs are uncertain, but it is thought to be related
to specific T cell response, B cell activation, autoantibodies and

cytokine-mediated breakdown of self-tolerance [32, 33]. In
addition, researchers noticed that treatment of irAEs such as
corticosteroids, target TNF-α drugs may increase the risk of
opportunistic infections [26]. Therefore, it is necessary to carry out
medical suspicion when the clinical condition deteriorates after
receiving these additional immunosuppressive therapies to
correct irAEs [26].

CLINICAL CHARACTERISTICS OF SARS-COV-2 INFECTION IN
CANCER PATIENTS TREATED WITH ICIS
We performed the term (‘SARS-CoV-2’ OR ‘COVID-19’ OR ‘2019-
ncov’ OR ‘novel coronavirus’ OR ‘coronavirus’) and (‘immune
checkpoint inhibitor’ OR ‘immunotherapy’ OR ‘ipilimumab’ OR
‘nivolumab’ OR ‘pembrolizumab’ OR ‘cemiplimab’ OR ‘avelumab’
OR ‘durvalumab’ OR ‘atezolizumab’) to search in PubMed, EMBASE,
and Web of Science for articles published in English between
March 2020 to March 2023.
26 cases of SARS-CoV-2 infection during ICIs therapy were

collected from 19 research centers (Table 1), based on the degree
of disease progression, ICU admission or intubation, we divided 26
patients into mild (73.1%) [34–45] and severe cases (26.9%)
[46–52]. Of them, 65.4% were male, and the median age was 62.0
(22–83) years. According to the medical history, 38.5% had
melanoma, 30.8% had lung cancer, 23.1% had tumors of the
urinary system, 3.85% had hematologic malignancies and 3.85%
had Merkel cell cancer. And we found melanoma (47.4%) was
common in mild cases, while more lung cancer (71.4%) patients
were found in severe cases (P= 0.016) (Table 2). 65.4% received
anti-PD-1 monotherapy, 23.1% received anti-CTLA-1/PD-1 (nivolu-
mab/ipilimumab) combination therapy, and 11.5% received anti-
PD-L1 (atezolizumab) therapy. 65.4% presented with fever as an
initial presentation, followed by cough (50.0%) and dyspnea
(38.5%). The time from the last treatment cycle of ICIs to the
diagnosis of SARS-CoV-2 infection ranged from 2 to 56 days
(median: 18). Laboratory tests reported elevated C-reactive protein
in 17 (65.4%) patients and decreased lymphocyte counts in 9
(34.6%).
In terms of treatment, 53.8% of patients received antibiotics,

34.6% with hydroxychloroquine, and 19.2% with antiviral therapy.
4 patients were due to mild conditions and recovered through
self-isolation instead of specific treatment. The prognosis of severe
patients was significantly worse than that of mild patients
(P= 0.007). Ultimately, five severe cases died, and two mild cases
died of severe neurological deterioration and chronic heart
disease, respectively. Of the remaining patients, ten were reported
to have resumed or planned to restart immunotherapy.

CLINICAL CHARACTERISTICS OF COVID-19 VACCINATION IN
CANCER PATIENTS TREATED WITH ICIS
Similarly, we searched for cases in which patients who had
previously used ICI received COVID-19 vaccine. A total of 13 cases
of adverse reactions following the COVID-19 vaccination were
reported in cancer patients treated with ICIs (Table 3) [53–65]. The
median age was 55.5 (25–75) years, and males accounted for
53.8%. Of them, the most common cancer subtype was lung
cancer (46.1%), followed by melanoma (30.8%), hepatocellular
cancer (7.7%), colorectal cancer (7.7%) and parotid cancer (7.7%).
61.5% had previously received anti-PD-1 monotherapy, 30.8%
received anti-CTLA-1/PD-1 (nivolumab/ipilimumab) combination
therapy, and 7.7% received anti-PD-L1 (durvalumab) therapy. The
median time from the last ICI dose to the onset of disease after
vaccination was 11 (3–90) days. 4 patients (30.8%) had irAEs
before the COVID-19 vaccination. All patients were accepted with
mRNA vaccines, 6 (46.2%) patients develop symptoms after the
first dose of vaccine, 5 (38.5%) patients developed clinical
symptoms after the second dose, and 2 (15.4%) cases after the
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third dose. The median time from vaccination to onset was 3
(2–14) days. The clinical presentation of the patients varied, of
which three were diagnosed with type 1 diabetes mellitus (T1DM),
three with cutaneous complications, two with CRS, and one each
with necrotizing myopathy, thrombocytopenic purpura, hepatitis,
encephalitis and tumor relapse. Of 13 patients, 12 were improved
and discharged after treatment with steroids or insulin, and
symptomatic treatment.

INTERACTION BETWEEN ICIS AND SARS-COV-2 INFECTION
Up to now, the data on ICI-treated cancer patients with co-
infection with SARS-CoV-2 is limited. The restoration of cellular
immunity by anti-PD-1 has been shown to reactivate the depleted
antiviral T-cell response and lower viral load [66]. Among the 652
melanoma patients treated with ICI registered in the German
working group of dermato-oncology, only 13 were found to be
COVID-19 positive, and most of them had mild symptoms [67]. As
our case series summarized, COVID-19 patients treated with ICIs
do not necessarily have a serious course of disease [44]. In case 14
and 19, although two patients were positive for SARS-CoV-2 PCR
testing, neither of them showed obvious signs of lung involve-
ment. It is speculated that the cause for this mild condition may
be related to the blockage of the PD-1/PD-L1 pathway [43, 45].
A previous study pointed out that patients who received ICI

during influenza infection might be more immunocompetent than

those receiving chemotherapy patients [68]. ICI targets IC
receptors on T cells, increases CD8+T cell activity, and activates
immune cells, thus enhancing antiviral immune response, accel-
erating virus clearance, and ultimately phagocytosis and destroy-
ing virus-infected cells [69] (Fig. 1). Gatto et al. suggested that
cancer patients undergoing ICI are more ‘resistant’ to SARS-CoV-2
attacks [6]. Similarly, Yatim et al. demonstrated that melanoma
patients treated by ICI showed increased T cell activation during
SARS-CoV-2 infection [70], leading us to believe that cancer
patients receiving ICI may recover more successfully in COVID-19
cases. Of note, T cell exhaustion in severe COVID-19 is irreversible,
ICI may only play a role in the low or medium level of PD-1 [71].
Therefore, the recovery of immunity in cancer patients receiving
ICI may not be sufficient to protect these patients from severe
COVID-19.
Early hypotheses postulated that overactivation of immunity in

patients receiving immunotherapy leads to CRS, which possibly
aggravates COVID-19 disease [6, 7]. The plausible explanation for
this view is related to the mechanism of further damage of
respiratory epithelium caused by overactivation of T cells [17].
Murata et al. reported a 70-year-old man who had been treated
with nivolumab and ipilimumab for lung cancer and was
diagnosed with CRS due to systemic symptoms with inflammation
and elevated IL-6 after SARS-CoV-2 infection [51]. The authors
deem that the patient showed a good response to immunother-
apy, and the occurrence time of CRS coincided with the time of
SARS-CoV-2 infection. It is considered that CRS may be irAEs
caused by infection [51].
CRS is a systemic inflammatory disease that begins with fever

and is featured by high cytokine release, especially for IL-6,
triggered by infection or medication [72]. Murata et al. summar-
ized previously reported CRS cases induced by ICIs, and IL-6 levels
varied greatly among different cases [51]. The research found that
IFN-γ enhances IL-6 production in monocytes [73] and involved in
the development of ARDS in COVID-19 [22], while IFN signaling is
the pathway leading to PD-1/PD-L1 expression [74]. Nevertheless,
there is no significant correlation between previous use of ICI and
the severity of COVID-19, as evidenced by current research
[70, 75]. The probability of CRS after ICIs use has been reported to
be approximately 0.06%-0.14% [76]. Cytokine storms are more
common in severe COVID-19 patients, and the worst-case
condition may cause ARDS, but the probability is extremely small
(Fig. 1).
In addition, ICI immune-mediated lung injury and COVID-19

have overlapping features and common clinical and radiological
manifestations, making it not only difficult to distinguish between
the two but also impossible to exclude a negative synergistic
effect of both on lung injury [77]. Taken together, clinicians need
to be more cautious with ICI-treated cancer patients during
COVID-19.

INTERACTION BETWEEN ICIS AND COVID-19 VACCINATION
COVID-19 vaccine is recognized by various innate sensors after
injection, leading to cell activation and production of type I INF,
which further promotes T cell activation and differentiation into
effector cells that exert their effects, as evidenced by significant
antibody titers and specific antibody responses [78]. However,
vaccine induce immune responses may be affected by different
cancer treatments, in which patients receiving immunotherapy or
targeted therapy are more likely to develop seropositive status
than patients receiving cytotoxic chemotherapy [79]. The results
of the systematic evaluation by Ruiz et al. showed that COVID-19
vaccines are effective in ICI-exposed patients and they had higher
seroconversion rates than those receiving chemotherapy [80]. In
another prospective study of immune responses to mRNA-1273
COVID-19 vaccination in patients with different anticancer
therapies, antibody concentrations were lower in all cancer

Table 2. Clinical characteristics of SARS-CoV-2 infection in patients
treated with ICIs.

Characteristics Mild cases
(n= 19)

Severe cases
(n= 7)

P

Age (years) 58.79 ± 15.02 64.43 ± 10.18 0.487

Male sex, n (%) 12 (63.2) 5 (71.4) 0.538

Cancer type, n (%) 0.016a

Melanoma 9 (47.4) 1 (14.3)

Lung cancer 3 (15.8) 5 (71.4)

Urinary cancer 6 (31.6) 0 (0.0)

Others 1 (5.3) 1 (14.3)

ICI treatment, n (%) 0.831

Anti PD-1 13 (68.4) 4 (57.1)

Anti-PD-L1 2 (10.5) 1 (14.3)

Anti-CTLA-4/anti-
PD-1

4 (21.1) 2 (28.6)

Previous
occurrences of
irAEs, n (%)

7 (36.8) 1 (14.3) 0.375

Time from Last ICI
dose to SARS-CoV-
2 infection, n (%)

0.830

<7 days 2 (14.3) 2 (28.6)

7–21 days 8 (57.1) 3 (42.9)

>21 days 4 (28.6) 2 (28.6)

Outcome, n (%)b 0.007a

Improved 16 (89.9) 2 (28.6)

Dead 2* (11.1) 5 (71.4)

CTLA-4 cytotoxic T lymphocyte-associated antigen 4, ICIs immune
checkpoint inhibitors, irAEs immune-related adverse events, PD-1 pro-
grammed death-1, PD-L1 programmed death-ligand 1, SARS-CoV-2 severe
acute respiratory syndrome coronavirus-2.
*Dead from severe neurological deterioration and chronic heart disease.
aStatistically different.
bOne case does not give the outcome.
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patients than in non-cancer controls on day 28 after the second
vaccination [81]. But notably, 122 of the 131 patients treated with
ICI showed an adequate response, which was the highest
probability of all cancer cohorts [81].
On the other hand, in view of the occurrence of irAEs after ICI

therapy, the safety of COVID-19 vaccination should be considered.
Kian et al. pointed out that none of the different cancer
treatments showed any effect on the development of adverse
events after COVID-19 vaccination, while patients receiving ICI also
showed no more side effects than other treatments [82]. A survey
of 134 patients treated with ICI in two medical centers in Israel
also found no new immune-related side effects. Importantly,
vaccine-related side effects were mild even in patients with
previous immune-related adverse reactions [83]. Mei et al.
observed that vaccinated individuals may have milder irAEs
compared to unvaccinated people (P < 0.001) in ICI treated
patients, but no difference was observed in serious irAEs [84].
Furthermore, the authors suggested the optimal window between
anti-PD-1 therapy and COVID-19 vaccination might be >16 days
[84]. Another observational study found that skin cancer patients

treated with ICIs were tolerant to the COVID-19 vaccine. The
authors compared the occurrence of irAEs before and after
vaccination and found that 17 and 15 patients developed irAEs,
respectively, but all patients responded well to corticosteroids
[85]. Intriguingly, authors also observed patients with shorter
intervals between vaccination and ICI were more likely to develop
side effects [85], suggesting determining whether the time span
between the two is related to the occurrence of adverse reactions
may be an area for future research. The accumulated evidence
suggests that it is easy to see that COVID-19 vaccination is
effective and safe in cancer patients treated with ICIs.
Nevertheless, in theory, both immunotherapy and COVID-19

vaccines can trigger inflammatory and immune responses. Several
COVID-19 vaccines induced autoimmune diseases had been
reported, such as immune thrombotic thrombocytopenia, auto-
immune liver diseases and T1DM [86]. In our case series, 13
patients treated with ICI had adverse reactions after COVID-19
vaccination, which are very rare but still exist.
Several cases describe a unique temporal relationship between

the occurrence of irAEs and COVID-19 vaccination [53, 56, 61, 63].

Fig. 1 The possible interplay between SARS-CoV-2 infection and ICI therapy. The clinical status of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) infection in patients receiving ICI remains uncertain, but they may have potential interactions. ICI blocks the
inhibitory pathway to enhance immunity, increase the release of cytokines, accelerate virus clearance, and ultimately phagocytosis and
destroy virus-infected cells. On the other hand, the overactivated immune response may interact with T depletion and cytokine storm in
severe COVID-19 patients to induce cytokine release syndrome and accelerate the progression of ARDS [69]. The increased expression of
immune checkpoint receptors in turn increases the number of regulatory T cells, which promotes tumor progress [71]. ARDS acute respiratory
distress syndrome, COVID-19 coronavirus disease 2019, CTLA-4 cytotoxic T lymphocyte-associated antigen 4, CRS cytokine release syndrome,
IFN-γ interferon-γ, IL interleukin, PD-1 programmed cell death protein-1, SARS-CoV-2 severe acute respiratory syndrome coronavirus-2, Treg
regulatory T cells, TNF tumor necrosis factor.
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Scientists considered the COVID-19 vaccine, as a potential trigger,
may promote the development of irAEs in the context of
immunotherapy [54, 57, 58] (Fig. 2). Au et al. reported a colorectal
patient who received long-term PD-1 inhibitor therapy and was
diagnosed with CRS after the first dose of COVID-19 [53]. Due to
the sequence similarity between spike proteins and new tumor
antigens, T cells resident in tissues or lymph nodes cause CRS
through cross-reaction, although it is less likely [53]. It has been
demonstrated that CRS rarely occurs after COVID-19 vaccination
under cancer immunotherapy [87].
In addition, inhibition of the PD-1/PD-L1 pathway leads to

excessive proliferation of T cells and autoimmune activation, most
nivolumab-related T1DM complications occur within 7 months
after the first injection [88]. We identified three published cases of
ICI-treated cancer patients who developed symptoms within days
of their second COVID-19 vaccination and were subsequently
diagnosed with T1DM [59, 61, 62]. This temporal difference may
have other triggers. The incidence of T1DM is not high in COVID-
19 patients under 30 years old [89], but the cause of new-onset
hyperglycemia may be related to direct viral invasion of pancreas
β cells and proinflammatory cytokine response caused by SARS-
CoV-2 infection [90], it is reasonable to assume that similar
reactions may occur after SARS-CoV-2 antigen presentation
following vaccination [91]. COVID-19 vaccines induced T cell and
B cell expansion and increased cytokine secretion. mRNA vaccines
appear to have adjuvant properties and induce an immune

response that may induce stronger CD4+, CD8+T cell reactions
compared with traditional vaccines [92]. T cells were known to be
involved in T1DM. Thus, it cannot rule out the synergistic effect of
vaccination and ICI-induced irAEs (Fig. 2). Long-term clinical and
immunological analyses are needed to understand the potential
interaction between ICIs therapy and COVID-19 vaccination.
Of course, this paper has some limitations. The potential

mechanisms described above have not been confirmed and are
only a hypothesis based on the combination of cases. Secondly,
there is little literature on COVID-19 vaccination of cancer patients
receiving immunotherapy, and there may be many unreported
cases, which does not represent the true incidence of irAEs and
the causal relationship between disease and vaccine and ICI
cannot be determined from these single cases.

CONCLUSION
Cancer patients are thought at high risk for COVID-19. It seems
prudent to comprehensively assess risk factors and symptoms of
SARS-CoV-2 infection in all patients who have received or are
receiving ICI therapy and to screen for SARS-CoV-2 PCR early for a
definitive diagnosis, especially for lung cancer patients. The
benefits of vaccination against SARS-CoV-2 in these patients
outweigh the risk, and still encouraged to be vaccinated. Clinicians
should pay attention to the time window between ICIs and
vaccination, as well as the follow-up after vaccination. Larger

Fig. 2 The possible mechanisms of irAEs post COVID-19 vaccination in patients treated with ICI. ICI induces T cells proliferation and
enhances effect function, COVID-19 vaccination increases co-stimulation between antigen presenting cells and T cells receptors, which as a
potential stimulator, which may induce the occurrence of irAEs. Increased cytokine release also involved immune events. CTLA-4 cytotoxic T
lymphocyte-associated antigen 4, CRS cytokine release syndrome, IFN interferon, IL interleukin, irAEs immune-related adverse events, MHC
major histocompatibility complex, PD-1 programmed cell death protein-1, SARS-CoV-2 severe acute respiratory syndrome coronavirus-2,
T1DM type 1 diabetes.

Y. Yang and G. Xu

8

Cell Death and Disease          (2023) 14:390 



studies with longer follow-ups are still needed to fully assess the
benefits and harms of the SARS-CoV-2 infection and COVID-19
vaccine in ICI-treated patients.
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