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Abstract

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
led to a worldwide pandemic in 2020. Cancer patients represent a highly vulnerable group for COVID-19 infection and are
associated with poor outcomes due to their immunosuppressive status, owing to malignancy itself or anticancer therapies.
Several approved COVID-19 vaccines were assessed for their effectiveness in the general population. However, initially,
cancer patients were excluded from large landmark trials, leading to a paucity of data. This article presents a narrative review
that synthesizes findings from peer-reviewed clinical trials, real-world cohort studies, and expert guidelines to assess the
current evidence. This review assesses the safety, efficacy, and long-term effectiveness of COVID-19 vaccination in patients
with cancer. Accumulated evidence from multiple clinical trials and real-world data suggests that COVID-19 vaccines are
generally well-tolerated, safe, and efficacious in patients with both solid and hematologic types of cancer, eliciting moderate
adverse reactions and rare severe reactions, including immune-related adverse events, thrombotic events, and anaphylaxis.
Vaccine-induced humoral response and cellular response are often weakened in cancer patients, especially those with hema-
tologic malignancies, compared to those of non-cancerous individuals. However, the immunogenicity in cancer patients
improves significantly with booster doses. Further, seroresponse against SARS-CoV-2 variants increases with additional
booster doses, signifying the importance of personalized booster approaches. Despite this, vaccinated cancer patients develop
breakthrough infections, which are associated with hospitalization and higher mortality compared to the general population.
Moreover, long-term follow-up of vaccinated cancer patients suggests that they demonstrate durable immune responses,
with rare reports of cancer recurrence or remission that require further evaluation. Collectively, COVID-19 vaccination is a
practical and valuable approach for alleviating risk and improving outcomes in patients with cancer.
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ChAdOx1 Oxford/AstraZeneca COVID-19 Vaccine

Introduction

The coronavirus disease 2019 (COVID-19) is caused by
the novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which has led to widespread morbidity and
mortality [1]. Since the declaration of the COVID-19 out-
break as a pandemic on 11 March 2020 by the World Health
Organization (WHO), this disease has affected more than
778 million individuals worldwide, resulting in over 7 mil-
lion deaths [2]. The SARS-CoV-2 virus infects the general
population, but individuals of older age or with cardiovas-
cular disease, diabetes mellitus, kidney disease, or cancer
are at a higher risk of severe SARS-CoV-2 infection and
COVID-19 outcomes. Individuals with cancer, particularly
those who are undergoing active anticancer treatment or are
under immunosuppressants, are a susceptible population
with a heightened risk of severe COVID-19 symptoms [4,
5]. Cancer patients with either hematologic malignancies
or solid tumors are more likely to develop severe respira-
tory complications, experience prolonged hospital stays, and
face higher mortality rates compared to individuals without
cancer [6, 7].

In light of these backgrounds, the accelerated develop-
ment and distribution of COVID-19 vaccines emerged as
an indispensable treatment strategy to control viral dis-
semination and protect vulnerable individuals [8]. How-
ever, although these vaccines have shown strong safety and
efficacy in the general population, their impact on cancer
patients remains inadequately characterized. Most pivotal
clinical trials excluded individuals with active malignancies
or those receiving immunosuppressive therapies, resulting in
a significant knowledge gap regarding vaccine performance
in this subgroup. There is a lack of comprehensive data on
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how cancer type, treatment modality, degree of immunosup-
pression, and timing of vaccination affect immunogenicity,
safety, and durability of protection in cancer patients. Fur-
thermore, the potential impact of booster doses and emerg-
ing viral variants on long-term outcomes in cancer patients
remains poorly understood or underexplored [9].

Individuals suffering from malignancies undergo vari-
ous therapies, including radiotherapy, hormonal therapy,
chemotherapy, immunotherapy, and targeted therapy, all
of which can compromise the body’s immune system and
impair its ability to fight infections, such as SARS-CoV-2
infection [10]. These underlying immunosuppressive condi-
tions result in weaker antibody responses after vaccination
and a higher risk of breakthrough infections [11]. Moreover,
patients with underlying hematologic malignancies demon-
strate lower seroconversion rates post-vaccination compared
to those with solid cancers [12]. Thus, the clinical utility
of COVID-19 vaccination in cancer patients remains under
investigation, especially concerning its protective efficacy
and risk—benefit profile amid complex treatment regimens
[13].

To date, more than 10 major COVID-19 vaccines, includ-
ing vaccines developed by Pfizer (BNT162b2) and Moderna
(mRNA-1273), have been administered across the globe
while keeping susceptible populations and frontline work-
ers in the world at the highest priority for vaccination [14].
According to WHO data, over 200 additional vaccines are
in various pre-clinical and clinical stages of development to
meet the needs of the global population [15]. Several clini-
cal trials have assessed the effects of COVID-19 vaccines
in healthy populations, reporting high efficacy and toler-
ability with minimal side effects or breakthrough [4, 5, 13,
16—19]. The lack of targeted data on cancer patients intro-
duces uncertainty into clinical decision-making. Real-world
evidence is beginning to emerge, but significant questions
remain about the durability of immunity, optimal vaccina-
tion schedules, and the incidence of adverse events among
different cancer subpopulations. Furthermore, as new SARS-
CoV-2 variants continue to evolve, assessing the need and
timing for booster doses in immunocompromised cancer
patients becomes increasingly vital.

Patients with cancer, particularly those undergoing active
treatment or receiving immunosuppressants, were excluded
from clinical trials; consequently, data on the clinical effi-
cacy of COVID-19 vaccination in this group remain limited.
Thus, while evidence suggests that COVID-19 vaccination
is effective in eliciting immune responses, the extent of this
response and its implications for individuals who have can-
cer remain a matter of ongoing exploration. Furthermore,
although initial studies suggest that COVID-19 vaccines
are generally safe for cancer patients, ongoing research is
examining potential short- and long-term side effects that
may affect cancer therapies and overall patient well-being
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[18, 19]. While booster doses are recommended and enhance
immune responses in cancer patients, emerging studies indi-
cate that repeated administration may contribute to T cell
exhaustion. Earlier researchers, including Benitez Fuentes
et al. (2022) [19], reported that the third vaccine dose was
associated with signs of lymphocyte exhaustion, including
increased expression of immune checkpoint markers such
as PD-1 and TIM-3, which raises concerns about potential
long-term immunological impairment in some patients. Fur-
thermore, the SARS-CoV-2 virus continues to mutate and
emerge as new variants, which can impact ongoing vaccina-
tion programs. Hence, there is a requirement for additional
or booster doses to immunize patients with cancer against
new variants. Hence, there is a requirement for additional
or booster doses to immunize patients with cancer against
new variants.

This review aims to provide an in-depth analysis of the
impact of COVID-19 vaccination on patients with differ-
ent malignancy types, focusing on efficacy, tolerability, and
long-term effectiveness by evaluating the available literature.
This review aims to explore the several risk factors and fea-
tures of cancer associated with increased susceptibility of
cancer patients to COVID-19 infections. The efficacy of vac-
cination, measured in terms of seroconversion rates and anti-
body responses, as well as any adverse effects related to vac-
cinations, and the potential long-term impact of COVID-19
vaccines in cancer patients, is also discussed. By examining
the available literature, the review explores cancer-related
risk factors contributing to the increased susceptibility of
cancer patients to COVID-19. This review incorporates
the most recent real-world data on third and fourth booster
doses, including their impact on breakthrough infections,
immunogenicity, and adverse outcomes across various can-
cer subtypes. It also examines growing evidence of immune
exhaustion from repeated boosters and explores innovative
strategies, such as personalized booster schedules and het-
erologous vaccine combinations. Additionally, the review
addresses vaccination challenges and presents recommended
guidelines for vaccinating cancer patients.

COVID-19 and cancer: a multifaceted
interaction

Cancer patients infected with SARS-CoV-2 have signifi-
cantly different demographics and clinical signatures in
contrast to the general population. This is due to the variable
degree of complexity involved in tumor biology, differences
in individual patient responses, and diverse anti-tumor thera-
pies [20]. Individuals suffering from various types of malig-
nancies are a susceptible population with the risk of develop-
ing severe COVID-19 conditions [12, 18]. Various groups
of bodies have investigated the performance of patients with

cancer and COVID-19 and suggested various risk factors
and predictors associated with poor or severe outcomes of
COVID-19 infections. For instance, the COVID-19 and Can-
cer Consortium (CCC19) gathered data from almost 5000
patients with cancer infected with the SARS-CoV-2 virus.
They reported that older age, male gender, comorbidities
such as cardiovascular disease, lung disease, nephrologi-
cal disease, ethnicity, poor Eastern Cooperative Oncology
Group performance status, antitumor therapy including
cytotoxic drugs, and hematologic cancers (leukemia and
lymphoma) were related to the severity of SARS-CoV-2
infections [3]. Abnormal hematological levels and elevated
levels of creatinine, troponin, and C-reactive protein were
associated with severe COVID-19 symptoms, as detailed in
Fig. 1. Cancer patients who were found COVID-19-positive
early in the pandemic had worse outcomes than those found
later during the pandemic. Specific anti-neoplastic therapies
(e.g., etoposide along with platinum, and DNA methyltrans-
ferase inhibitors) were linked with a high mortality rate [3].
UK Coronavirus Cancer Monitoring Project (UKCCMP),
a clinical registry that monitors the COVID-19 positive
patients in real-time, investigated 800 cancer patients co-
infected with the SARS-CoV-2 virus and reported that the
mortality of the cancer patients with COVID-19 was majorly
due to the increasing age, male gender, and diseases such
as cardiovascular disease and hypertension. Additionally,
the authors reported that they were not able to identify the
negative association of anticancer therapies that were given
4 weeks before the COVID-19 infection with increased risk
of mortality [21]. Furthermore, the Thoracic Cancers Inter-
national COVID-19 Collaboration (TERAVOLT) registry
observed that patients with thoracic cancer display sever-
ity of COVID-19 disease owing to increasing age, smoking
habits, and co-occurrence of other morbid diseases, with
a mortality rate as high as 33% among those patients [22].
Additionally, other studies including large cohorts of cancer
patients with COVID-19 suggest that approximately 20%
to>70% of patients receiving different anticancer therapies
demonstrate severe COVID-19 illness, and these patients
showed mortality rates ranging between 13 and 33% [20,
23-29].

Taken together, these studies suggest that COVID-19
severity is more likely due to the increasing male gender,
pre-existing comorbidities, and less likely due to the active
anticancer treatment; however, other features such as the
type of malignancies and type of anticancer drugs adminis-
tered to patients should not be overlooked. For instance, two
separate teams of investigators established that the admin-
istration of immune checkpoint inhibitors (ICI) in cancer
patients is related to an increased rate of hospitalization and
COVID-19 severity [30, 31]. Figure 1 shows the clinical fac-
tors associated with poor outcomes among cancer patients
with cancer and COVID-19.
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Fig. 1 Clinical factors associ-
ated with poor outcomes among
cancer patients with cancer and
COVID-19
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Overview of COVID-19 vaccines

According to WHO data, as of 22 July 2020, a total of 13.64
billion COVID-19 vaccine doses have been administered
[32]. Sixty-seven percent of the total population is vacci-
nated with a complete primary series of a COVID-19 vac-
cine, and 32% of the total population is immunized with
at least one booster dose of a COVID-19 vaccine [32], as
depicted in Fig. 2. The WHO reports that over 288 vaccines
against the SARS-CoV-2 virus are under various stages of
development, with 184 in the pre-clinical phase and 104 in
the clinical phase [15].

More than twelve of these vaccines have already been
approved for use in various countries [14]. Among them,
Incovacc (Bharat Biotech), Sputnik Light and Sputnik V
(Gamaleya), Jcovden (Johnson & Johnson), Vaxzevria
(Oxford/AstraZeneca), Covishield (Serum Institute of
India with (Oxford/ AstraZeneca formulation), and Con-
videcia (Cansino) utilize recombinant non-replicating
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viral vector to elicit the natural immunogenicity of the
COVID-19 virus. Spikevax (Moderna) and Comirnaty
(BioNTech/Pfizer) utilize messenger RNA (mRNA) that
encodes proteins. Nuvaxovid (Novavax), Covovax (Serum
Institute of India), and SKYCovione (SK Bioscience Co.
Ltd.) utilize protein subunit vaccines. Covaxin (Bharat
Biotech), Covilo (Sinopharm), and CoronoVac (Sinovac)
utilize inactivated whole-virion vaccines (Fig. 2).

All these vaccines utilize these different types of viral plat-
forms to elicit antibody responses and T cell responses in the
body, particularly against the receptor-binding domain (RBD)
of the SARS-CoV-2 spike (S) protein, which is responsible
for entry of the virus into the respiratory epithelial cells of
the human host via its contact with the epithelial angiotensin-
converting enzyme 2 (ACE-2) receptor [9]. Overall, the cellu-
lar response and humoral response against the SARS-CoV-2
virus are required for immunity against the COVID-19 infec-
tion; therefore, the efficacy of COVID-19 vaccines should be
judged based on both responses [9] (Fig. 3).
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Safety of COVID-19 vaccination in cancer
patients

The approved COVID-19 vaccines have been studied exten-
sively in various phases of clinical development, and their
safety profiles have been reported, along with cautioning
against the occurrence of general adverse events, immune-
related adverse events, and serious adverse events.

A. General adverse events

Accumulated evidence suggests that the approved vaccines,
such as those developed by Moderna, Pfizer, Bharat Biotech,
Johnson & Johnson, AstraZeneca, and Sinopharm, are safe
and well-tolerated. In a study conducted by Cai et al., a com-
prehensive analysis was performed by collecting real-world
data from the Vaccine Adverse Event Reporting System
(VAERS) [16]. The authors reported that the m-RNA-based
vaccines such as those from Moderna and Pfizer-BioNTech
showed no toxicities in patients with cancer with mild
local reactions such as sore arm, injection site pain, nau-
sea, swelling, headache, and myalgia; however, incidence
of chills, pyrexia, injection site erythema, etc. was higher in
patients vaccinated with Moderna compared to those with

Pfizer-BioNtech vaccine. On the contrary, frequent events of
systemic reactions such as fatigue, dizziness, and dyspnea
occurred in patients vaccinated with the Pfizer-BioNTech
vaccine [16]. These symptoms occur more frequently in
females and young patients, typically within 1 week of vac-
cination. Polack et al. and Monin et al. also conducted an
extensive cohort study reporting that the Pfizer-BioNTech
vaccine is safe and well tolerated, with only mild to moder-
ate adverse events limited to mild-to-moderate pain at the
injection site, fatigue, and headache [33, 34].

B. Specific safety concerns in cancer subgroups

In a study, Thakkar et al. investigated the effect of three
vaccines: BNT162b2 (Pfizer), mRNA-1273 (Moderna),
and Ad26.COV2 (Johnson & Johnson) in 134 patients with
solid tumors (including breast, thoracic, gastrointestinal, and
gynecologic) and 66 patients with hematologic malignan-
cies (including lymphoid, myeloid, and plasma cell). The
authors found that grade 1-2 adverse events (mild to mod-
erate) occurred in 37% of the population vaccinated with
the BNT162b2 vaccine, 34% of the population vaccinated
with the mRNA1273 vaccine, and 26% of the population
immunized with Ad26.COV-2 vaccine [35]. Herishanu et al.
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[36] assessed the safety profile of the BNT162b2 vaccine in
patients with chronic lymphocytic leukemia. They reported
that 31% and 33.5% of patients exhibited mild local reac-
tions, characterized by pain at the injection site and red-
ness. In comparison, 12.5% and 23.4% of participants dem-
onstrated systemic adverse events, such as weakness, fever,
chills, and headache, after receiving the first and second
vaccine doses, respectively. Pimpinelli et al. [37] inves-
tigated the safety of COVID-19 vaccines in patients with
multiple myeloma and those undergoing active anticancer
therapy. They observed that only two patients vaccinated
with BNT162b2 experienced mild adverse reactions. Mas-
sarweh et al. also found no adverse effects of BNT162b2 on
patients with cancer undergoing active antitumor therapy,
including chemotherapy, radiotherapy, and immunotherapy
39. In a meta-analysis study conducted by Ge et al., patients
who undergo HSCT or CART therapy showed mild to mod-
erate adverse events limited to common local reactions
such as pain and swelling, and systemic reactions including
fever, myalgia, and fatigue [38]. Overall, these studies sug-
gest that COVID-19 vaccines are well tolerated by patients
with cancer, irrespective of the fact that they have solid or
hematological cancer, multiple myeloma, or are undergoing
active antitumor treatment, HSCT, or CART therapy, and are
comparable to the general population.

@ Springer

Immune Tissue inside
vaccinated cancer patient

4

Cell-mediated Immunity

ing cells to either B cells or T cells to elicit both humoral immunity
and cell-mediated immunity in vaccinated individuals, including
those with cancer

C. Immune-related adverse events (irAEs)

Several studies have found an elicitation of immune-related
adverse events (irAEs) in cancer patients treated with ICIs
following COVID-19 vaccination [39]. Seven clinical stud-
ies, including both retrospective and prospective studies,
reported immune-related adverse events (irAEs) in patients
treated with ICI vaccines, including BNT162b2, mRNA-
1273, CoronoVac, BBIBP-CorV, ChAdOx1 nCoV-19, and
Ad26.COV2S [4, 30, 40—44]. These studies reported an
incidence of lower-grade irAEs in cancer patients ranging
from 0% to 23.6%. However, there were three case reports
of patients treated with ICI vaccinated with BNT162b2, one
patient demonstrated cytokine release syndrome, another
case demonstrated grade-4 necrotizing myopathy, and the
third case displayed aggravation of psoriasis [45—47]. Stud-
ies suggest that irAEs due to the COVID-19 vaccine in ICI-
treated patients can be managed by close monitoring of the
ICI-treated patients.

D. Thrombotic events
Several studies reported that a rare syndrome of thrombosis,

frequently known as vaccine-induced immune thrombotic
thrombocytopenia (VIIT), occurred in patients receiving



Supportive Care in Cancer (2025) 33:753

Page70f19 753

vaccines such as ChAdOx1 nCoV-19, Ad.26. COV2.S,
BNT162b2, and mRNA-1273 [48-50]. The Medicines
and Healthcare Products Regulatory Agency (MHRA)
was prompted by 309 reports, mostly females with VIIT,
including 116 cases of cerebral venous sinus thrombosis
with thrombocytopenia (TTS), with a mortality rate of 18%
[51]. An extensive cohort study of 281,264 individuals from
Denmark and Norway who received the ChAdOx1 nCoV-19
vaccine also reported 59 cases of TTS events [52]. Hence,
MHRA advised caution while administering the ChAdOx1
nCoV-19 vaccine to people who might be at risk of coagu-
lation owing to pre-existing medical conditions, including
cancer, which itself is allied with an increased risk of TTS
[53]. TTS following the use of Ad.26.COV2.S as well as
mRNA-based BNT162b2 and mRNA-1273 has also been
reported; however, the patient population was between 15
and 20 only [54, 55]. Since the occurrence of these reports,
some countries restricted the usage of these vaccines for vul-
nerable populations; however, the FDA and MHRA advised
the usage of vaccines with caution, weighing in their benefits
rather than the risks for the majority of people [56].

E. Allergic reactions

Anaphylaxis is a severe allergic reaction that can occur in
people, including cancer patients, after any vaccination
and can be life-threatening if not treated immediately. Sev-
eral reports of allergic reactions in patients who received
BNT162b2 and mRNA-1273 have been submitted to the
CDC by VAERS for evaluation. CDC identified 66 cases (47
post-administration of the BNT162b2 vaccine, at a reporting
rate of 4.7 cases/million doses, and 19 post-administration
of the mRNA-1273 vaccine, at a reporting rate of 2.5 cases/
million doses) [57]. Additionally, in a meta-analysis study,
Sobczak and Pawliczak pooled data from six published
articles [57-62]and 4 databases [51, 63—65] and compared
the number of anaphylaxis reactions post-administration
of BNT162b2, m-RNA-1273, ChAdOx1 nCoV-19, and
Ad26.COV2.S vaccines [66]. The study confirmed the
risk of anaphylaxis reactions following the administration
of any vaccine; however, a higher risk of anaphylaxis was
observed with vector-based ChAdOx1 nCoV-19 and Ad26.
COV2. S vaccines compared to mRNA-based BNT162b2
and mRNA-1273 vaccines. Recent studies conducted in
Korea, Ontario, Germany, and Singapore also reported
anaphylaxis reactions post-administration of authorized
COVID-19 vaccines and postulated that polyethylene gly-
col (PEG2000) might be responsible for the elicitation of
such allergic reactions [67—70]. However, due to the small
sample size, the exact mechanism could not be concluded.
In all these studies, anaphylaxis reactions were more preva-
lent in females and occurred more frequently in young to
middle-aged individuals. Since these reports, the CDC and

WHO have recommended that epinephrine be administered
in all such cases, facilities should have the necessary sup-
plies, and caregivers should be trained to manage anaphy-
laxis. Additionally, the CDC and WHO recommend the use
of COVID-19 vaccines with caution by asking the patient,
including cancer patients, for their allergies before vaccine
administration [71, 72].

Efficacy of COVID-19 vaccination in cancer
patients

A. Immunogenicity studies
Humoral response

Studies have suggested that seropositivity rates in cancer
patients’ post-vaccination are lower than those observed
in noncancerous patients but higher than those present in
patients with hematologic malignancies [73, 74]. Further,
the seroconversion rate is also affected by antitumor thera-
pies. However, endocrine treatment and immunotherapy
might not affect the seroconversion rate in cancer patients
[73, 75]. Several studies evaluated the seroresponse rate
following two doses of m-RNA-based vaccines, m-RNA
1273 and BNT162b2, and reported the seroconversion rate
to range from 75 to 100% [19, 41, 73, 74, 76-87]. Further,
with the increase from two doses to 3 and 4, the serocon-
version rate ranges from 85 to 100% [76, 80-84]. The rate
of seroconversion in patients with hematologic malignan-
cies was reduced compared to that in patients with solid
tumors. These studies confirmed that humoral immunity
was increased after the administration of additional vac-
cine doses in patients with both types of cancer, solid and
hematologic, who had responded partially after receiving
two doses of vaccine. Meta-analysis as per Martins-Branco
et al. [80] pooled estimates calculated using random-effects
models with heterogeneity reporting (e.g., I> and t%). More-
over, neutralization antibody (nAb) titers also augmented
post 3 and 4 doses of vaccines in patients with both can-
cer types, as per earlier researchers [80-82] as detailed in
Table 1 and recent studies [75, 79, 85, 87, 88] as mentioned
in Table 2.

Cellular response

The immune response to a COVID-19 vaccination is gen-
erally assessed in terms of humoral immunity by measur-
ing the antibody titers developed in cancer patients; how-
ever, the cellular response to a COVID-19 vaccination can
also specify the protection against SARS-CoV-2 infec-
tion in patients with cancer. T cell responses have been
assessed rarely, but it has been observed that patients who
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demonstrate lower humoral responses often show higher
T cell responses.

Several studies have been conducted to measure T cell
responses to authorized vaccines in cancer patients, reporting
higher variability in the data. For instance, in patients with
solid malignancies, including those undergoing active anti-
tumor therapies, the T cell responses ranged from 53 to 78%
of the patients (Table 1). In patients with hematologic malig-
nancies, the cellular response ranged from 31 to 86% of the
patients (Table 2). Interestingly, Fendler et al. reported the T
cell response to BNT162b2 vaccines in patients with hemato-
logic malignancies and found that the vaccine showed T cell
responses against: 31% of patients for Omicron CD4 + and
34% of patients for Omicron CDS8 +, after dose 3, which
increased to 59% of patients for Omicron CD4 + and 44% of
patients for Omicron CD8 + [88]. All these studies confirm
the efficacy of the approved vaccines and that cancer patients
require more than two doses of vaccines for a greater level of
protection against SARS-CoV-2 infection.

B. Real-world effectiveness data

Cancer patients are at risk of developing COVID-19 post-
vaccination, also termed as breakthrough infections. Several
researchers have examined patients who developed COVID-
19 disease after receiving more than one dose of the vaccine.
Gong et al. [3] evaluated the relationship between COVID-19
vaccinations and breakthrough infections in a large cohort of
289,400 patients with solid or hematological malignancies
and 1,157,600 non-cancer patients [90]. This study reported
that vaccinated cancer patients had a significantly greater
risk of breakthrough infections and severe COVID-19 dis-
ease, including hospitalization and death, irrespective of the
cancer type and active chemotherapy. Along similar lines,
Song et al. assessed 1460 patients who encountered break-
through infections post-vaccination. Patients with cancer,
especially those with hematologic cancers, showed higher
risks of breakthrough infection and disease severity com-
pared to healthy individuals, and there was a decrease after
the second dose of the COVID-19 vaccine, especially in MM
patients [69]. Other studies conducted by Schmidt et al. and
Sgherza et al. also ascertained that patients with malignancies
who experience breakthrough infections, despite receiving a
series of primary vaccines, remain at higher risk of develop-
ing severe COVID-19 disease [91, 92].

C. Efficacy against variants of concern
Multiple new variants of the SARS-CoV-2 virus have emerged
since the onset of the pandemic. These variants are Alpha

(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2),
and Omicron (B.1.1.529) [93]. These variants are of the most

@ Springer

significant concern, as the current vaccines remain ineffec-
tive against them. Many researchers have evaluated the effect
of booster doses of COVID-19 vaccines on variants such as
Omicron in patients with cancer and COVID-19 and reported
their limited effectiveness [82, 85, 88].

Recent subvariants of Omicron, including BA.2 and
BA.5, have demonstrated enhanced transmissibility and
immune evasion properties, posing significant challenges for
immunocompromised populations, particularly those with
cancer. BA.5, in particular, has demonstrated an enhanced
ability to evade neutralizing antibodies induced by prior
infection or vaccination. In cancer cohorts, especially those
undergoing chemotherapy or immunotherapy, the immune
response to these subvariants is notably diminished.

Emerging data suggest a stark disparity in vaccine-
induced immunity between cancer patients and healthy indi-
viduals. A prospective study by Lee et al. (2023) found that
following a third dose of an mRNA vaccine, only 56% of
patients with solid tumors developed detectable neutralizing
antibodies against BA.5, compared to 87% in non-cancer
controls. Hematological malignancy patients fared worse,
with response rates below 30%, indicating profound immu-
nosuppression. Moreover, T cell-mediated immunity—cru-
cial for long-term protection—was significantly impaired
against BA.2-specific epitopes, highlighting the limited
breadth of cellular immune protection in these groups.

The recurrence of SARS-CoV-2 infections in cancer patients
is increasingly reported, often associated with re-exposure
to subvariants like BA.5. Retrospective analyses of hospital
records in Europe and North America have shown reinfection
rates of up to 22% among cancer patients within 6 months of
initial infection during the Omicron wave, with BA.5 respon-
sible for over 60% of documented reinfections. These reinfec-
tions, though sometimes mild, are associated with increased
hospitalization rates and delays in cancer treatment protocols.

Given this evolving landscape, variant-adapted vaccines are
being explored. Preliminary trials involving bivalent boost-
ers targeting BA.4/BA.5 spike proteins have shown improved
immunogenicity in cancer patients, though the durability of
protection remains uncertain. Additionally, monoclonal anti-
body therapies previously used for prophylaxis have demon-
strated reduced efficacy against these newer subvariants, neces-
sitating the urgent development of next-generation therapeutics
tailored to immunocompromised populations.

Long-term effects of COVID-19 vaccination
in cancer patients
A. Durability of immune response

The long-term effects of COVID-19 vaccination in cancer
patients remain insufficiently defined due to the limited
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and fragmented nature of the available data. However,
recent studies suggest that although antibody titers tend to
decline over time, booster doses significantly enhance and
sustain immunogenicity, as detailed in Table 3. Mancuso
et al. assessed 88 multiple myeloma (MM) patients over
12 months post-mRNA vaccination. Seropositivity was
88.2% at baseline but dropped after 6 months. However,
titers increased to 99% post-booster, although cell-medi-
ated immunity (CMI) remained low (36.2%) [94]. Simi-
larly, Schmidt et al. followed 71 pediatric cancer patients
for 12 months after receiving the BNT162b2 vaccine. The
study found that 66% of children developed durable immu-
nity, particularly those who had completed treatment [95].

Heudel et al. [96] tracked 2391 cancer patients for
142 days. Of these, only 1.6% contracted COVID-19, with
six deaths attributed to single-dose vaccination, advanced
age, or recent anti-CD20 therapy. The study emphasized
that patients receiving two or more doses were significantly
protected. In genitourinary cancer patients, Meza et al.
found [97] that the immune status ratio (ISR) increased
after 2 months post-vaccination, declined at 6 months, but
improved again following booster doses, particularly in
patients not receiving active treatment. Giuseppe et al. [98]
observed that 23.1% of MM patients failed to respond to
two BNT162b2 doses. Lack of seroconversion was associ-
ated with severe plasmacytosis and low hemoglobin levels.
These findings consistently support that although immune
responses decline over time, booster doses can restore
and sustain both humoral and cellular immunity in cancer
patients. Longer follow-up studies are needed to monitor
immunogenicity beyond 12 months and explore mechanistic
pathways, such as chronic inflammation or immune activa-
tion, that may impact recurrence or remission.

B. Impact of booster doses

Booster doses play a critical role in strengthening and
prolonging vaccine-induced immunity in cancer patients,
as detailed in Table 4. Multiple studies underscore their
efficacy, particularly among those who were initially non-
responsive. Rottenberg et al. [99] reported significantly
increased antibody levels after a third dose of BNT162b2

Table 3 Long-term effect of COVID-19 vaccines on patients with cancer

in patients with solid tumors undergoing active treatment.
Thakkar et al. [100] showed that 57% of seronegative
patients seroconverted after a third dose and 67% after a
fourth dose. These responses lasted up to 6 months [100].
Tan et al. [101] analyzed over 73,000 cancer patients and
found that third and fourth mRNA doses significantly
reduced COVID-19 severity. Earlier studies showed that
88% of 72 treated cancer patients were seropositive post-
booster. Mondaca et al. [81] examined homologous and het-
erologous booster strategies. Both reported that while sero-
positivity was high across regimens, neutralizing antibody
levels were higher in homologous groups and notably lower
in patients with hematologic malignancies [81].

Emerging real-world studies further support these find-
ings, indicating that booster doses not only enhance antibody
titers but also reduce hospitalization and mortality rates
among actively treated oncology patients, especially during
waves of Omicron and its subvariants [102].

Recent data also emphasize the importance of indi-
vidualized booster strategies, as patients with hematologi-
cal malignancies continue to exhibit lower neutralizing
responses even after repeated dosing, necessitating alterna-
tive approaches such as pre-exposure prophylaxis or heter-
ologous boosting. Importantly, new evidence, such as the
study by Mondaca et al. [113], raises concern about T cell
exhaustion following multiple booster doses, highlighting
the potential for diminished cellular immunity over time and
reinforcing the need for longitudinal immunomonitoring in
this vulnerable population. Additionally, global mitigation
strategies and their influence on cancer care disruptions have
been widely reviewed, further contextualizing the evolving
landscape of cancer vaccination amidst COVID-19 [113].

C. Impact on cancer recurrence or progression

Emerging reports have raised questions about the relation-
ship between COVID-19 vaccination and tumor dynamics.
While rare, both recurrence and remission of cancers have
been reported post-vaccination. Panou et al. reported [106]
two relapses of cutaneous T cell lymphoma shortly after
vaccination; conversely, Gambichler et al. [107] and Sousa
et al. [108] documented spontaneous remission of primary

T cell response Reference

47% positive at 12 months Mancuso et al. [94]

Heudel et al. [96]
Giuseppe et al. [98]
Meza et al. [97]

80-100% in off-treatment patients
Low in immunosuppressed
100% in off-treatment

Cancer type Vaccination doses Immunogenicity

Multiple myeloma 2+ booster 94% seroconversion post-booster;
IgG titer up to 2500 U/mL

Pediatric cancers 2+ booster 66% long-term immunity

Mixed cancers 1-3 doses 1.6% COVID-19 incidence; 6 deaths

Genitourinary cancers 24 booster ISR increased post-boost

Multiple myeloma 2 doses 76.9% seroconversion

No CMI data; linked to plasmacytosis Schmidt et al. [95]

@ Springer
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Table 4 Effect of booster doses of COVID-19 vaccine in patients with cancer

Authors Population

Vaccine type (booster dose)

Outcomes

Patients with solid tumors on active
treatment

Rottenberg et al. [99]

Thakkar et al. [100] Patients with solid and hematologic

malignancies

Tan et al. [101] 73,608 cancer patients and 621,475

matched controls

Ligumsky et al. [102] 72 cancer patients on active treatment

Mai et al. [104] 849 hematologic, 82 solid cancer

patients

Lee et al. [105] 361,098 individuals with cancer

Fendler et al. [81] 353 cancer patients with 82 hemato-

logic vs. 271 solid cancer patients

Mondaca et al. [103] 109 patients previously vaccinated
with CoronaVac (84)or BNT162b2

(25)

BNT162b2 booster

mRNA-based (3rd and 4th doses)

mRNA (3rd and 4th doses)

BNT162b2

Various (systematic review)

Third mRNA dose

BNT162b2 booster after either
BNT162b2 or ChAdOx 1

BNT162b2 booster after either Coro-
naVac or BNT162b2

Significant increase in antibody levels
post third dose; safe and well-toler-
ated

57% seroconversion after 3rd dose in
initial non-responders; 67% response
with 4th dose

Significant reduction in severe COVID-
19 outcomes; sustained protection for
5+ months

High seropositivity (88%) though lower
antibody titers than healthy controls

Seroconversion: 44% (hematologic),
80% (solid); booster improves
immune response

Effectiveness: 94.5% against death,
80.5% hospitalization; lymphoma
patients had lowest response

Lower immune responses in hemato-
logic malignancy patients

High seropositivity in both heter-
ologous and homologous schedules;
higher neutralizing antibody (Nab) in
homologous group

cutaneous anaplastic large-cell lymphoma and metastatic
salivary gland carcinoma, respectively, after vaccination.
While causality remains unconfirmed, these findings sug-
gest a potential link between immune activation and tumor
response. Mechanistically, vaccine-induced cytokine storms
or T cell priming may influence the tumor microenviron-
ment. However, robust cohort-based and mechanistic studies
are essential to validate these observations.

Despite these reports, current evidence remains anecdo-
tal and insufficient to establish causality or generalizability.
Most available data are limited to isolated case reports and
lack longitudinal follow-up or appropriate controls. Potential
biological mechanisms—such as vaccine-induced immune
modulation, systemic inflammation, or altered cytokine
profiles—may play a role in either promoting tumor sur-
veillance or triggering relapse in immunologically active
malignancies. These effects could be more pronounced in
cancers with known immune involvement, such as lympho-
mas or melanoma. To bridge these knowledge gaps, future
research should prioritize well-designed prospective cohort
studies that track cancer recurrence or progression post-
vaccination, stratified by tumor type, treatment status, and
immune response profiles. Integration of biomarkers and
immunological correlates could offer mechanistic insights
and inform personalized vaccination strategies in oncology
settings.

@ Springer

Challenges and mitigation strategies
in vaccinating cancer patients

Vaccinating cancer patients against COVID-19 presents sev-
eral complex challenges due to their unique immunological
profiles and treatment regimens. One of the most significant
barriers is the immunosuppression caused by cancer itself
and the therapies used to treat it, such as chemotherapy,
immune checkpoint inhibitors (ICI), and anti-CD20 mono-
clonal antibodies. These treatments often suppress both
humoral and cellular immunity, resulting in diminished
responses to vaccination. As a consequence, many cancer
patients, particularly those with hematologic malignan-
cies, exhibit reduced seroconversion rates and weakened
long-term immunity. This leaves them more vulnerable to
breakthrough infections, even after receiving full vaccina-
tion schedules. Studies have consistently shown that patients
with blood cancers tend to mount the weakest responses to
COVID-19 vaccines, further emphasizing the critical need
for tailored vaccination strategies in this population.
Beyond immunological barriers, several novel logistical
and systemic challenges complicate vaccination efforts in
cancer patients. Coordinating vaccine administration with
ongoing cancer treatments is often difficult, as the optimal
timing for vaccination—especially around chemotherapy
or B cell-depleting therapies—remains uncertain. Many
patients reside in rural or resource-limited areas, where
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access to healthcare is limited and vaccination logistics are
more challenging to manage. Additionally, vaccine hesitancy
among cancer patients poses another major obstacle. Con-
cerns about potential side effects, compounded by misinfor-
mation or inadequate communication from healthcare pro-
viders, contribute to reluctance or refusal to get vaccinated.
Disparities in access to booster doses or newer vaccine
formulations further exacerbate the issue, with inequitable
distribution across healthcare systems disproportionately
affecting vulnerable populations.

To address these challenges, several mitigation strate-
gies have been proposed and are beginning to be imple-
mented in clinical practice. Personalized vaccine schedul-
ing is one promising approach, in which immunization is
timed strategically around treatment cycles—for instance,
administered prior to chemotherapy—to maximize immune
response. Educational campaigns, particularly those led by
oncologists and trusted healthcare professionals, can help
reduce vaccine hesitancy by providing clear, evidence-based
information. These efforts must be accompanied by mobile
vaccination clinics and remote outreach programs to ensure
vaccine access in underserved or geographically isolated
areas. Another important strategy is serological monitoring,
involving routine testing of antibody and T cell levels after
vaccination. This enables clinicians to identify non-respond-
ers early and prioritize them for booster doses. For patients
who do not respond adequately to mRNA vaccines, alternate
vaccine platforms—such as protein-based or intranasal vac-
cines—may offer a viable alternative. Together, these multi-
faceted strategies aim to improve both the effectiveness and
equity of COVID-19 vaccination efforts in cancer patients,
ensuring they receive the protection they need amid ongoing
pandemic threats.

A. Psychosocial and quality-of-life impact
of COVID-19 vaccination

Beyond immunological and logistical challenges, the psy-
chosocial implications of COVID-19 vaccination among
cancer patients are increasingly recognized as a vital aspect
of supportive care. Vaccination not only reduces the clinical
risk of infection but also alleviates psychological burdens,
such as fear of contracting the virus during hospital visits
or treatment sessions. Studies have shown that vaccinated
cancer patients report improved emotional stability, reduced
anxiety levels, and greater confidence in engaging with
social and healthcare environments, ultimately enhancing
their overall quality of life. Conversely, uncertainties regard-
ing vaccine efficacy—particularly in immunocompromised
individuals—and concerns about side effects may trigger

stress or emotional distress. For example, temporary adverse
effects such as fatigue or fever may negatively influence a
patient’s perceived well-being, especially when compounded
by ongoing cancer treatment side effects. Patients under-
going therapies like anti-CD20 monoclonal antibodies or
CAR-T cells often remain concerned about insufficient pro-
tection despite full vaccination schedules, leading to persis-
tent health-related anxiety. To address these issues, oncology
care teams should integrate psychological counseling, tai-
lored education on vaccine safety and efficacy, and proactive
communication strategies into routine care. These efforts
help reassure patients, manage expectations, and reinforce
vaccine confidence—contributing to more holistic, patient-
centered vaccination strategies in cancer care.

Clinical guidelines and recommendations

Several global health organizations, expert oncology groups,
and advisory committees—including the American Society
of Clinical Oncology (ASCO), the European Society of
Medical Oncology (ESMO), and the National Comprehen-
sive Cancer Network® (NCCN®)—have issued guidelines
to prioritize COVID-19 vaccination for patients [109] with
cancer, recognizing them as a vulnerable population due to
heightened risks of infection severity and poor outcomes
[110]. These guidelines emphasize timely and effective vac-
cination across cancer treatment contexts [111]. To stream-
line clinical decision-making and enhance visual accessibil-
ity, Table 5 summarizes and compares core guidance from
ASCO, NCCN, and ESMO, with added input from other
major oncologic societies.

Furthermore, recent evidence suggests substantial vari-
ability in vaccine-induced immune responses among dif-
ferent cancer subgroups. Severely immunocompromised
patients, such as those receiving anti-CD20 monoclonal
antibodies (e.g., rituximab) or chimeric antigen receptor T
cell (CAR-T) therapies, exhibit markedly lower seroconver-
sion and neutralizing antibody levels following COVID-19
vaccination. Studies have reported that up to 85% of patients
treated with anti-CD20 therapies may fail to mount a detect-
able humoral response, even after booster doses. Similarly,
CAR-T cell recipients often exhibit impaired B cell recon-
stitution, resulting in reduced or absent vaccine responsive-
ness. These findings have prompted recommendations for
tailored vaccination schedules, including additional booster
doses, passive immunization with monoclonal antibodies,
and enhanced monitoring of immune responses in these
high-risk cohorts. Integrating this subgroup-specific data
into clinical guidelines is essential to optimizing protection
strategies for the most vulnerable oncology patients.

@ Springer
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Future perspectives, ongoing research,
and limitations

Researchers are continuously working on the development
of newer vaccine types that can be effective against the vari-
ous variants of the constantly evolving SARS-CoV-2 virus.
Next-generation vaccines, such as peptide-based vaccines,
would depend on the silico predictions for identifying pep-
tides specifying highly conserved immunecell epitopes to
generate long-term immunogenicity in vulnerable popula-
tions, such as cancer [112]. Researchers have also found
that hybrid immunity, which comes from the combination of
both vaccination and infection, is much more promising than
immunity provided by either vaccine or natural infection
alone [113]. Furthermore, the role of monoclonal antibod-
ies is being explored to provide added protection against
COVID-19 to vulnerable populations, including cancer
patients [114]. Thus, researchers are increasingly focused
on developing vaccines that offer protection against the vari-
ous emerging variants of the SARS-CoV-2 virus to provide
more comprehensive immunity.

However, several limitations in the current body of
research must be acknowledged. Most available data are
derived from observational studies, which are subject to con-
founding variables and selection bias. Moreover, follow-up
durations in many vaccine studies involving cancer patients
remain relatively short, limiting insight into long-term
immunity and safety. The evolving nature of SARS-CoV-2
variants also complicates interpretation, as vaccine effi-
cacy may vary over time. There is also heterogeneity across
patient populations, cancer types, and treatment regimens,
making it difficult to generalize findings. As a result, ongo-
ing and future studies must incorporate longer follow-ups,
variant-specific immunity tracking, and stratified analyses by
cancer subtype and immunosuppressive treatment.

Conclusion

COVID-19 vaccines are highly effective and safe for cancer
patients; there are significant challenges in ensuring opti-
mal efficacy. A single dose of COVID-19 vaccines yields
a weaker immune response in cancer patients compared to
healthy individuals. Moreover, seroconversion in patients
with hematological malignancies is significantly lower
than that in patients with solid tumors. Booster doses elicit
a higher immune response and are highly recommended
for cancer patients. Continuous monitoring and personal-
ized vaccination approaches are crucial for enhancing the
effectiveness of vaccines in this high-risk population. Future
research should focus on refining vaccination protocols,
investigating next-generation vaccines, and assessing the

efficacy of effective antiviral therapies, such as monoclo-
nal antibodies, in providing long-term protection against
COVID-19 in cancer patients.
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