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moderately or to be restricted to specific subgroups. Therefore, we sought to conduct a systematic review
and meta-analysis to identify risk factors for diminished humoral immune responses in solid cancer
patients.

Methods: MEDLINE, Embase, Web of Science, Cochrane Library, and ClinicalTrials.gov were used to search

Iég{;;'gi‘g literature through May 1, 2022. Prospective or retrospective studies comparing responders with non-
COVID-19 vaccines responders against SARS-CoV-2 spike (S) protein receptor-binding domain (RBD) following COVID-19
Cancer vaccination were included. Pooled Odds Ratios (pORs) with 95% Cls for binary variables and differences

Seroconversion in means (with SDs) for continuous variables were calculated to determine the pooled effect estimates of
risk factors for poor antibody response.
Results: Fifteen studies enrolling 3593 patients were included in the analysis. Seroconversion was seen in
84% of the pooled study population. Male gender, age >65 years, and recent chemotherapy were all fac-
tors in a poor immune response. Patients under follow-up, those who received immunotherapy or tar-
geted therapy, were more likely to be seropositive. Cancer subtypes, vaccine types, and timing of
antibody testing from the 2nd dose of vaccine did not correlate with seroconversion.
Conclusion: Cytotoxic therapy for solid cancer may portend poor immune response following 2 doses of
COVID-19 vaccines suggesting a need for booster doses in these patients. Immunotherapy and targeted
therapy are likely to be associated with seropositive status, and thus can be considered as an alternative
to cytotoxic agents in cases where both therapies are equally efficacious.

© 2023 Elsevier Ltd. All rights reserved.
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1. Introduction

Individuals with COVID-19 who have active malignancy have a
much higher risk of severe COVID-19 disease and associated mor-
tality compared with the general population [1-3]. Multiple vac-
cine subtypes have been shown to reduce the viral spread and
prevent adverse outcomes in the general population [4-6]. Vacci-
nation against COVID-19 generally results in an inadequate
immune response in patients with cancer, irrespective of vaccina-
tion subtype [7-10].

The seroconversion rate for cancer patients is about 73% (64-
81%) following complete COVID-19 immunization [11]. Solid can-
cer is an umbrella term often used to describe malignancies affect-
ing solid organs [12]. Hematological malignancies are associated
with a significantly lower seroconversion than solid cancers (64%
vs. 94%) [11,13]. Approximately 90%-100% of solid cancer patients
seroconvert following two vaccine doses [14,15]. Prior meta-
analyses have found a lower seroconversion rate in fully vacci-
nated solid cancer patients than in those without cancer (risk ratio
0.88 95% CI 0.85, 0.92) [11,16]. However, a few studies suggest
comparable antibody titers for solid cancer patients to those with-
out cancer [17,18]. There are likely to be specific subgroups of
patients with solid cancers with differing rates of seroconversion
[19]. Considering that such differences cannot be detected in indi-
vidual studies, we performed a systematic meta-analysis of studies
that sought determinants of humoral immune response to the
COVID-19 vaccine in these patients.

2. Methods
2.1. Data sources and searches

An a priori-defined protocol registered in the International
Prospective Register of Systematic Reviews (PROSPERO)
(CRD42022329432) that is in accordance with the Preferred
Reporting Items for Systematic Review and Meta-analyses
(PRISMA) guideline was utilized to conduct this meta-analysis
[20]. A systematic and comprehensive search was performed inde-
pendently by two reviewers (D.W. and P.H.) in MEDLINE, Embase,
Web of Science, Cochrane Library, and the ClinicalTrials.gov data-
bases between January 1, 2020, and April 1, 2022. We limited
our search to the English language and did not include preprint
publications. Keywords used were cancer, solid cancer, SARS-CoV-2
vaccine, ChAdOx1 mCoV-19, Oxford-AstraZeneca, mRNA vaccines,
BNT162b2, mRNA-1273, BBIBP-CorV, CoronaVac. Discrepancies
between reviewers were resolved by consensus or involving a third
investigator.

2.2. Study selection and quality assessment

Two reviewers (D.W. and P.H.) conducted an independent
assessment of titles, abstracts, and full texts (if required) of all rel-
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evant studies. The study selection was defined according to the
PICOS criteria: Participants (P): adult patient (>18 years) with solid
cancer, Intervention (I): SARS-CoV-2 vaccination, Comparison (C):
Seropositive versus seronegative for vaccine-induced antibody
against SARS-CoV-2 spike (S) protein receptor-binding domain
(RBD), Outcome (0O): seroconversion rate, Study (S): Clinical trials,
and observational studies including prospective cohort, retrospec-
tive cohort, and case-control studies. Studies that did not exclude
patients with humoral immunity following COVID-19 infection
from their analysis were excluded. Studies investigating neutraliz-
ing antibodies, T-cell responses, or antibody assessment following
a single vaccination dose were excluded. Two independent review-
ers (D.W. and P.H.) conducted a study quality assessment using the
Newcastle-Ottawa Scale (NOS) [21]. The assessment comprised
three categories: selection quality, comparability, and the outcome
of the study population, with a maximum cumulative score of 9
points. Studies with a score of 7 to 9 were considered to have a
low risk of bias, 4 to 6 points as moderate, and less than four as
a high risk of bias (eTable 1).

2.3. Outcome measurement and data extraction

The outcome was seroconversion rates following COVID-19 vac-
cination. We extracted relevant variables such as median age, sex,
race, comorbidity, performance status, histological types, anti-
cancer therapy, type of vaccine received, and vaccination protocols.
Anti-cancer therapy was defined as cytotoxic chemotherapy,
immunotherapy, or targeted/biologic therapy within six months
from the time of the first dose of the vaccine. In addition, we
extracted the number of patients with relevant variables and the
total number of responders and non-responders. Responders were
defined as per the defined cut-offs of antibody testing in the indi-
vidual studies. Subgroup analysis was performed for risk factors in
which outcomes were reported in > 10 studies. The stratification
was also performed by country in which the study was performed:
(Israel and others) and sample size employed by each study (study
sample size < 150 and study sample size > 150).

2.4. Statistical analysis

Humoral immune response, the host, cancer, or vaccine-related
covariates were characterized using descriptive statistics. A meta-
analysis was performed with Review Manager software version 5.4
(The Cochrane Collaboration, Copenhagen, Denmark) to identify
risk factors associated with poor humoral immune response. For
each included risk factor, pooled Odds Ratios (pORs) with 95% Cls
for binary variables, and differences in means (with SDs) for con-
tinuous variables were calculated to determine the pooled effect
estimates. The leave-one-out validation method was employed
for sensitivity analyses [22].

Publication bias assessment was performed using Funnel Plots
and Egger’s regression test for analysis with 10 or more studies
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[23,24]. If the p-value of the Egger regression was found to be < 0.1,
the publication bias was considered significant [25]. In case of the
presence of publication bias, the trim-and-fill method was used to
adjust the summary estimate [26]. The I? statistics were used to
assess the heterogeneity of effect size estimates for each study,
ranging from 0% to 100%. The 12 of <25% is considered to have
low heterogeneity, 25% to 60% as moderate heterogeneity, and
>60% as significant heterogeneity [27]. In case of significant hetero-
geneity, the DerSimonian-Laird random-effects model was uti-
lized; otherwise, the Mantel-Haenszel fixed-effects model was
used for moderate-low heterogeneity. Two-tailed p-values of
<0.05 were considered to be statistically significant.

2.5. Certainty of evidence

The Grading of Recommendations Assessment, Development,
and Evaluation (GRADE) was used to assess the certainty of evi-
dence [28]. Based on the domains of study limitations, inconsis-
tency, indirectness, publication bias, imprecision, effect size, and
dose, and plausible effect of residual confounding, the overall cer-
tainty of the evidence was rated as high, moderate, low, or very
low (eTable 2).

3. Results
3.1. Literature search

The initial search of databases yielded 1397 studies, 521 studies
were removed because of being duplicates, and a further 822 stud-
ies were excluded through screening titles and abstracts. The full-
text review was performed for 55 studies, of which 40 were
excluded because of ineligible study designs, failure to report out-
comes of interest, and studies on hematological malignancies. A
total of 15 studies were included in the systematic review and
meta-analysis [8-10,18,29-39] (Fig. 1). The study characteristics
are summarized in Table 1.

3.2. Study characteristics

A total of 3593 participants (range 39-816) with median age
ranging from 62 to 74 years were included in the present study.
Breast cancer was the predominant malignancy among the
included studies. Four different vaccine subtypes (Pfizer BionNTech
(BNT162b2), Moderna (mRNA-1273), Sinovac (CoronaVac), and
Sinopharm (BBIBP- CorV) were administered to the study partici-
pants. Most participants received the BNT162b2 vaccine, although
SARS-CoV-2 vaccines were not mixed among all enrolled partici-
pants. All included studies reported immunogenicity rates follow-
ing the completion of 2 doses, while only one study included
participants who were administered a third vaccine dose.

SARS-CoV-2 IgG Il Quant assay (Abbott Laboratories) (5 studies)
and the SARS-CoV-2 anti-spike (S) S1/S2 IgG assay (Liaison; Dia-
Sorin) (4 studies) were the most frequently utilized methods to
assess antibody titers (eTable 3). Seroconversion was seen in 84%
(62.3%-98.6%) of the pooled study population. A few studies also
reported median IgG levels that ranged between 246 AU/mL and
2231 AU/mL amongst responders.

Eleven studies had a low risk of bias; the remaining four had a
moderate risk of bias (median NOS score: 8). (eTablel in the
Supplement).
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Fig. 1. PRISMA flow diagram for study selection process.

3.3. Determinants of humoral immune responses after COVID-19
vaccines

3.3.1. Host characteristics

The host characteristics of the included studies are shown in
Table 1. The results from 12 studies comprising 2636 patients
showed that the proportion of males was significantly lower in
the seropositive group compared to the seronegative group
[OR = 0.76, 95% CI (0.61, 0.96), p = 0.02; 1> = 38%] (eFigure 1).

The median age ranged from 31 to 66 years old in the seropos-
itive group and 47 to 71 years old in the seronegative group. Meta-
analysis of studies reporting age as a continuous variable did not
show a correlation with seroconversion [MD —1.09 95% CI (-
4.03,1.85) p = 0.47; I = 83%] (eFigure 2). However, the proportion
of patients older than 65 years was lower in the seropositive com-
pared to the seronegative group [OR = 0.60, 95% CI (0.38, 0.97),
p = 0.03; I? = 5%] (eFigure 3).

Patients belonging to non-Hispanic white race [OR = 0.77, 95%
CI (0.30, 2.00), p = 0.60; I* = 0%] (eFigure 4), with comorbidities
[OR = 0.83, 95% CI (0.26, 2.63), p = 0.75; 1 = 74%] (eFigure 5)
and having poor performance status (ECOG > 1) [OR = 0.58, 95%
C1(0.33, 1.01), p = 0.05; I?> = 0%] (eFigure 6) did not show associa-
tion with seroconversion.

3.3.2. Cancer characteristics

The characteristics related to the diagnosis of cancer subtypes
are presented in Table 1. The proportion of patients with gastroin-
testinal cancer [OR = 0.93, 95% CI (0.69, 1.24), p= 0.61; I> = 26%] (10
studies) (Table 2, eFigure 7 in the Supplement), breast cancer
[OR = 112, 95% CI (0.83, 1.52), p = 0.45; I? = 45%] (10 studies)
(Table 2, eFigure 8 in the Supplement), thoracic cancer
[OR =0.95,95% CI (0.64, 1.42), p = 0.82; I2 = 0%] (9 studies) (Table 2,
eFigure 9 in the Supplement), genitourinary cancer [OR = 0.81, 95%
CI (051, 1.29), p = 0.38; I2 = 0%] (8 studies) (Table 2, eFigure 10 in
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Table 1
Study Characteristics.
Author, year Country Study design Patients Vaccines Doses Time points of Histology Responders
(m) (m) main analysis GI Breast Thoracic GU Gynae Skin Others Patients (n, %) Median IgG
Addeo, 2021  Multi-centric (USA, Prospective 106 BNT162b2 or 2 1-50d, 2-24d 16 27 18 20 3 7 15 1-80/96 (83.3), I-  I- 44" (4-137), II-
Switz-zerland) mRNA- 1273 99/101 (98) 2500 (514-2500)
Agbarya, Israel Cross- 140 BNT162b2 2 2->7d 48 30 27 13 8 - 13 120/140 (85.7) 2231% (445-8023)
2021 sectional
Ariamanesh, Iran Prospective 340 BBIBP- CorV 2 2-60d 85 160 - 20 10 - 65 212/340 (62.35) -
2022
Cavanna, Italy Prospective 293 BNT162b2 or 2 2-14-42d 67 70 34 - 25 - 61 195/257 (75.8) -
2021 mRNA- 1273
Di Noia, Italy Prospective 816 BNT162b2 2 0, 1-21d, 1-49d 70 250 168 89 46 - 73 677/816 (83) 246.09% (16.03-
2021 3778.70)
Ehmsen, Denmark Prospective 201 BNT162b2 or 2 2-36d, 90d 31 69 25 51% 518 18 - 187/201 (93) -
2021 mRNA- 1273
Figueiredo, USA Prospective 145 BNT162b2/ 2/3 2-42d, 120-180d 19 21 39 - - 36 30 70/87 (80.5) 8,581 (NA)*
2021 mRNA- 1273
Goshen- Israel Prospective 232 BNT162b2 2 1-10d, 2-14d 60 38 43 46 9 4 18 187/232 (80.6) -
Lago,
2021
Grinshpun, Israel Retrospective 172 BNT162b2 2 2-77d 36 66 38 22 10 - 30 150/172 (87.2) -
2021
Karacin, Turkey Prospective 47 CoronaVac 2 2-28d 24 7 6 6 3 - - 30/47 (63.8) -
2021
Ligumsky, Israel Retrospective 326 BNT162b2 2 2-60d 84 82 45 29 41 13 32 287/326 (88) 931 (0-40 000)*
2021
Mairhofer, Austria Prospective 39 BNT162b2/ 2 2-21d 14 11 - - 6 - 8 34/39 (87.2) -
2021 mRNA- 1273
Masserwah,  Israel Prospective 102 BNT162b2 2 2-18-55d 29 18 26 8 - - 12 90/102 (88.2) 1931 (509-4386)*
2021
Oosting, Netherlands Prospective 505 mRNA-1273 2 2-28d 70 73 211 50 20 64 32 496/503 (98.6) -
2021 trial
Shmueli, Israel Prospective 129 BNT162b2 2 1-14-28d, 2-14- 55 26 19 10 - 14 5 111/129 (86) 3.25 (2.7-3.9)"
2021 28d

" : U/ml, #: AU/ml, ~: geometric mean titer, d: days, GI: Gastrointestinal, GU: Genitourinary, Gynae: Gynecological cancer.
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Table 2
Summary of factors associated with immunogenicity after 2 doses of COVID-19 vaccines.
Risk factor Humoral immune Pooled difference in Studies, No. Evidence certainty (GRADE) Comments
response, humoral immune
POR (95% CI) response, mean (95% CI)
Host characteristics Age NA —1.09 [-4.03, 1.85] 6 Very low Significant heterogeneity was owed to Figueiredo
et al, which upon exclusion, pMD becomes
significant (-2.96 [-3.54, —2.38])
> 65 year 0.60 [0.38, 0.97] NA 3 Very Low Non-significant pooled estimate after removal of 1
of the following studies : Addeo et al., Cavanna et al.
Male 0.72 [0.57, 0.91] NA 12 Low Non-significant pooled estimate after removal of 1
of the following studies : Ariamanesh et al Cavanna
et al,
Race: Non-Hispanic white 0.77 [0.30, 2.00] NA 2 Very low None
Comorbidity: Present 0.83 [0.26, 2.63] NA 3 Very low Significant heterogeneity owed to Shmueli et al. No
change in summary estimate after exclusion.
Performance status (ECOG > 1) 0.41 [0.11, 1.46] NA 2 Very low None
Cancer characteristics Cancer types
Gastrointestinal 0.93 [0.69, 1.24] NA 10 Moderate None
Breast 1.12 [0.83, 1.52] NA 10 Low None
Thorax 0.95 [0.64, 1.42] NA 9 Moderate None
Genitourinary 0.81 [0.51, 1.29] NA 8 Moderate None
Gynecology 1.59 [0.83, 3.04] NA 7 Low None
Skin 2.58 [0.71, 9.44] NA 4 Low None
Anti-cancer therapy
Follow-up/surveillance 4.80 [2.22, 10.41] NA 5 Low None
Cytotoxic 0.43 [0.34, 0.55] NA 14 Moderate None
Immunotherapy 1.76 [1.19, 2.59] NA 11 High None
Chemo-immunotherapy 0.98 [0.50, 1.92] NA 5 Low Masserwah et al contributed to significant
heterogeneity
Targeted therapy 1.66 [1.07, 2.56] NA 5 Low POR lost significance after removal 1 of several
studies from analysis [Di Noia et al, Goshen-Lago
et al.]
Cancer status
Metastatic 1.27 [0.95, 1.69] NA 8 Very Low POR became significant after removal of Cavanna
et al., from analysis.
Vaccine characteristics  Vaccine types
BNT162b2 0.65 [0.28, 1.49] NA 3 Low None
Time from 2nd COVID-19 vaccine NA —-1.83 [-5.53, 1.87] 4 Very low Significant heterogeneity owed to 1 of the

following: Agbarya et al, Goshen-Lago et al.
Significant result after exclusion of Agbarya et al [-
3.52 [-6.76, —0.27]

PRR, Pooled risk ratios, pMD, Pooled Mean difference, ECOG PS, Eastern cooperative group performance status.

UDPWLOH *d puD 121010 °S ‘APAPIUDM ‘d
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the Supplement), gynecological cancer [OR = 1.65, 95% CI (0.84,
3.24), p = 0.15; I? = 0%] (6 studies) (Table 2, eFigure 11 in the Sup-
plement), and cutaneous cancer [OR = 2.58, 95% CI (0.71, 9.44),
p = 0.15; 12 = 0%] (4 studies) (Table 2, eFigure 12 in the Supple-
ment) were similar in both seronegative and seropositive groups.
Similarly, the proportion of patients with metastatic disease was
similar between the seropositive and seronegative groups
[OR = 1.27, 95% CI (0.95, 1.69), p = 0.10; I = 58%] (8 studies)
(eFigure 13).

Five studies demonstrated that the proportion of patients under
follow-up or clinical surveillance was higher in the seropositive
group compared to the seronegative group [OR = 4.80, 95% CI
(2.22,10.41), p < 0.0001; I = 0%] (Table 2, eFigure 14 in the Sup-
plement). Concerning treatment, the results from 14 studies
showed that the proportion of patients who received chemother-
apy within six months from the first dose of COVID-19 vaccination
was significantly lower in the seropositive group in comparison to
the seronegative group [OR = 0.43, 95% CI (0.34, 0.55), p < 0.00001;
12 = 48%] (eFigure 15). The proportion of patients who received
immunotherapy was statistically higher in the seropositive group
compared to the seronegative group [OR = 1.76, 95% CI (1.19,
2.59), p = 0.004; I? = 0%] (11 studies) (eFigure 16). On the other
hand, combination chemo-immunotherapy did not show any asso-
ciation with seroconversion [OR = 0.98, 95% CI (0.50, 1.92),
p = 0.96; I? = 42%] (5 studies) (eFigure 17). Lastly, the proportion
of patients who received targeted and/or biological therapy was
higher in the seropositive group compared to the seronegative
group [OR = 1.66, 95% CI (1.07, 2.56), p = 0.02; I? = 0%] (5 studies)
(eFigure 18).

3.3.3. Vaccine characteristics

The characteristics related to the COVID-19 vaccine are pre-
sented in Table 2. The administration of the BNT162b2 vaccine
did not affect the seroconversion rate in cancer patients
[OR = 0.65, 95% CI (0.28, 1.46), p = 0.31; I? = 0%] (3 studies) (eFig-
ure 19). Furthermore, no correlation was observed between the
timing of antibody testing from the second dose of vaccination
and seroconversion status [MD -1.83 95% CI (-5.53,1.87)
p = 0.33; I? = 63%] (4 studies) (eFigure 20).

3.4. Sensitivity analysis and publication bias

The results of the sensitivity analyses are reported in eTable 4.
For association analysis of age (continuous) with seroconversion
rate, Figueiredo et al. contributed toward significant heterogeneity,
subsequent exclusion of which resulted in a statistically significant
association [MD —2.96 [95% CI —3.54,-2.38]]. On the other hand,
the exclusion of Addeo et al. or Cavanna et al. led to a loss of asso-
ciation of poor response with Age > 65 years. The removal of
heterogeneity did not influence the absence of an association of
comorbidity with seroconversion rate.

The association of metastatic disease with seroconversion was
lost after the exclusion of Cavanna et al. Lastly, the exclusion of
Agbarya et al. or Goshen-Lago et al. led to a significant association
of timing of antibody testing from 2nd dose of the COVID-19 vac-
cine with humoral immune response [MD —3.52 (95% CI —6.76,-
0.27)].

We found no publication bias for the male seXx, gastrointestinal
cancer, breast cancer, cytotoxic chemotherapy, and immunother-
apy (eFigure 2 in the Supplement).

3.5. Subgroup analysis

Risk factors that satisfied the criteria to be included in subgroup
analyses were male sex, gastrointestinal, breast, and thoracic
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malignancy, cytotoxic chemotherapy, and immunotherapy. The
summary of the subgroup analyses is shown in eTable 5.

The results of the subgroup analyses suggested that ethnicity or
geographical location significantly modifies the effect of immune
response in males (p 0.003) and breast cancer patients
(p = 0.0004). For males, the proportion of patients in studies con-
ducted in countries other than Israel was significantly lower in
the seropositive group compared to the seronegative group
[OR = 0.55, 95% CI (0.40, 0.75), p = 0.0002; I? = 20%]. No such asso-
ciation was observed in studies conducted in Israel [OR = 1.04, 95%
C1(0.72, 1.50), p = 0.84; I? = 0%]. However, the proportion of breast
cancer patients enrolled in Israeli studies was significantly lower in
the seropositive group compared to the seronegative group
[OR = 0.63, 95% CI (0.40, 0.98), p = 0.04; 12 = 0%]; whereas the pro-
portion of these patients enrolled in other countries was signifi-
cantly higher in the seropositive group compared to the
seronegative group [OR = 1.83, 95% CI (1.19, 2.82), p = 0.006;
2 = 0%].

The results of the subgroup analyses suggest that sample size
significantly modifies the effect of immune response on
chemotherapy outcome. The proportion of chemotherapy patients
in studies with>150 sample sizes was significantly lower in the
seropositive group as compared to the seronegative group
[OR =0.36,95% CI (0.27, 0.46), p < 0.00001; I2 = 24%]. No such asso-
ciation was observed in studies with<150 participants [OR = 0.88,
95% CI (0.51, 1.50), p = 0.63; I? = 44%].

4. Discussion

This systematic review and meta-analysis of 15 studies on solid
cancer patients revealed that males over 65 who received cytotoxic
chemotherapy within six months from the first dose of the COVID-
19 vaccine might have a higher risk of inadequate humoral
immune response. Patients who were under follow-up or clinical
surveillance, or had received immunotherapy or targeted therapy,
were more likely to have seropositive status. The majority of the
studies included exhibited a low-to-moderate risk of bias. Geo-
graphical region and sample size may influence the effect of these
risk factors on the COVID-19 vaccine immunological response.

Sex-specific differences in the antibody response and vaccine
efficacy against viruses have been reported [40]. Women exhibit
expanded humoral and cell-mediated immune responses to anti-
genic stimulation and vaccination than men, likely due to the crit-
ical role in immune response regulation played by several genes on
the X chromosome, including FoxP3, CD40L, and TLR7 [41,42]. A
prior meta-analysis of clinical trials on COVID-19 vaccines showed
a 33% reduced risk of COVID-19 infection in males compared to
females [43]. Contrarily, a population-based study has demon-
strated higher seropositivity in women than in men following the
second COVID-19 vaccine dose (either BNT162b2 or CHDAdOx1)
[44]. Our data on gender variations in antibody response largely
resembles the differences seen in the general population. Untan-
gling these sex disparities should focus on vaccination research
and may aid in understanding gender-based variations in COVID-
19 results.

Following two doses of mRNA vaccination, evidence shows that
older individuals mount a comparable humoral immune response
to the adult group [45]. However, a lower neutralizing antibody
response, particularly against Variant Of Concerns (VOC), and
decreased production of interferon-y and interleukin-2 induced
by SARS-CoV-2 spike-specific T cells in the elderly age group, along
with declining antibody titers, have been used to justify booster
doses in these populations [45-47]. Patients with solid cancer over
65 years old are likely to develop inadequate humoral immune
responses and may benefit from booster doses. The optimal vac-
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cine types and the role of heterologous vaccines in these patients
require further studies.

Vaccine-induced immune responses are likely to be impaired by
cancer therapies. We observed that patients who underwent recent
chemotherapy are almost twice as likely to be seronegative, which
corresponds with the impact of chemotherapy on vaccine efficacy
against viruses in the current literature [48,49]. This effect, how-
ever, was only seen in studies with a large sample size (>150 par-
ticipants). Furthermore, any form of cancer therapy,
chemotherapy, or steroid treatment has shown impaired T-cell
responsiveness to COVID-19 vaccination [15,50]. Evidence indi-
cates that the timing of vaccination to ongoing chemotherapy
may not contribute to suboptimal vaccine efficacy, necessitating
no schedule adjustements [51,52]. Due to the scarcity of data, we
could not comment on the timing of vaccination to chemotherapy,
although we did learn that the timing of antibody testing from the
2nd dose of the vaccine showed no relationship with
seroconversion.

Cancer immunotherapy and COVID-19 vaccination interact in a
complicated and multifaceted manner. VOICE, a prospective, mul-
ticenter, non-inferiority trial comprising 505 solid cancer patients,
concluded an optimal antibody response to mRNA-1273 COVID-19
vaccine following chemotherapy, immunotherapy, or both [18].
Certain studies have raised concerns about the safety of combining
ICIs with the COVID-19 vaccine, citing an increase in vaccine-
associated adverse effects and the onset of cytokine release syn-
drome (CRS) in patients receiving long-term anti-PD-1 therapy
[53,54]. However, evidence from the VOICE trial suggests that
COVID-19 vaccines are safe for these patients [18]. Despite a com-
plex yet evolving paradigm, our findings imply that cancer
immunotherapy may augment seroconversion in solid cancer
patients. Based on this finding, immunotherapy or targeted ther-
apy may be considered a promising alternative in cases where
chemotherapy and these agents have equivalent efficacy to reduce
the patient’s COVID-19 mortality risk. Evidence from influenza vac-
cination indicates that cancer patients treated with immune check-
point inhibitors have an improved survival [55,56]. Building on this
fact, further investigation into the reciprocal benefits of COVID-19
vaccines on the oncological outcomes of ICIs is warranted.

Israel had an efficient COVID-19 vaccination rollout which
could be attributed to the limited geographical and population
size, prioritization of efficient delivery systems, and adoption of a
comprehensive web-based immunization registry for the COVID-
19 vaccine [57,58]. Such a rollout has not only provided direct ben-
efits in preventing COVID-19 mortality but also reduced COVID-19
cases in unvaccinated individuals indicating a pseudo-herd immu-
nity effect [59,60]. Nevertheless, implementing this strategy glob-
ally has been challenging. Vaccine equity, affordability, access, and
logistics issues restrict rapid population coverage in other coun-
tries [61]. These findings may explain the gender and cancer
subtype-specific subgroup disparities in our results.

This review addressed a few pertinent research questions while
some areas remained unexplored. Elderly, male solid cancer
patients who had recently received chemotherapy are most likely
to have suboptimal humoral immune responses. Checkpoint inhi-
bitors and targeted therapy may boost vaccination responses in
these patients. However, the clinical benefit of COVID-19 vaccines
in terms of breakthrough infections and subsequently severe
COVID disease and mortality in solid cancer patients remains
undetermined. Assessment of neutralizing antibody responses
and cell-mediated immunity might shed light on this issue. Lack
of data precludes stratification of results by VOCs. Further investi-
gations into the safety profile and clinical efficacy of mRNA vacci-
nes for cancer patients are required compared to heat-killed
viruses or protein-based vaccines. The optimal timing of
chemotherapy and ICIs, particularly in the case of therapy-
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induced cytopenia or T-cell immunosuppression, requires further
research. This study has evidence of the influence of geographical
region and sample size, indicating plausible residual confounding
effects. Moreover, sensitivity analyses and overall outcomes of cer-
tain variables have revealed considerable inconsistencies. Apart
from gastrointestinal cancer and immunotherapy, the GRADE sys-
tem determined that the overall quality of evidence was low.

5. Conclusions

Understanding the determinants of the humoral immune
response following the COVID-19 vaccine among solid cancer
patients has the potential to alter current vaccination protocols,
acknowledging that most of these schedules were designed for
the non-cancer population. Of the factors examined, elderly, male
patients with recent chemotherapy were at higher risk of lower
seroconversion, which may require additional vaccine doses. How-
ever, immunotherapy and targeted therapy may boost the vaccine-
induced immune response in these patients and may be considered
an alternative to cytotoxic agents in scenarios where both thera-
pies have equivalent efficacy. Further examination of the clinical
efficacy of the COVID-19 vaccine in these patients is required.
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