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a b s t r a c t

Background: Cancer patients often have weakened immune systems, resulting in a lower response to 
vaccines, especially those receiving immunosuppressive oncological treatment (OT). We aimed to assess the 
impact of OT on the humoral and T-cell response to the B.1 lineage and Omicron variant following COVID-19 
vaccination in patients with solid and hematological neoplasms.
Methods: We conducted a prospective study on cancer patients, stratified into OT and non-OT groups, who 
received a two-dose series of the COVID-19 mRNA vaccine and a booster six months later. The outcomes 
measured were the humoral (anti-SARS-CoV-2 S IgG titers and ACE2-S interaction inhibition capacity) and 
cellular (SARS-CoV-2 S-specific T-cell spots per million PBMCs) responses against the B.1 lineage and 
Omicron variant. These responses were evaluated four weeks after the second dose (n = 98) and eight weeks 
after the booster dose (n = 71).
Results: The humoral response after the second vaccine dose against the B.1 lineage and Omicron variant was 
significantly weaker in the OT group compared to the non-OT group (q-value < 0.05). A booster dose of the 
mRNA-1273 vaccine significantly improved the humoral response in the OT group, making it comparable to the 
non-OT group. The mRNA-1273 vaccine, designed for the original Wuhan strain, elicited a weaker humoral 
response against the Omicron variant compared to the B.1 lineage, regardless of oncological treatment or 
vaccine dose. In contrast, T-cell responses against SARS-CoV-2, including the Omicron variant, were already 
present after the second vaccine dose and were not significantly affected by oncological treatments.
Conclusions: Cancer patients, particularly those receiving immunosuppressive oncological treatments, 
should require booster doses and adapted COVID-19 vaccines for new SARS-CoV-2 variants like Omicron. 
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Future studies should evaluate the durability of the immune response and the efficacy of individualized 
regimens.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health 

Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/li-
censes/by-nc-nd/4.0/).

Introduction

Since the emergence of Coronavirus Disease 2019 (COVID-19) 
in December 2019 in Wuhan, China, the disease caused by the 
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
rapidly became a global pandemic, constituting a significant 
public health threat [1,2]. As of May 2024, SARS-CoV-2 has caused 
over 775 million infections and nearly seven million deaths 
worldwide [3].

SARS-CoV-2 mainly targets the respiratory system but also af-
fects the cardiovascular, central nervous, and gastrointestinal sys-
tems [4]. The infection causes significant changes in the gut and 
airway microbiota, influencing disease progression and outcome [5]. 
Elderly patients and those with comorbidities, impaired organ 
function, and preexisting polypharmacy tend to experience more 
severe COVID-19 complications [5].

The mRNA vaccines, including mRNA-1273 (Moderna), prevent 
symptomatic COVID-19 infections in the general population. They 
elicit robust humoral immune responses by activating B cells, 
leading to the production of specific neutralizing antibodies against 
the SARS-CoV-2 "spike" or S glycoprotein [6]. These vaccines also 
induce antigen-specific T cells, contributing to long-term protective 
immunity [7]. However, SARS-CoV-2 continually evolves, with new 
variants emerging that carry mutations in the spike protein, a crucial 
component of the COVID-19 vaccines, reducing their effectiveness 
[8]. The Omicron variant is particularly concerning due to its nu-
merous mutations, high transmissibility, and ability to evade im-
munity [9]. Omicron’s increased transmissibility has made it the 
dominant variant worldwide [10].

Approximately 75 % of hospitalized COVID-19 patients have at 
least one comorbidity, such as hypertension, neurological disorders, 
diabetes, endothelial dysfunction, cardiovascular diseases, or cancer 
[11]. Cancer patients often have weakened immune systems due to 
the disease or its treatments. This significantly impacts the body’s 
ability to respond effectively to infections or vaccinations. Evidence 
indicates that cancer patients are more susceptible to viral infec-
tions, including COVID-19, and face higher risks of severe compli-
cations and mortality compared to the general population [12–15]. 
Clinical factors like age or specific oncological therapies are linked to 
worse outcomes in cancer patients with COVID-19 [14,16,17]. Con-
sequently, immunocompromised cancer patients were prioritized 
for receiving COVID-19 vaccines. However, cancer patients were in-
itially excluded from COVID-19 vaccine clinical trials, leading to low 
vaccination rates in this group [18,19]. Therefore, data on the im-
mune response to the COVID-19 vaccine in cancer patients are more 
limited than in the general population.

COVID-19 vaccines can induce an immune response in cancer 
patients. However, this response is often lower in patients with 
hematological and solid malignancies, resulting in higher rates of 
low or absent serological responses than in the general population, 
especially in those receiving immunosuppressive oncological treat-
ment [20–22]. Therefore, it is necessary to gather comprehensive 
information to establish vaccination guidelines for cancer patients 
due to the impact of oncological treatments on the immune re-
sponse [18,19]. Furthermore, with the emergence of variants like 
Omicron, which exhibits heightened immune evasion, it is crucial to 
gather information on the efficacy of COVID-19 vaccines in vulner-
able groups [23].

Objective

This study assessed how oncological treatments with im-
munosuppressive effects impact humoral and T-cell responses to the 
B.1 lineage and Omicron variant after COVID-19 vaccination in a 
cohort of patients with solid and hematological neoplasms.

Materials and methods

Study design

We conducted a prospective study on oncology patients who 
received their first COVID-19 vaccination between February 2021 
and January 2022 at the Hospital Universitario Infanta Leonor (HUIL) 
in Madrid, Spain. The vaccination regimen included two doses of 
mRNA-1273 (Moderna) administered 28 days apart and a booster 
dose 6 months later, following international guidelines [24]. Inclu-
sion criteria included: (i) cancer patients over 18 years old; (ii) life 
expectancy of over 6 months; (iii) confirmed diagnosis of solid or 
hematological cancer. We collected biological samples from cancer 
patients to evaluate their immune response to the COVID-19 vaccine 
about four weeks after the second dose (N = 98) and eight weeks 
after the booster dose (N = 71).

The HUIL Ethics Committee authorized the study (Ref.: 030-21). 
The research adhered to the Declaration of Helsinki. All participants 
gave informed consent before enrollment.

Clinical samples

A peripheral blood sample was collected via venous puncture 
using ethylene diamine tetra-acetic acid tubes. Samples were taken 
at three points: baseline (first COVID-19 vaccine dose), about four 
weeks after the second dose, and eight weeks after the booster dose. 
Plasma and peripheral blood mononuclear cells (PBMC) were iso-
lated using a Ficoll gradient. PBMCs were stored in liquid nitrogen, 
and plasma samples were stored at −80 °C.

Clinical data

Patient characteristics were collected from the hospital’s elec-
tronic medical records and stored using the Research Electronic Data 
Capture system (REDCap, Vanderbilt University, Nashville, TN, USA). 
Cancer diagnosis and oncological treatments followed international 
guidelines [25].

Test for SARS-CoV-2 infection

We determined the presence of SARS-CoV-2 antibodies in plasma 
samples both before vaccination and after receiving the second and 
booster doses of the vaccine. The detection method used was a com-
mercial enzyme-linked immunosorbent assay (ELISA) (Platelia SARS- 
CoV-2 Total Ab, Bio-Rad Laboratories Inc., Hercules, California, USA). 
This ELISA test identified IgG, IgA, and IgM antibodies against the SARS- 
CoV-2 nucleocapsid protein (N). The optical density ratio ≥ 1.0 of the 
test sample to the control sample provided in the kit was considered 
positive. This cut-off point was chosen based on the test’s sensitivity 
and specificity, which are 94.7 % and 97.5 %, respectively [26].
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Immunoassays for COVID-19 vaccine humoral response

A detailed description of the materials and protocols for antibody 
quantification is provided in Martin-Vicente et al. [27]. Briefly, Dr. 
Jason McLellan (University of Texas at Austin-USA) kindly provided 
the plasmid pH encoding the S protein ectodomain (residues 
1–1208) of SARS-CoV-2 2019-nCOV (GenBank: MN908947) stabi-
lized in the prefusion conformation [28]. Mutagenesis was used to 
create a HexaPro construct that produces a high yield of the stabi-
lized prefusion spike protein [29]. The ectodomain was modified 
with the following substitutions: glycine at residue 614 (D614G), a 
"GSAS" substitution at the furin cleavage site (residues 682–685), 
and proline at residues 817, 892, 899, 942, 986, and 987. This protein 
is referred to as B.1 throughout the text. The SARS-CoV-2 S Omicron 
(B.1.1.529) HexaPro construct contains the natural cleavage site 
"RRAR" (residues 682–685) and the following Omicron-specific 
mutations: A67V, Δ69–70, T95I, G142D/Δ143–145, Δ211/L212I, in-
s214EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, 
T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, 
H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, and 
L981F. A plasmid containing the ACE2 SARS-CoV-2 cell receptor 
(residues 1–165) was also constructed and linked to a StrepTag.

Antibody titers to the S protein were measured in ELISA assays by 
incubating serial 1:3 dilutions of serum samples, starting at 1:50 and 
ending at 1:36450, with 0.2 μg of the S protein ectodomain. One- 
phase exponential decay, least-squares fit curves, and the area under 
the curve (AUC) were calculated using GraphPad Prism 9.0.

Antibody inhibition of the ACE2-S protein interaction was tested 
by ELISA. Serum samples were diluted serially (1:2 dilutions) from 
1:10 to 1:320. These dilutions were incubated with the S protein, 
followed by the addition of ACE2 complexed with StrepTactin-per-
oxidase [27]. A pool of sera collected in 2016 from individuals ne-
gative for anti-S antibodies served as a control. After subtracting the 
background, the percentage of inhibition was calculated as [1 - 
(OD493 test serum / OD493 control serum)] x 100 %.

Immunoassays for COVID-19 vaccine cellular response

The FluoroSpot Plus Human IFN-γ/IL-2 Kit (Mabtech Inc., 
Cincinnati, Ohio, USA) was used to detect interleukin 2 (IL-2) and 
interferon-gamma (IFN-γ) secretion in T-cells. PBMC samples were 
stimulated with protein S peptides and an anti-CD28 monoclonal 
antibody (mAb) as co-stimulus. As a positive control, PBMC samples 
were stimulated with anti-CD3 mAb and anti-CD28 mAb. As a ne-
gative control, PBMC samples were incubated only with anti-CD28 
mAb. For specific stimulation, two distinct peptide pools were em-
ployed. The first pool contained 166 peptides covering the S1 do-
main of the spike protein from the ancestral (Wuhan) strain of SARS- 
CoV-2 (Mabtech Inc., Cincinnati, Ohio, USA). The second pool con-
tained 168 peptides from the S1 domain of the SARS-CoV-2 Omicron 
(B.1.1.529) variant, lineage BA.1, with the following mutations: A67V, 
_D_69–70, T95I, G142D, _D_143–145, _D_211, L212I, ins214EPE, 
G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, 
E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, 
N679K, P681H (Mabtech Inc, Cincinnati, Ohio, USA).

Briefly, 96-well microplates precoated with monoclonal capture 
antibodies against IFN-γ and IL-2 were used. The base medium was 
RPMI with penicillin/streptomycin, L-glutamine, fetal bovine serum, 
non-essential amino acids, and anti-CD28 mAb (1 μg/ml). For the 
negative control, 20 µl of this base medium was added per well. 
Additionally, 20 µl of the base medium was added to wells with anti- 
CD3 mAb (0.2 μg/ml, positive control) or peptide pools (final con-
centration of 0.2 μg/ml for each peptide), diluted in the base 
medium. Then, 300.000 PBMCs were added per well in 80 µl of the 
base medium, and the plates were incubated at 37 °C and 5 % CO2 

for 18 h.

After the incubation, the plates were washed with sterile phos-
phate-buffered saline with Ca2+ and Mg2+. Biotin-conjugated anti-
bodies against IL-2 and BAM-labeled antibodies against IFN-γ were 
added. Following a two-hour incubation and subsequent washing, 
Cy3-conjugated streptavidin and FITC-conjugated anti-BAM were 
added for another hour. After further washing, a fluorescence en-
hancer was applied for 5 min.

The plates were dried, and readings were taken using an AID 
iSpot ELISpot FluoroSpot Reader (AID GmbH, Strassberg, Germany) 
with two specific filters. The calculations were done by subtracting 
the number of spots in the negative control wells, and the results 
were expressed as the number of spots per million PBMCs.

Main factors and outcomes

This study examined the immune response of cancer patients to 
the COVID-19 vaccine, stratifying them based on whether they re-
ceived concurrent or recent oncological treatment (OT) with im-
munosuppressive effects. The study compared the OT group to the 
non-OT group. At the second dose of the COVID-19 vaccine (n = 98), 
the OT group had 61 patients (38 chemotherapy, 11 radiotherapy, 11 
immunotherapy, 18 targeted therapy, and 1 other oncological 
treatment). The non-OT group had 37 patients (23 never received 
oncological treatments, and 14 completed the oncological treat-
ments 6 months before vaccination). At the booster dose, only 71 
individuals were analyzed, as 27 patients were lost to follow-up. The 
OT group had 51 patients (23 chemotherapy, 6 radiotherapy, 10 
immunotherapy, 14 targeted therapy, and 2 other oncological 
treatments). The non-OT group had 20 patients (13 never received 
oncological treatment, and 7 completed the oncological treatments 6 
months before vaccination).

The primary outcome was the humoral response to the COVID-19 
vaccine (anti-SARS-CoV-2 S IgG titers and ACE2-S interaction in-
hibition capacity) against the B.1 lineage and Omicron variant after 
the second and booster doses. The secondary outcome was the cel-
lular response (SARS-CoV-2 S-specific T-cell spots per million 
PBMCs) against the B.1 lineage and Omicron variant after the 
second dose.

Statistical analysis

IBM SPSS Statistics 25.0 (SPSS INC, Armonk, NY, USA) and Stata 
15.0 (StataCorp, Texas, USA) were used for statistical analysis. 
GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego, CA, USA) 
was used to generate figures. Significance was set at p  <  0.05 (two- 
tailed).

Descriptive analysis included absolute counts (percentages) and 
median (P25th; P75th). The Chi-squared test compared categorical 
variables, and the Mann-Whitney U test compared continuous 
variables.

COVID-19 vaccine immune response data were log10-trans-
formed. The impact of oncological treatment with im-
munosuppressive effect on the COVID-19 vaccine immune response 
(OT vs. non-OT groups) was evaluated using logistic regressions. 
These regressions were adjusted for clinical variables (age, sex, 
previous SARS-CoV-2 infection, tumor type (solid or hematological), 
and COVID-19 vaccination timing) selected by a stepwise forward 
selection method (pin < 0.15 and pout < 0.20). This test provided the 
odds ratio (OR) and the 95 % confidence interval (95 %CI). Differences 
between dependent measures in the COVID-19 vaccine immune 
response were also evaluated using generalized linear mixed models 
(GLMM), a repeated measures test where each patient serves as their 
control. This test provided the geometric mean ratio (GMR) for dif-
ferences between the Omicron variant and the B.1 lineage and the 
geometric mean fold rise (GMFR) for the differences between post- 
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and pre-vaccination, along with their 95 %CI. P-values were adjusted 
by the False Discovery Rate (q-value).

Results

Patient characteristics

At the second dose of the COVID-19 vaccine (n = 98, Table 1), the 
median age was 60. Among participants, 41.8 % were male, and 
24.5 % had a previous SARS-CoV-2 infection. In addition, 45.9 % had 
solid neoplasms, with breast cancer being the most common (40 %). 
Meanwhile, 54.1 % had hematological neoplasms, with lymphopro-
liferative neoplasia being the most frequent (34 %). Participant 
characteristics at the booster dose (n = 71) were similar to those at 
the second dose (Supplementary Table (ST) 1).

Patients were stratified by the primary outcome variable (OT or 
non-OT) and the timing of vaccine response assessment (after the 
second dose or booster dose). We found 37 patients in the non-OT 
group and 61 patients in the OT group after the second dose 
(Table 1). After the booster dose, there were 20 patients in the non- 
OT group and 51 in the OT group (ST1). The OT group had lower 
lymphocyte counts and fewer hematological neoplasms than the 
non-OT group, both after the second dose and after the booster dose 
(Table 1 & ST1).

Additionally, eight patients in the non-OT group and 16 in the OT 
group tested positive for SARS-CoV-2 infection after the second dose 
(Table 1). After the booster dose, three patients in the non-OT group 
and 14 in the OT group tested positive (ST1). However, there were no 
statistically significant differences in infection rates between the 
groups (Table 1 & ST1).

Humoral immune response to the COVID-19 vaccine

Table 2 shows the GMFR in humoral response, measured by IgG 
antibody levels against SARS-CoV-2 S protein and ACE2-S inhibition 
titers, after the second and booster doses of the COVID-19 vaccine. 
Notably, the GMFR values were higher after the second dose com-
pared to the booster dose.

Impact of oncological treatment with immunosuppressive effect

After the second dose of the COVID-19 vaccine, the OT group 
exhibited lower humoral response (measured by anti-SARS-CoV-2 S 
IgG titers and ACE2-S interaction inhibition capacity) against the B.1 
lineage and Omicron variant compared to the non-OT group (q-value 
< 0.05; Fig. 1A; full description in ST2). However, after the booster 
dose, the humoral response against both the B.1 lineage and the 
Omicron variant was similar between OT and non-OT groups 
(Fig. 1B; full description in ST2). Therefore, the booster dose im-
proved the humoral response in the OT group to levels comparable 
to the non-OT group.

Response against the Omicron variant

The humoral response, characterized by anti-SARS-CoV-2 S IgG 
levels and ACE2-S interaction inhibition, was consistently lower 
against the Omicron variant compared to the B.1 lineage after both 
the second and booster COVID-19 vaccine doses in OT and non-OT 
groups (q-value < 0.05; Fig. 2; full description in ST3). Notably, the 
rate of non-responders (AUC = 0) for ACE2-S interaction inhibition 
against Omicron was significantly higher than against B.1 after the 

Table 1 
Characteristics of the patients at the second dose of COVID-19 vaccine. 

Oncological treatment (OT)

All Non-OT group OT group p

No. 98 37 61
Sex (male), N (%) 41 (41.8) 16 (43.2) 25 (41) 0.826
Age (years). median (IQR) 60 (52 - 66) 61 (52 - 66) 60 (51 - 66) 0.814
Spanish. N (%) 83 (84.7) 32 (86.5) 51 (83.6) 0.701
Comorbidities. N (%)

Hypertension 28 (28.6) 6 (16.2) 22 (36.1) 0.035
Dyslipidemia 21 (21.4) 6 (16.2) 15 (24.6) 0.327
Diabetes 16 (16.3) 7 (18.9) 9 (14.8) 0.589
Obesity 12 (12.2) 2 (5.4) 10 (16.4) 0.108
Smoker 23 (23.5) 9 (24.3) 14 (23) 0.876

HPSCT. N (%) 5 (9.4) 3 (11.1) 2 (7.7) 0.670
SARS-CoV-2 Infection. N (%) 24 (24.5) 8 (21.6) 16 (26.2) 0.607
Lymphocytes (103/µl). median (IQR) 1.7 (1.1 - 2.3) 1.85 (1.4 - 2.95) 1.5 (1.1 - 1.9) 0.006
Solid neoplasms. N (%) 45 (45.9) 10 (27) 35 (57.4) 0.003

Lung 5 (11.1) 1 (10) 4 (11.4) 0.657
Breast 18 (40) 4 (40) 14 (40) 0.714
Prostate 1 (2.2) 1 (10) 0 (0) 0.499
Colorectal 7 (15.6) 1 (10) 6 (17.1) 0.956
Stomach 2 (4.4) 0 (0) 2 (5.7) 0.923
Esophagus 3 (6.7) 0 (0) 3 (8.6) 0.811
Pancreas 1 (2.2) 0 (0) 1 (2.9) 0.499
Uterus 1 (2.2) 0 (0) 1 (2.9) 0.499
Head and neck 1 (2.2) 1 (10) 0 (0) 0.499
Bladder 2 (4.4) 1 (10) 1 (2.9) 0.923
Others 4 (8.9) 1 (10) 3 (8.6) 0.624

Hematologic neoplasms. N (%) 53 (54.1) 27 (73) 26 (42.6) 0.003
Acute Lymphocytic Leukemia 1 (1.9) 0 (0) 1 (3.8) 0.999
Chronic Lymphocytic Leukemia 7 (13.2) 5 (18.5) 2 (7.7) 0.448
Multiple Myeloma and Gammopathy 4 (7.5) 1 (3.7) 3 (11.5) 0.576
Myelodysplastic syndrome 4 (7.5) 3 (11.1) 1 (3.8) 0.603
Lymphoproliferative neoplasm 18 (34) 12 (44.4) 6 (23.1) 0.101
Myeloproliferative neoplasm 13 (24.5) 5 (18.5) 8 (30.8) 0.302
Chronic Myeloid Leukemia 6 (11.3) 1 (3.7) 5 (19.2) 0.177

Statistics: Values are expressed as the median (P25; P75) and absolute count (percentage). P-values were calculated using the Chi-square test for categorical variables and the 
Mann-Whitney U-test for continuous variables.
Abbreviations: COVID-19, coronavirus disease 2019; HPSCT, Hematopoietic stem cell transplant; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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second dose in both groups (q-value < 0.05; Supplementary Fig. 1). 
However, these differences were not statistically significant after the 
booster dose. Therefore, the COVID-19 vaccine elicited a weaker 
humoral response against Omicron than B.1, regardless of oncolo-
gical treatment. However, this response improved after the 
booster dose.

T-cell immune response to the COVID-19 vaccine

The T-cell response to the B.1 lineage and Omicron variant was 
similar between the OT and non-OT groups after the second COVID- 
19 vaccine dose (Fig. 3A; full description in ST4). Additionally, the T- 
cell response to the Omicron variant was similar to that of the B.1 
lineage in both groups (Fig. 3B; full description in ST5). Therefore, 
after the second vaccine dose, the T-cell response reached compar-
able levels in both OT and non-OT groups for both the B.1 lineage and 
the Omicron variant.

Discussion

Cancer patients have an elevated risk of SARS-CoV-2 infection 
and related complications due to systemic immunodeficiency, pri-
marily induced by oncological therapy [30]. This study investigated 
the immune response after COVID-19 vaccination in cancer patients, 
with or without immunosuppressive oncological treatments, who 
received the monovalent Moderna mRNA-1273 vaccine based on the 
Wuhan-Hu-1 strain. The main findings were: i) The humoral im-
mune response, after the second vaccine dose, against the B.1 lineage 
and Omicron variant was significantly weaker in cancer patients 
undergoing oncological treatment (OT group) compared to those not 
receiving treatment (non-OT group). ii) A booster dose of the mRNA- 
1273 vaccine significantly improved the humoral immune response 
in the OT group, bringing it to a level comparable to the non-OT 
group. iii) The mRNA-1273 vaccine, designed for the original Wuhan 
strain, elicited a weaker humoral response against the Omicron 
variant compared to the B.1 lineage, regardless of oncological 
treatment or vaccine dose. iv) In contrast, T-cell responses against 
SARS-CoV-2, including the Omicron variant, were already present 
after the second vaccine dose and were not significantly affected by 
oncological treatments. Overall, our data offers valuable insights into 
the immune response of cancer patients to COVID-19 vaccination. It 

Table 2 
Summary of geometric mean fold rises from baseline stratified by the oncological 
treatment with immunosuppressive effect during follow-up. 

After the second dose After the booster dose
GMFR (95 %CI) GMFR (95 %CI)

All patients
Wuhan (B.1)
IgG antibody titers 39.4 (29.4; 52.7) 5.9 (5; 7)
Inhibition ACE2-S titer 34.6 (22.5; 53.2) 8.1 (6.7; 9.9)
Omicron
IgG antibody titers 27.2 (21.2; 34.9) 5.7 (5; 6.6)
Inhibition ACE2-S titer 7.1 (4.8; 10.6) 6 (4.9; 7.4)
Non-OT group
Wuhan (B.1)
IgG antibody titers 54.3 (35.1; 84.1) 7.1 (5.4; 9.3)
Inhibition ACE2-S titer 75.3 (45.6; 124.3) 10.1 (7.9; 12.9)
Omicron
IgG antibody titers 39.6 (28.2; 55.6) 6.9 (5.5; 8.5)
Inhibition ACE2-S titer 15.1 (8; 28.4) 6.4 (4.5; 9.1)
OT group
Wuhan (B.1)
IgG antibody titers 32.4 (22.2; 47.1) 5.5 (4.5; 6.8)
Inhibition ACE2-S titer 21.5 (12; 38.6) 7.9 (6.2; 9.9)
Omicron
IgG antibody titers 21.7 (15.7; 30.2) 5.3 (4.4; 6.3)
Inhibition ACE2-S titer 4.5 (2.8; 7.3) 5.9 (4.6; 7.6)

Statistics: Values are expressed as median (95 % confidence interval). Data were 
calculated using generalized linear mixed models adjusted (GLMM, see Statistical 
analysis section). Abbreviations: GMFR, geometric mean fold rise (GMFR) from 
baseline, 95 % CI, 95 % confidence interval; OT, oncological treatment; Area under the 
Curve; IgG, immunoglobulin G; ACE2, angiotensin-converting enzyme 2; S, Spike 
glycoprotein.

Fig. 1. Plasma IgG antibody levels against the SARS-CoV-2 S protein and ACE2-S inhibition titers, stratified by oncological treatment and SARS-CoV-2 variants, weeks after the 
administration of the second (A) and booster dose (B) of the COVID-19 vaccine. Statistics: Data were calculated by logistic regression analysis adjusted for the most relevant 
clinical and epidemiological characteristics. Significant differences are shown in bold. Abbreviations: aOR, adjusted odds ratio; 95 % CI, 95 % confidence interval; AUC, the area 
under the Curve; IgG, immunoglobulin G.
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highlights the need for personalized vaccination approaches and the 
potential benefits of booster doses in enhancing humoral immunity, 
especially against challenging variants like Omicron.

An important finding is the improved humoral immune response 
after the booster vaccine dose in the OT group, aligning it with the 
non-OT group. Our findings are consistent with prior studies that 
reported a reduced humoral response in patients undergoing onco-
logical treatment after two doses of the COVID-19 vaccine 
[22,31–34]. This response improves with a booster dose [35–41] and 
lasts at least 6 months [41]. Therefore, for cancer patients on im-
munosuppressive oncological treatment, a booster dose is crucial for 
adequate immunization. These findings suggest the need to revise 
vaccination strategies to include additional doses for this vulnerable 
population.

Oncological treatments with an immunosuppressive effect alter 
the intestinal microbiota, causing dysbiosis and modifying the im-
mune response [42]. This has been linked to the modulation of the 
immune response against SARS-CoV-2 [43]. Gut-lung axis dysbiosis 
worsens COVID-19 symptoms, increases systemic inflammation, and 
causes greater tissue damage, leading to long-term complications 
and death [5]. However, this dysbiosis and the translocation of 
bacterial components (lipopolysaccharides, flagellin, peptidoglycan, 
and short-chain fatty acids) appear to enhance COVID-19 vaccine 
efficacy by improving the production of antibodies by plasma B cells 
[43]. Although we lack data on bacterial translocation in the ana-
lyzed patients, we should not rule out the possible impact of cancer 
treatments on gut microbiota and humoral response to the COVID- 
19 vaccine, which recovered after the booster dose.

Both OT and non-OT groups showed weaker responses against 
the Omicron variant compared to the B.1 lineage after the second 
and booster vaccine doses. Monovalent vaccines, based on the 
Wuhan strain, are less effective against Omicron in both the general 
population and cancer patients [44,45]. This is due to many amino 
acid changes in Omicron’s S protein, which helps it evade the hu-
moral response and reduces vaccine protection [44]. Previous data 

highlighted the need for booster doses to achieve adequate neu-
tralizing antibody levels against Omicron [46]. Our findings support 
this, showing no significant differences in non-responder rates for 
the ACE2-S interaction inhibition between the B.1 lineage and 
Omicron after the booster dose in both the OT and non-OT groups. 
However, the bivalent COVID-19 vaccine, introduced after our 
study’s enrollment period had closed, has shown improved neu-
tralization against Omicron sub-variants [47]. This underscores the 
importance of monitoring variants and developing adapted vaccines 
to control SARS-CoV-2 effectively.

The cellular immune response may play a crucial role in pre-
venting severe COVID-19 [48]. Previous reports show that vaccinated 
individuals generate T-cell responses against epitopes conserved 
across many variants [49]. In our study, the antigen-specific T-cell 
responses after the second dose of the COVID-19 vaccine showed no 
significant differences between the OT and non-OT groups. These 
results align with previous studies indicating that systemic oncolo-
gical therapy impairs antibody responses but does not significantly 
affect cellular responses [40,50]. Despite this T-cell response, pa-
tients undergoing cancer treatment have higher morbidity and 
mortality than the general population [18]. Our results also showed a 
T-cell response against the Omicron variant similar in magnitude to 
the response against the Wuhan lineage. This underscores the sig-
nificant benefits of vaccination, particularly for patients with com-
promised humoral immunity.

Our article uniquely combines a comparative analysis of onco-
logical treatment effects, an evaluation of variant-specific immune 
responses, and the impact of multiple vaccine doses. Overall, the 
study significantly enhances the understanding of COVID-19 vaccine 
efficacy in cancer patients and informs future vaccination strategies 
to ensure adequate protection for this high-risk group.

Promoting vaccination is crucial for oncology patients with 
compromised immune systems [18]. Our findings, along with other 
studies, underscore the need for personalized vaccination strategies 
for those undergoing oncological treatments. These strategies should 

Fig. 2. Plasma IgG antibody levels against the SARS-CoV-2 S protein and ACE2-S inhibition titers, stratified by SARS-CoV-2 variants and oncological treatment, several weeks after 
the administration of the second (A) and booster dose (B) of the COVID-19 vaccine. Statistics: Data were calculated using generalized linear mixed models. Significant differences 
are shown in bold. Abbreviations: GMR, geometric mean ratio; 95 % CI, 95 % confidence interval; AUC, the area under the Curve; IgG, immunoglobulin G.
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include personalized vaccination schedules and booster doses to 
ensure optimal protection against COVID-19, especially with the 
emergence of new variants. Emphasizing the benefits of vaccination 
can encourage higher vaccination rates among oncology patients, 
providing broader protection against COVID-19 and reducing the risk 
of severe disease in this high-risk group.

Limitations

This study has several limitations. First, the small sample size 
reduces statistical power and increases the risk of false positives. In 
this regard, hybrid immunity was not analyzed in detail due to the 
low number of patients with SARS-CoV-2 infection in the non-OT 
group. However, prior infection status was included in multivariate 
regression analyses to account for the potential protective effects of 
this hybrid immunity. A larger sample size could provide a more 
accurate depiction of the immune response in oncology patients. 
Second, the prospective design of this study introduced biases, in-
cluding patient and sample loss to follow-up. Third, conclusions 
could not be reached for certain subgroups, such as those with dif-
ferent tumors or specific anti-cancer regimens. Fourth, patient 
follow-up was limited to four weeks after the second dose and eight 
weeks after the booster dose. A longer follow-up could provide 

valuable information on the durability and effectiveness of the long- 
term immune response. Fifth, some cancer patients showed no im-
mune response to the COVID-19 vaccine, possibly due to test sen-
sitivity issues. Sixth, there was no healthy control group. Differences 
between cancer patients and healthy subjects are well documented, 
so this was not a priority for our study. Finally, no significant dif-
ferences were found in the immune response against COVID-19 
vaccination between solid and hematological cancer patients, pos-
sibly due to treatment heterogeneity and combined treatment re-
gimens.

Conclusions

Cancer patients, particularly those on immunosuppressive on-
cological treatments, need booster doses and updated COVID-19 
vaccines for new variants like Omicron. Future studies should eval-
uate the durability of the vaccine-induced immune response and the 
efficacy of personalized vaccine regimens.
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Fig. 3. SARS-CoV-2 S-specific T-cell response against the B.1 lineage and Omicron 
variant, stratified by oncological treatment (A) or SARS-CoV-2 variants (B), several 
weeks after the second dose of the COVID-19 vaccine. Statistics: Data were calculated 
using logistic regression analysis adjusted for the most relevant clinical and epide-
miological characteristics, as well as generalized linear mixed models. Abbreviations: 
aOR, adjusted odds ratio; 95 % CI, 95 % confidence interval; GMR, geometric mean 
ratio; IFN, interferon; IL-2, interleukin 2; AUC, Area under the Curve; PBMCs, per-
ipheral blood mononuclear cells.
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