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Introduction: Despite SARS-CoV-2 pandemic has subsided, vaccine response
profiling in patients with cancer remains critical.

Methods: We longitudinally assessed humoral and cellular immunity in adults
with solid tumours treated with chemotherapy (ChT) or non-ChT regimens after
two mRNA vaccine doses plus booster, compared with vaccinated cancer-free
controls, naturally infected (convalescent) subjects including both patients with
cancer and cancer-free individuals, and unvaccinated/uninfected individuals
with or without cancer as a baseline reference.

Results: Anti-Spike 1gG titres matched cancer-free controls, but anti-RBD titres
and neutralising activity were consistently lower in cancer post-vaccination,
most markedly with ChT, and declined faster over 4-6 months. Boosters
restored 1gG, yet gains were smaller in ChT recipients. Cellular analyses
revealed sustained and booster-enhanced Spike-specific B cells in all groups;
however, ChT exposure was associated with reduced CD27 expression on these
cells, suggesting impaired activation and memory maturation.

Discussion: These findings support tailored immune monitoring and vaccination
strategies in oncology and identify CD27 downregulation as a novel B-cell
dysfunction detected by high-dimensional immunophenotyping.
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1 Introduction

The coronavirus disease 2019 (COVID-19) has posed a
significant threat to global public health. Originating in the city of
Wuhan, China, in late 2019, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spread rapidly and has since caused
more than 7 million confirmed fatalities worldwide, making it one
of the most lethal pandemics in contemporary history (1). The
adoption of non-pharmaceutical interventions to limit contagion,
followed by the subsequent initiation of a persuasive international
vaccination campaign in 2021, has mitigated some of the
devastating consequences. However, as of January 2025, more
than 500 deaths per week have been still documented according
to the World Health Organization (WHO- https://data.who.int/
dashboards/covid19).

Oncological status has been an important risk factor for
COVID-19. Individuals with cancer are more susceptible to
infections due to coexisting chronic disease, poor overall health
status, and systemin immunosuppression (2, 3). These patients were
found to have a substantial risk of developing severe COVID-19 and
dying from the disease (3, 4). Additionally, cancer intensifies
chronic inflammation, favoring the release of inflammatory
cytokines that contribute to COVID-19 clinical features (5).

Increased risk has been highlighted for patients harboring
hematological tumors, respiratory tract cancers, or those receiving
cytotoxic drugs (3, 4). Additionally, several interplay mechanisms
between COVID-19 and cancer were proposed, including
CD4"FOXP3" regulatory T cell (Treg) enrichment, T cell
lymphopenia, T-cell exhaustion related to tumor immune-escape,
and myelotoxicity from active anti-cancer treatments (6-8).
However, scientific evidence thus far has been inconclusive when
focusing on patients with solid tumors. In particular, while an
impaired humoral response, exhausted T cell phenotype and
prolonged viral shedding have been observed in most patients
with leukemia and lymphomas, a more subtle impact on the
immune system seems to characterize virus-exposed patients with
solid tumors, who generally develop immune signatures resembling
those of COVID-19 patients without cancer (9, 10).

Additionally, patients with cancer were excluded from initial
COVID-19 vaccine trials, leaving them unaddressed during the
development of novel mRNA vaccines (BNT162b2 and mRNA-
1273) and adenovirus-vectored vaccines (ChAdOx1 nCoV19,
Ad26.COV2-S and Gam-COVID-Vac) (11). Subsequent
independent studies have documented poorer immunogenic
response to vaccination in this population compared to cancer-
free controls, both in terms of anti-spike (S) antibodies and
neutralizing activity of the receptor-binding domain-angiotensin-
converting enzyme 2 (RBD-ACE2) (11). Overall, vaccination was
found to be safe and nevertheless effective, although seroconversion
rates and the magnitude and duration of immune response were
lower than those observed in cancer-free controls (11-13). This
effect was particularly evident in, but not limited to, patients with
hematological malignancies. We and others have previously
reported that up to 6% of individuals with solid tumors receiving
anti-cancer therapy do not develop seroconversion after primary
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(two-dose) mRNA vaccination, compared to 0.2% in controls (11,
13, 14). Although booster dose strategies improved seroconversion
rates, the estimated risk of persistent seronegativity remains around
30% according to our and other data (13, 15-17). Cancer is
considered an independent risk factor for poor vaccine immune
response (11, 18). Across different studies, inconsistent results have
emerged regarding the impact of cytotoxic chemotherapy (ChT)
and chronic steroid administration as putative negative factors for
seroconversion (11, 18) We have previously reported that, even
though our study was not powered to detect an association between
seroconversion and different types of anticancer agents, the vast
majority (80%) of patients who did not achieve seroconversion were
receiving cytotoxic agents (14, 16). In addition, we found that poor
clinical condition (defined as an ECOG performance status >2) was
the main factor exerting a significant negative impact on
seroconversion, a finding that has been corroborated by others
(14, 19-21).

Understanding the immunological aspects of SARS-CoV-2
infection and vaccination in patients with solid tumors is crucial
for optimizing effective prevention and vaccination strategies in the
event of a COVID-19 resurgence or future pandemics. Indeed, the
role of clinical variables alone in influencing immunogenicity is not
yet conclusive (11). In-depth immunological studies of the humoral
and cellular immune response against COVID-19 vaccine in this
population are limited in number and warrant further investigation
(22-24). For this reason, in this study we performed an integrated,
multiparametric characterization of the humoral and cellular
adaptive immune responses in patients with solid tumors
undergoing active treatments, compared to cancer-free controls
and unvaccinated infected cancer patients, with the specific
question of how cytotoxic ChT impacts these responses compared
to other anticancer treatments, including sole immunotherapy with
checkpoint inhibitors.

2 Materials and methods
2.1 Study design and patient accrual

The primary objective of this prospective, single-center, multi-
cohort, observational study was to characterize the humoral and
cellular immune responses to COVID-19 vaccination in patients
with solid tumors undergoing active treatment, with a specific focus
on the effect of ChT vs non-ChT regimens. These responses were
compared to those in non-vaccinated cancer and cancer-free
patients with natural immunity due to SARS-CoV-2 infection,
and vaccinated cancer-free individuals.

The study included adult patients (=18 years) capable of
providing written informed consent. Blood samples were collected
at different time points from patients with solid tumors vaccinated
with the Pfizer-BioNTech mRNA vaccine (Comirnaty, BNT162b2)
who received anti-cancer treatment within 3 months prior to
inclusion. As comparators, we included: i) individuals without a
cancer diagnosis and not receiving immune-modulating treatments
who were vaccinated for SARS-CoV-2 during the same period; ii)
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unvaccinated individuals, either with and without a cancer
diagnosis, who experienced SARS-CoV-2 infection confirmed by
nasopharyngeal swab (referred to as convalescents); iii)
unvaccinated, uninfected individuals both with and without a
cancer diagnosis, recruited prior to any SARS-CoV-2 exposure,
and used to define pre-vaccination baseline immune responses. All
patients with cancer must have received treatment within the 3
months prior to inclusion.

Blood samples were collected from vaccinated individuals at
multiple time points designed to reflect key phases of vaccine-
induced immunity, according to previous studies (11-14): within 2
months after the second vaccine dose (“T1” cohort), within 4-6
months after the second dose (“T4-6” cohort), and within 3 months
after a third booster vaccination (“T'1b” cohort). Blood samples from
unvaccinated individuals recruited before any SARS-CoV-2 exposure
served as baseline (“T0” cohort). Blood samples from unvaccinated
convalescents were collected between 20-50 days and 2-4 months
after SARS-CoV-2 diagnosis for patients with cancer and cancer-free
controls, respectively. Patients with cancer were reclassified at each
time point as receiving ChT or non-ChT according to the treatment
administered at the time of blood sampling.

From April 2020 to January 2022, individuals who fulfilled the
above-mentioned inclusion criteria were invited to participate in the
study. Data from medical records were annotated through a
REDCap electronic data platform (25). Patients with cancer were
classified upon cytotoxic ChT exposure into ChT versus non-ChT
treated, the latter receiving one of the following treatments or their
combinations: tyrosine kinase inhibitors, monoclonal antibodies
including immune checkpoint inhibitors, and endocrine therapies.

The study was conducted in accordance with the Declaration of
Helsinki and the Good Clinical Practice guidelines. All participants
provided written informed consent prior to sample collection. Protocol
numbers and ethics approval a reported in the Ethics approval section.

2.2 Analysis of spike-specific B cell
response

Spike-specific memory B cells were detected by SARS-CoV-2
spike B cell Analysis kit (Miltenyi Biotec cat. no. 130-128-022),
according to manufacturer’s instructions. Briefly, recombinant
SARS-CoV-2 biotinylated spike (0.1 mg/ml) was incubated with
Streptavidin-PE or PE-Vio 770 for 15 minutes at room temperature.
PBMC were thawed and CD19" cells were enriched using the
REAlease CD19 MicroBead kit (Miltenyi Biotec cat. no. 130-117-
034). Enriched B cells were counted and resuspended in antibody
staining mix containing anti-CD19 APC-Vio770; anti-CD27 Vio
Bright FITC; anti-IgG VioBlue; anti-IgM APC; anti-CD38 BB700;
anti-CD138 PECF-594; anti-CD21 PE-Cy5 and 0.15 or 0.3 pg/mL
spike conjugate with PE or PE-Vio 770 (according to Miltenyi
Biotec cat. no. 130-128-022 protocol). After incubation at 4 °C, cells
were washed and acquired on BD FACSymphony A5 cytometer
(BD Biosciences). The gating strategy for the identification of spike-
specific B cells is represented in Supplementary Figure S1. The LOQ
of spike-specific B cells was arbitrarily set to 0.0001%.
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2.3 Unsupervised analysis of flow
cytometry data

Unsupervised analysis was performed as previously described
(26, 27). Immunophenotyping by high-dimensional flow cytometry
is described in the Supplementary Materials and in Supplementary
Figures S1-S3). Briefly, each compensated sample was randomly
subsampled to 1038 cells and data were exported to a Flow
Cytometry Standard (FCS) file. FCS files were imported into R
(v4.3.2) through the read.flowSet function from the flowCore
(v2.14.2) R package. We applied the Logicle transformation that
allows the use of multiple samples to estimate transformation
parameters. To reduce batch effect due to technical (non-
biological) variation we normalized the signal of each marker
with the function gaussNorm from the flowStat package (v4.14.1).
Then, samples were concatenated into a SingleCellExperiment
object in R using the function prepData from the CATALYST R
package (v1.26.0). Environment seed was set equal to 1234.
Dimensionality reduction by UMAP was subsequently applied to
visualize relative proximities of cells within reduced dimensions by
runDR function with 15 neighbors and excluding CD19 marker
from the features. We performed high-resolution, unsupervised
clustering using the Rphenograph package (v0.99.1.9003) with k
parameter set to 50, finding a total of 16 clusters. Clusters were
manually explored and integrated into 7 clusters resembling as
many B cell subsets. To limit variability during different runs
set.seed function was used with 1234 as unique parameter.

2.4 Statistical analysis

Statistical analysis was performed using GraphPad (Prism
10.2.3 software). Descriptive statistics were calculated to
summarize baseline characteristics, presented as medians with
interquartile ranges (IQRs) for continuous variables and
frequencies with percentages for categorical variables. According
to normality continuous data were analysed using Kruskal-Wallis
test followed by Multiple Mann-Whitney test for non-parametric
distribution, while parametric distribution were compared by
Mixed-effect model with Geisser-Greenhouse correction followed
Tukey’s test for multicomparisons. Dunn’s correction was used for
multiple comparisons.

3 Results
3.1 Patient characteristics

From April 2020 to January 2022, 82 patients with cancer were
enrolled. Blood samples were collected from 9 patients before any
exposure to SARS-CoV-2 or vaccination (T0), 29 patients with
confirmed SARS-CoV-2 infection (convalescents), and 41 patients
who received the COVID-19 mRNA vaccine BNT162b2. Patient
characteristics are presented in Table 1A. For a subset of
individuals, samples were collected at multiple time points to
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capture the dynamics of the immune response over time. Post-
vaccination samples were taken at different time points: within one-
two months after primary vaccination consisting of two mRNA
vaccine doses (T1), six months after primary vaccination (T4-6),
and one month after the boosting dose (T1b). The median time
between anti-cancer treatment administration and blood sampling
for analyses was 15 days (IQR 0-27), indicating that most samples
were collected during active treatment. An interval of 0 days
indicates blood withdrawal immediately before a new treatment
cycle. As cancer-free controls, we included a cohort of cancer-free
vaccinated subjects not undergoing immune-suppressive
treatments (N = 27, Table 1B), who had received SARS-CoV-2
vaccination during the same period and whose samples were
collected at similar timepoints; 12 of these had also experienced
SARS-CoV-2 infection before vaccination.

As a comparative benchmark for the immune response elicited
by natural SARS-CoV-2 infection, we included 32 patients with
cancer and 11 cancer-free subjects referred to as convalescents, who
provided blood samples at 20-50 days and 2-4 months from a
positive swab, respectively.

Patients with cancer received various types of anticancer
systemic treatments during the continuum of care. We grouped
patients according to the type of treatment they were receiving at

10.3389/fimmu.2025.1664072

the time of vaccination, with 46 patients receiving ChT and 36
receiving chemo-free regimens, i.e., targeted agents including but
not limited to immunotherapy based on checkpoint inhibitors
(non-ChT), and hormone therapy. No difference was found
between ChT and non-ChT groups regarding the main
demographic and clinical characteristics.

Humoral and cellular immune responses were assessed in these
samples as schematized in Supplementary Figure S4.

3.2 Dynamics of SARS-CoV-2 anti-spike
and anti-RBD IgG response to BNT162b2
vaccine in patients with cancer and
influence of the cancer treatment

We evaluated the antibody response induced by the BNT162b2
vaccine over time by ELISA, measuring serum IgG titers against the
recombinant spike and receptor-binding domain (RBD) of SARS-
CoV-2.

Vaccinated patients with cancer elicited anti-S and anti-RBD IgG
responses with increased levels in all individuals compared to baseline
(T0). Subsequently, both decreased by T4-6 and were boosted again
after the third dose at T1b (Figure 1A). The anti-S and anti-RBD IgG

TABLE 1 Demographic and clinical characteristics of patients with cancer and cancer-free individuals.

A. Characteristics of patients with cancer by type of cancer treatment.

Patients with cancer

All
Number of patients (%) 82 46 (56.1) 36 (43.9)
Age at enrollment (median [IQR]) 68 [58-73] 69 [60-75] 66 [55.5-73]
Body mass index (median [IQR]) 24 [23-28] 24 [22-26] 23 [23-27]
Sex (%)
Male 41 (50) 21 (45.7) 20 (55.6)
Female 41 (50) 25 (54.3) 16 (44.4)
ECOG performance status (%)
0 24 (29.3) 10 (21.7) 14 (38.9)
1 38 (46.3) 23 (50.0) 15 (41.7)
>2 20 (24.4) 13 (28.3) 7 (19.4)
Smoking status (%)
Never 27 (32.9) 15 (32.6) 12 (33.3)
Former or current 41 (50.0) 23 (50.0) 18 (50)
NA 14 (17.1) 8 (17.4) 6 (16.7)
Comorbidities (%)
At least one comorbidity 62 (75.6) 32 (69.6) 12 (33.3)
No 19 (23.2) 13 (28.2) 24 (66.7)
NA 1(1.2) 1(22) 0 (0.0)

Frontiers in Immunology

04

(Continued)

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1664072
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Favalli et al.

TABLE 1 Continued
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A. Characteristics of patients with cancer by type of cancer treatment.

Patients with cancer

All

Primary tumor type (%)

Thoracic 26 (31.7) 12 (26.1) 14 (38.9)
Gastrointestinal 29 (35.4) 20 (43.5) 9 (25.0)
Genitourinary, breast and others 27 (32.9) 14 (30.4) 13 (36.1)
Tumor stage (%)

Locally advanced 9 (11.0) 9 (19.6) 0 (0.0)
Metastatic or unresectable 73 (89.0) 37 (80.4) 36 (100.0)
Steroids

Yes (any dose) 27 (33.0) 15 (32.6) 12 (33.3)
No 54 (65.8) 30 (65.2) 24 (66.7)
NA 1(12) 1(22) 0 (0.0)

B. Characteristics of non-cancer individuals

Number of individuals 27

Age at enrollment (median [IQR]) 53 [42-61]
Sex (%)

Male 14 (51.8)
Female 13 (48.2)

ChT, Cytotoxic chemotherapy; non-ChT, Non-cytotoxic chemotherapy.

titers induced by vaccination were higher than those measured in
convalescents by natural infection, both after primary vaccination
(T1) and boosting (T1b). Despite similar overall dynamics to cancer-
free subjects, IgG titers in patients with cancer were lower and
showed greater inter-individual variability (Figure 1B). In
particular, while comparable anti-S antibody levels were observed
between cancer patients and cancer-free controls, anti-RBD Wuhan-
strain IgG titers were significantly lower in patients with cancer at
multiple time points (Figure 2).

To assess potential cross-protection against variants of concern
(VoC), we measured the ability of IgG to recognize the Delta and
Omicron spike and RBD in vaccinated patients with cancer and
cancer-free controls. Overall, we observed comparable levels of anti-
spike IgG, which recognized the Wuhan and Delta strains with higher
efficacy than the Omicron (Figure 2A). Differently, we confirmed a
lower level of anti-RBD Wuhan-strain IgG antibodies in patients with
cancer, irrespective of the VoC examined (Figure 2B).

We next hypothesized that the generation of a productive
antibody response to SARS-CoV-2 vaccination in patients with
cancer could vary upon the influence of different treatment types,
depending on their mechanism of action. Given the major
immunosuppressive nature of ChT compared to other anticancer
agents, we focused on comparing patients receiving ChT vs non-ChT
agents (Figures 2C, D). We found that, after primary vaccination
(T1), ChT and non-ChT patients elicited comparable IgG levels
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against spike and RBD. However, in non-ChT treated patients
these levels were sustained throughout the entire vaccination period
(T4-6) and further increased after the booster dose (T1b). Conversely,
in ChT-treated patients the antibody response showed a trend
towards shorter persistence and a statistically significantly lower
responsiveness to the booster dose for both anti-spike (p < 0.01)
and anti-RBD IgG (p < 0.05). Collectively, patients treated with ChT
mounted a less robust response compared to non-ChT, which was
also evident in the IgG recognition of the spike and RBD of the Delta
and Omicron VoCs (Figures 2C, D).

3.3 Neutralizing antibody response against
SARS-CoV-2 spike Wuhan and delta VoC

Neutralizing antibodies are an acknowledged correlate of
protection against SARS-CoV-2 infection, with their dynamics
and persistence over time generally reflecting the levels of anti-S
and anti-RBD IgG. Given that differences in antibody persistence
between ChT- and non-ChT-treated patients started to emerge at
T4-6, we selected this timepoint to evaluate whether reduced
binding antibody levels in the ChT group were accompanied by
impaired neutralizing capacity and altered functional potency.
Therefore, we assessed the ability of sera collected at T4-6 (four-
six months after primary vaccination) to interfere with the Wuhan

frontiersin.org
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FIGURE 1

IgG response to spike and RBD Wuhan strain induced by BNT162b2 vaccine. Anti-S (left) and anti-RBD (right) IgG antibody responses to Wuhan-
strain SARS-CoV-2 after COVID-19 vaccination, in cancer (A) and cancer-free controls (B). Each dot represents a single individual, dotted lines
indicate the limit of quantification (LOQ). Kruskal-Wallis test was used to compare pre- and post-vaccination samples at baseline (TO), one-two
months after primary vaccination (T1), four-six months after primary vaccination (T4-6), and 1 month after the booster dose (T1b). Dunn’s correction
was used for multiple comparison testing. Significance levels: ****p value <.0001, ***p value <.001, **p value <.01 and *p value <.05. Absence of
significance symbols indicates that comparisons did not reach statistical significance.

SARS-CoV-2 pseudo-viral infection of HEK293TN expressing
hACE2 receptor. In addition, we evaluated the potential cross
protection against omicron VoC, comparing spike-Wuhan with
spike-Omicron pseudoviruses. To estimate the neutralization
potency of elicited antibodies against spike and RBD, we
measured the potency index, expressed as the ratio between
neutralization titers to the spike and RBD specific antibody
binding titers. As a trend (p > 0.05), non-ChT patients had a
higher frequency of positive sera than the ChT ones. A lower
potency index and positivity was observed against the Omicron
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VoC pseudotype, with no differences between the two patient
groups, suggesting that the decline of the antibody titers at T4-6
and the lower IgG recognition of Omicron VoC reflected in a lower
antibody neutralization ability (Figures 3A, B). The lack of
detectable neutralizing antibodies in a subset of patients was not
significantly associated with Performance Status or comorbidities
(all p > 0.05, Fisher’s exact tests).

In general, the potency indices versus spike and RBD were
comparable, in line with the knowledge that RBD is the main target
of neutralizing antibodies.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1664072
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Favalli et al. 10.3389/fimmu.2025.1664072
A Wuhan-strain Delta Omicron B Wuhan-strain Delta Omicron
0004 L . s . 1000 0, i : :
L * 1t * : ]

= 3 L | . = L) ’ Ny © Cancer-free subjects

w10 [ 2 §Fos By s m 100 . ¥ ] [3 [] . h
o H J f [ g j | ‘:_’I ] s L © Patients with cancer
23 g . i ¥
ZE ® ) § 2g © ¢ . (]

2 f 2 L T

1 e o °

. Fi L] . $
= T — 07— T T e e
T T T46 Tib Conv T T T46 Tib Conv T T T46 Tib Conv TO Ti T46 Tib Conv T0 Ti T46 Tib Conv TO T1 T46 Tib Conv

Time points Time points

C Wuhan-strain Delta Omicron Wuhan-strain Delta Omicron
1000 1000 -

. L] .

100 [ 100 !

g _ e ~ ] g ) s @ Non-ChT
L4 L L= Q4 3 e ChT
a7, 10 - a7 104 = o
P E L E ;i et L

2 2 At 1

H i 1H -
P %
L] [ s . L] %) d
0 A — U — o e L
T0 T T46 Tib T0O T T46 Tib T0O T T46 Tib TO T T46 Tib T0O T T46 Tib TO T T46 Tib
Time points Time points
FIGURE 2

Cross-reactivity of vaccine induced IgG on spike and RBD Wuhan and corresponding VoC. Comparison of SARS-CoV-2 anti-spike (A—C) and anti-
RBD (B-D) IgG antibody responses between patients with cancer (grey line and dots) and cancer-free controls (A, B) (grey and green line and dots,
respectively) after COVID-19 vaccination in Wuhan, Delta and Omicron VoCs. Each dot represents mean values with SEM values of individual IgG
titers. Mixed-effect model was fitted to the data and Fisher test was used to compare the cohorts pre- and post-vaccination at baseline (T0), one-
two months after primary vaccination (T1), four-six months after primary vaccination (T4-6), and 1 month after the booster dose (T1b). Tukey's
corrections were used for multiple comparison testing. Significance levels are as follows: ****p value <.0001, ***p value <.001, **p value <.01 and
*p value <.05; grey asterisks indicate statistical difference between time points within patients with cancer group; green asterisks indicate statistical
difference between time points within cancer-free controls’ group; black asterisks indicate statistical difference between groups. Absence of
significance symbols indicates that comparisons did not reach statistical significance.

3.4 Immunophenotype and spike-
specificity of T cells induced by SARS-CoV-
2 vaccination

We then investigated whether different anticancer treatments
affected the immunological features of circulating CD4" and CD8"
T lymphocytes and the elicitation of spike-specific T cells in

vaccinated patients with cancer, as compared to cancer-
free controls.

To characterize specific immunological features induced by
vaccination, we first conducted multiparametric flow cytometry
analyses of circulating CD4" and CD8" T lymphocytes collected at
all time points (T0, T1, T4-6, and T1b), including ChT and non-
ChT patients as compared to cancer-free subjects.
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Overall, the immunophenotypic analysis of CD4" and CD8" T
subpopulations revealed individual fluctuations and moderate
changes over time and between treatment groups, without
consistent group-level trends (Supplementary Figures S5, S6).

Based on the absence of significant differences in the global T
cell compartment, we then focused on measuring the frequency of
spike-specific (§7) CD4" and CD8" T cells following stimulation
with a peptide pool spanning the entire spike sequence. We
analyzed the response at T1, T4-6 and T1b in ChT and non-ChT
patients. The frequency of ST CD4" T cells is based on the
expression of activation-induced markers (AIM) CD69 in
combination with CD40L upon stimulation. In both oncologic
groups, the frequencies of CD4™ AIM" Memory S™ T cells
fluctuated along time points following vaccination. At T4-6, one
individual in the non-ChT group displayed an unusually high
frequency, although this did not reflect a broader group-level
trend (p > 0.05) (Figure 4A). In both cohorts, this frequency
tended to be higher in convalescent patients rather than post-
vaccination. Regarding CD8" AIM™ S T cells, we measured those
producing Tumor necrosis factor (TNF-o) (Figure 4B). In non-ChT
patients, the frequency of CD8" AIM'S" T cells tended to increase
at T1, and then did not further increase, while it fluctuated in ChT
patients. Similarly to CD69 CD40L, levels of CD8 S* Specific cells

10.3389/fimmu.2025.1664072

tended to be higher in convalescent patients, suggesting that natural
infection elicited a sustained memory response.

3.5 Immunophenotype and spike-
specificity of B cells elicited by vaccination

We then analysed the phenotype of B lymphocytes, as done for
T cells. Multiparametric analysis showed that plasmablasts (CD19*
CD27* CD38" CD138") decreased at T4-6, then tended to increase
after the booster doses (T1b), bringing them back to the same
percentages as the convalescents, while plasmacells (CD19" CD27"
CD38" CD138") showed fluctuations with a more scattered
distribution in ChT patients.

Memory B cells (CD19" CD27") decreased at T4-6 in ChT
patients compared to non-ChT patients (p < 0.05). Total memory
IgG cells tended to decrease over time in non-ChT patients, while in
ChT patients such decrease was only observed at T4-6. Memory
IgM remains unchanged in non-ChT patients and slightly decreases
at T4-6 in ChT patients (Supplementary Figure S7).

We also investigated the phenotype of circulating spike-specific
(S*) B lymphocytes elicited by vaccination in the entire B cell
populations in ChT and non-ChT patients, using markers of
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activation and differentiation (CD27, CD21, CD38, CD138) and Ig
class switch (IgD, IgM, IgG). The presence of S* B lymphocytes was
assessed by a simultaneous baiting of cells with recombinant spike,
labelled with two different fluorochromes (either PE or PE-Cy7,
respectively) to exclude a labelling-specific artefact. We observed
that spike-specific B cells were induced at post-vaccination at T1
and further increased with the booster dose (T1b), with particularly
high frequencies in some patients, although these differences did
not reach statistical significance (Figure 5A). The decline of spike-
specific B cells at T4-6 prompted us to investigate in detail the
memory compartment (CD19"CD27") of spike-specific B cells. We
found a lower frequency of CD27" cells on CD19 spike Specific cells
in ChT individuals at T4-6 and T1b. In contrast the frequency of
CD27" B cells in non-ChT individuals was closer to that found in
cancer-free controls (Figure 5B).

3.6 Unsupervised analysis of B cells

To gain a global and unbiased picture of the different B cell
subset in entire data set, we conducted an unsupervised analysis of
the flow cytometry data using dimensionality reduction (see
Materials and Methods). By analyzing 17 ChT and 17 non-ChT
samples, we identified distinct B lymphocyte clusters based on cell
positivity to canonical B cell markers of differentiation and
maturation markers. After manual annotation, we were able to
identify 7 major sub-populations (Figure 6A, Supplementary Figure
$8): Transitional CD27" IgDCD38™ CD21", Naive CD27" IgD*
IgM* CD38', Memory switched IgG- IgM- (CD27* CD38"" IgM~
IgG’), Memory switched IgG", Resting memory CD27" IgM"
CD21%, Plasmacells (PC) CD27* CD38" CD138", and PC-like
cells with low expression of CD27 (CD38" CD138" CD27 IgG,
referred as CD27 IgG’). Interestingly, spike-specific cells
(considering S* cells detected with both PE and PE-Cy7) mainly
belonged to the PC and CD27" IgG™ cluster (Figures 6B, C).

10.3389/fimmu.2025.1664072

We then analyzed the expression pattern of the B cell clusters in
oncologic groups along the vaccination period. There were strong
differences in the frequencies of the plasmacell cluster and the
memory compartment in ChT patients compared to non-ChT at
T4-6 (Figure 6D). The most evident alteration was the expression
level of CD27, a marker of activation and memory differentiation.
We observed a higher expression of this marker in the memory
compartment of non-ChT patients, at T4-6 (Supplementary Figures
S8, S9A, B).

4 Discussion

In this study we comprehensively characterized the humoral
and cellular immune response to the first three doses of the
COVID-19 BNT162b2 vaccine in patients affected by solid cancer
undergoing ChT or non-ChT treatments, as compared with a
control group of cancer-free subjects. Our intent was to identify
immunological determinants underlying differences in the immune
response to vaccination.

Among the approved COVID-19 vaccines, the Pfizer/BioNTech
(Comirnaty, BNT162b2) mRNA vaccine was one of the most widely
used during the global vaccination campaign due to its efficacy and
tolerability. Initially designed as a monovalent vaccine targeting the
original Wuhan-Hu-1 (MN908947) spike protein of the SARS-CoV-2
virus, it was administered in two intramuscular doses to elicit
neutralizing antibody and generate an effective B and T-cell response
(28). However, waning immunity and the continued emergence of
VoCs prompted the widespread adoption of a third booster dose of
vaccine to enhance and prolong immunologic memory. This booster
increased protection against Delta and Omicron variants, reducing
disease severity in most cases. More recently, a fourth dose was
recommended for vulnerable populations and healthcare workers,
using either the monovalent or the newer bivalent formulation
targeting both the ancestral strain and the Omicron VoC (29).
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FIGURE 5

BNT162b2 mRNA vaccination elicited spike-specific B cells. (A) Percentage of Spike-specific cells in ChT, non-ChT patients, and cancer-free
subjects. (B) Manual gating for the expression of CD27 in total spike specific cells. Time points are represented as TO, T1, T4-6 and T1b. Mixed-
effects model was fitted to the data and used to compare pre-and post-vaccination samples in different cohorts (Fisher test). Multiple comparisons
were corrected using Tukey's tests. Significance levels are as follows: ****p <0001, ***p <.001, **p <.01, *p <.05. Absence of significance symbols

indicates that comparisons did not reach statistical significance
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B cells composition in patients with cancer. Patients with cancer (N =

34, 17 ChT and 17 non-ChT samples) were analyzed at T1, T4-6 and T1b by multi-

parametric flow cytometry and analyzed by Uniform Manifold Approximation and Projection (UMAP) to cluster cells based on cell positivity for canonical B-
cell differentiation and maturation markers (A) UMAP map of all patients’ samples (1,038 cells, represented by each dot). In UMAP, the 7 identified B cell
clusters are marked with different colors. (B) UMAP maps of spike-specific B cell colored in yellow and brown. (C) UMAP of spike specific expression. Yellow
indicates high, and blue low expression levels. (D) UMAP of B cell cluster at different time point in ChT and non-ChT patients.

Patients with cancer are known to be more susceptible to severe
COVID-19 and reinfection than cancer-free controls; thereby, they
were given priority for COVID-19 vaccination in late 2020/early
2021. Owing to disease-associated and therapy-induced immune
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impairment, patients with cancer are less likely to mount a
proficient immune response upon vaccination than the general
population. In the light of the waning antibody responses and the
inherently higher risk of suboptimal immunity in this population,
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patients with cancer have been globally prioritized for booster
vaccination to achieve immunity levels similar to that observed in
the general population. The recommendation of repeated
administrations also applies to other vaccines, including
influenza, pneumococcal infection, hepatitis B or zoster
reactivation, where evidence demonstrates that additional doses
benefited this population (30-34).

Data from initial studies in cancer patients receiving COVID-19
vaccines suggested that the decline in immune response over the
months following vaccination showed a comparable dynamic to
that observed in the general population (35), though with more
pronounced waning (36). Moreover, vaccine-induced immune
responses are commonly impaired by several cancer therapies,
with ChT generally regarded as the most detrimental to the
immune system compared to targeted therapies and
immunotherapy (11, 37). Since a robust anti-S antibody response
with neutralizing activity is an acknowledged correlate of protective
immunity against SARS-CoV-2 infection, many studies of COVID-
19 vaccination in cancer patients have focused on the antibody
response induced against the ancestral SARS-CoV-2 strain and
VoCs, including Omicron (18, 36, 38, 39). In these studies, cancer
patients who received three vaccine doses showed lower antibody
titers compared to cancer-free controls who were given the same
regimen. Neutralizing antibodies were clearly detected in cancer
patients, with titers declining over time alongside susceptibility to
arising VoG, as for cancer-free controls.

In line with other groups, our data show that patients with
cancer develop anti-S and anti-RBD (Receptor Binding Domain)
antibodies, with levels declining four-six months after primary
vaccination, and rising again after the booster dose, with a
dynamic similar to cancer-free subjects (40, 41). In these patients,
antibody response levels were higher than those observed in
convalescent patients, independently of the treatment type (ChT
vs non-ChT).

Interestingly, while the capability to elicit antibodies
recognizing full-length spike Wuhan, Delta and Omicron VoC
was comparable between cancer patients and cancer-free subjects,
we found that the anti-RBD response was deficient in the former
(42). Such difference in the level of anti-RBD antibodies was
particularly pronounced in ChT-treated patients compared to
those receiving non-ChT agents. Since the RBD binds the ACE2
receptor on human cells to allow viral entry, there is a clear
correlation between levels of anti-RBD antibodies, neutralization
activity, and cross protection against SARS-CoV-2 VoC (43). This
suggests that a lower antibody response to this protein region is
likely to result in a less effective protection against the virus. To
address this point, we investigated the serum neutralization activity
four to six months after completing the primary vaccination series
(two doses) and determined the potency index. It is well established
that the humoral response undergoes continuous development and
maturation long after initial antigen exposure, with memory B cells
showing improved quality and breadth at later compared to earlier
time points (44, 45). In our analysis, we observed a higher potency
index for the Wuhan lineage (ND50/spike IgG and ND50/RBD
IgG) in non-ChT patients compared with ChT patients. This
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indicates that a greater proportion of spike- and RBD-specific
antibodies are also neutralizing in patients not receiving ChT,
likely reflecting a more efficient development of memory B cells,
which may be impaired by ChT. In contrast, no difference was
observed in the serum neutralizing activity between the two cohorts
against omicron VoCs, likely due to the prevailing antibody-
binding escape mechanisms driven by mutations in the RBD region.

Concerning the T cell response elicited by COVID-19
vaccination, its critical role in the durability and recall of memory
response to reinfection is widely acknowledged (46). Reports in the
general population have shown that T cell epitopes are more
broadly conserved (47) and less overtly affected by VoC
compared to B cell epitopes.

In cancer patients, a limited number of studies investigated in
depth the cellular immune response, sometimes reporting
discordant antibody and cellular responses (18). These studies
investigated the release of effector cytokines, such as IFNy, alone
or combined to IL-2a and TNFa. release. A recent study reported
that patients with cancer showed a reduced frequency of
multifunctional T cells producing multiple cytokines, with a
predominance of monofunctional T cells producing TNFo. over
multifunctional cells producing different effector cytokines (48).
The T-cell response was also measured in patients with cancer
based on activation markers of immune cells, revealing that a
significant fraction (46-79%) of patients with solid tumors
elicited a detectable T-cell response (49). Notably, this response
was consistently more robust than the antibody response, since 30-
75% of seronegative patients had measurable specific T-cell
responses to vaccination, independent of disease subtype (50-52).
Detectable T cell levels were reported in the absence of antibody
responses in patients with cancer, although with lower frequency in
those receiving ChT than immune checkpoint inhibitors (39). In
line with these findings, our study detected spike-specific memory
CD4" and CD8" T cells, which, although present at low frequencies,
expressed the activation markers CD69 and CD40L or produced
TNF-o in a lower proportion of the ChT group compared to the
non-ChT group. As a trend, these cells were found more commonly
and at higher frequencies in vaccinated individual rather than in
convalescents, suggesting distinct dynamics between vaccination
and natural viral infection.

Compared to other studies, our research focused on the
phenotype of spike-specific effector B-cells, which play a crucial
role in mediating protection. On average, spike-specific CD19" cells
showed a comparable profile in patients with cancer vs cancer-free
patients, highlighting the beneficial effect of the booster dose. By
using an unbiased bioinformatic analysis of flow cytometry data
combined to manual annotation, we identified seven major spike-
specific subpopulations, including Transitional, Naive, Memory
switched IgG- IgM-, Memory switched IgG*, CD27" IgG’, Resting
memory, and Plasmacells (PC). The PC subpopulation was the
most represented among spike-specific CD19" cells, as expected.
Interestingly, by performing this analysis we identify a subset of
spike-specific B cells clustering with plasma cells but negative for
the CD27 marker, whose role is not clear. In support of our finding,
Zurbuchen Y. et al. (53) recently described that the B cell response
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to SARS-CoV-2 and COVID-19 vaccines, and to other pathogens as
well, may adopt tailored effector mechanisms, resulting in
functionally specialized memory B cell subsets. Notably, CD21%/~
CD27 memory B cells were shown to originate from spike-specific
CD21"/CD27* memory B cells, which can redifferentiate into other
memory subsets upon antigen rechallenge, demonstrating that
single memory B cell clones can follow distinct functional
trajectories over time.

As a general remark spike” B cells and PC cells displayed a lower
expression level of CD27 in the chemotherapy group. CD27, a
member of the TNF receptor superfamily (TNFRSF), is a Type 1
transmembrane glycoprotein that interacts with CD70 and generally
promotes maturation and activation of T and B lymphocytes (54, 55).
The CD27-CD70 interaction is crucial as a co-stimulatory signal for
both B-cell and T-cell activation (56). In B cells, a higher production
of both CD27 and CD70 results in higher production of
immunoglobulins, which is presumably essential for the activation
of B cells and the formation of memory B cells. Deficiencies of CD27
and CD70 have been shown to cause severe consequences for the
memory B cell compartment (57). Based on the crucial role of CD27,
we may hypothesize that patients receiving cytotoxic ChT elicit a less
robust activation and differentiation to a memory state, while this
phenomenon is not observed when patients with cancer are treated
with chemo-free regimens. Additional investigations are needed to
understand whether this ChT-linked impaired response diminishes
the capability to confer long-term immunity against SARS-CoV-2
reinfection, possibly also limiting the ability to sustain a durable
neutralizing antibody response.

The primary limitation of this study is the relatively small
number of patient samples undergoing detailed characterization
of immune responses. Such limited sample size prevented more
accurate stratification based on treatment regimens and other
clinical features. Furthermore, the higher age of cancer patients
compared to non-cancer controls could have contributed to subtle
differences in immune baseline and should be considered when
interpreting the findings. Additionally, the study design did not
consistently allow for longitudinal sampling from the same patients,
which may have affected the evaluation of immune dynamics over
time. However, for patients with longitudinal samples, treatment
group (ChT vs non-ChT) was assigned dynamically at each time
point based on actual treatment exposure to account for potential
treatment changes over time (e.g., line switch due to progression),
thereby minimizing misclassification and ensuring accurate
interpretation of immune responses. As an additional limitation,
the timepoints chosen for sample collection were based on prior
evidence from our group and others (11-14) regarding the kinetics
of vaccine-induced immune responses; however, we acknowledge
that these intervals remain somewhat arbitrary. While we believe
they adequately capture key phases of the immune trajectory, a
denser sampling strategy might have provided additional
resolution, particularly regarding transient or heterogeneous
immune features. Finally, the observed alterations in antibody
titers and CD27 expression raise biologically meaningful
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questions that warrant future investigation through targeted
studies in cellular systems, animal models, or longitudinal patient
cohorts. Despite these limitations, our study offers valuable
immunological insights into a less robust immune response to
COVID-19 vaccination in patients with solid tumors undergoing
cancer therapies, particularly those receiving ChT. Furthermore, it
underscores the importance of regular booster doses to maintain
protection against SARS-CoV-2 infection and severe COVID-19
disease in this vulnerable high-risk population.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Institutional
Review Board Milano Area 3, Milan, Italy; Institutional Review
Board Milano Area 2, Milan, Italy; Istituto Nazionale per le Malattie
Infettive Lazzaro Spallanzani, Rome, Italy. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

AF: Investigation, Visualization, Writing - original draft,
Writing - review & editing. GP: Investigation, Resources, Writing —
original draft, Writing - review & editing. PG: Investigation, Resources,
Writing - review & editing. AG: Data curation, Formal Analysis,
Writing — review & editing. EP: Investigation, Writing — review &
editing. SaM: Data curation, Resources, Writing — review & editing.
MB: Investigation, Writing — review & editing. FV: Data curation,
Formal Analysis, Writing - review & editing. LD: Investigation,
Resources, Writing — review & editing. SiM: Investigation, Resources,
Writing - review & editing. DP: Investigation, Resources, Writing —
review & editing. AA: Investigation, Resources, Writing — review &
editing. FT: Investigation, Resources, Writing - review & editing.
SG: Resources, Writing — review & editing. AP: Investigation,
Resources, Writing — review & editing. SP: Investigation, Resources,
Writing — review & editing. AL: Data curation, Resources, Writing —
review & editing. AB: Data curation, Resources, Writing — review &
editing. SA: Resources, Supervision, Writing - review & editing,
Funding acquisition. SS: Resources, Supervision, Writing — review &
editing, Funding acquisition. AS-B: Conceptualization, Methodology,
Resources, Supervision, Writing - original draft, Writing — review &
editing, Funding acquisition. RG: Conceptualization, Methodology,
Resources, Supervision, Writing - original draft, Writing — review &
editing, Funding acquisition.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1664072
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Favalli et al.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was
supported by the projects COIMMUNITY (ID 1842163) to RG
and MAINSTREAM (ID 1835032) to SA, both funded by Regione
Lombardia and cofunded under POR FESR 2014-2020 resources, by
the project COVID-2020-12371640 to SA funded by Italian
Ministry of Health, by the project “END-COVID” (B/2020/0076)
to AB funded by Intesa San Paolo “Fondo di beneficienza ed opere
di carattere sociale e culturale”, by EU funding within the
NextGeneration EU-MUR PNRR Extended Partnership initiative
on Emerging Infectious Diseases (Project no. PE00000007, INF-
ACT) and by an unrestricted grant from Fondazione “Romeo ed
Enrica Invernizzi”. The SINFONIA and SINFONIA-V sample
collection, processing and storage procedures were funded by
Fondazione Oncologia Niguarda ETS and through divisional
funds from Niguarda Cancer Center, Grande Ospedale
Metropolitano Niguarda, Milano, Italy.

Acknowledgments

We wish to thank Raffacle De Francesco (INGM) for helpful
discussion. GP is currently a PhD students within the European
School of Molecular Medicine (SEMM), funded by Grande
Ospedale Metropolitano Niguarda and Fondazione Oncologia
Niguarda ETS. Authors affiliated with Niguarda Cancer Center
and Grande Ospedale Metropolitano Niguarda are supported by
Fondazione Oncologia Niguarda ETS.

Conflict of interest

RG is currently employed by CheckmAb Srl. AS-B participates to
advisory boards for Amgen, Bayer, Pierre-Fabre, Servier, Takeda. SS
is an advisory board member for Agenus, AstraZeneca, Bayer, Bristol
Myers Squibb, CheckmAb, Daiichi-Sankyo, GlaxoSmithKline, MSD,

References

1. Hu B, Guo H, Zhou P, Shi ZL. Characteristics of SARS-coV-2 and COVID-19.
Nat Rev Microbiol. (2020) 19(3):141-154. doi: 10.1038/s41579-020-00459-7

2. Kuderer NM, Choueiri TK, Shah DP, Shyr Y, Rubinstein SM, Rivera DR, et al.
Clinical impact of COVID-19 on patients with cancer (CCC19): a cohort study. Lancet.
(2020) 395:1907-18. doi: 10.1016/S0140-6736(20)31187-9

3. Yekediiz E, Utkan G, Uriin Y. A systematic review and meta-analysis: the effect of
active cancer treatment on severity of COVID-19. Eur J Cancer. (2020) 141:92-104.
doi: 10.1016/j.€jca.2020.09.028

4. Hippisley-Cox J, Coupland CAC, Mehta N, Keogh RH, Diaz-Ordaz K, Khunti K,
et al. Risk prediction of covid-19 related death and hospital admission in adults after
covid-19 vaccination: National prospective cohort study. BMJ. (2021), 374.
doi: 10.1136/bmj.n2244

5. Echaide M, Labiano I, Delgado M, de Lascoiti A, Ochoa P, Garnica M, et al.
Immune profiling uncovers memory T-cell responses with a th17 signature in cancer
patients with previous SARS-coV-2 infection followed by mRNA vaccination. Cancers
(Basel). (2022) 14. doi: 10.3390/cancers14184464

Frontiers in Immunology

13

10.3389/fimmu.2025.1664072

Merck, Novartis, Pierre-Fabre, Pfizer, Seagen, and T-One
Therapeutics. SA is a cofounder of the startup CheckMab s.r.l. and
T-One Therapeutics s.r.l. AA has an advisory role for Amgen,
Italfarmaco, Merck Serono. SP is currently employed
by GlaxoSmithKline.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

RG declares that she was an Review Editor for Translational
Medicine in Frontiers at the time of submission. This had no impact
on the peer review process and final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1664072/full#supplementary-material

6. Galvan-Pefia S, Leon J, Chowdhary K, Michelson DA, Vijaykumar B, Yang L, et al.
Profound Treg perturbations correlate with COVID-19 severity. Proc Natl Acad Sci
USA. (2021) 118(37):e2111315118. doi: 10.1073/pnas.2111315118

7. Rha MS, Shin EC. Activation or exhaustion of CD8+ T cells in patients with
COVID-19. Cell Mol Immunol. (2021) 18:2325-33. doi: 10.1038/s41423-021-00750-4

8. Goubet AG, Dubuisson A, Geraud A, Danlos FX, Terrisse S, Silva CAC, et al.
Prolonged SARS-CoV-2 RNA virus shedding and lymphopenia are hallmarks of
COVID-19 in cancer patients with poor prognosis. Cell Death Differ. (2021)
28:3297-315. doi: 10.1038/s41418-021-00817-9

9. Thakkar A, Pradhan K, Jindal S, Cui Z, Rockwell B, Shah AP, et al. Patterns of
seroconversion for SARS-CoV-2 IgG in patients with Malignant disease and association
with anticancer therapy. Nat Cancer. (2021) 2:392-9. doi: 10.1038/s43018-021-00191-y

10. Abdul-Jawad S, Bati L, Alaguthurai T, del Molino del Barrio I, Laing AG, Hayday
TS, et al. Acute immune signatures and their legacies in severe acute respiratory
syndrome coronavirus-2 infected cancer patients. Cancer Cell. (2021) 39:257-75.
doi: 10.1016/j.ccell.2021.01.001

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1664072/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1664072/full#supplementary-material
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1016/S0140-6736(20)31187-9
https://doi.org/10.1016/j.ejca.2020.09.028
https://doi.org/10.1136/bmj.n2244
https://doi.org/10.3390/cancers14184464
https://doi.org/10.1073/pnas.2111315118
https://doi.org/10.1038/s41423-021-00750-4
https://doi.org/10.1038/s41418-021-00817-9
https://doi.org/10.1038/s43018-021-00191-y
https://doi.org/10.1016/j.ccell.2021.01.001
https://doi.org/10.3389/fimmu.2025.1664072
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Favalli et al.

11. Fendler A, de Vries EGE, GeurtsvanKessel CH, Haanen JB, Wérmann B, Turajlic
S, et al. COVID-19 vaccines in patients with cancer: immunogenicity, efficacy and
safety. Nat Rev Clin Oncol Nat Research;. (2022) 19:385-401. doi: 10.1038/s41571-022-
00610-8

12. Massarweh A, Eliakim-Raz N, Stemmer A, Levy-Barda A, Yust-Katz S, Zer A,
et al. Evaluation of seropositivity following BNT162b2 messenger RNA vaccination for
SARS-coV-2 in patients undergoing treatment for cancer. JAMA Oncol. (2021) 7:1133-
40. doi: 10.1001/jamaoncol.2021.2155

13. Shroff RT, Chalasani P, Wei R, Pennington D, Quirk G, Schoenle MV, et al.
Immune responses to two and three doses of the BNT162b2 mRNA vaccine in adults
with solid tumors. Nat Med. (2021) 27:2002-11. doi: 10.1038/s41591-021-01542-z

14. Amatu A, Pani A, Patelli G, Gagliardi OM, Loparco M, Piscazzi D, et al.
Impaired seroconversion after SARS-CoV-2 mRNA vaccines in patients with solid
tumours receiving anticancer treatment. Eur J Cancer. (2022) 163:16-25. doi: 10.1016/
j.€jca.2021.12.006

15. Rottenberg Y, Grinshpun A, Ben-Dov IZ, Oiknine Djian E, Wolf DG, Kadouri L.
Assessment of response to a third dose of the SARS-coV-2 BNT162b2 mRNA vaccine
in patients with solid tumors undergoing active treatment. JAMA Oncol Am Med
Association;. (2022) 8:300-1. doi: 10.1001/jamaoncol.2021.6764

16. Patelli G, Pani A, Amatu A, Scaglione F, Sartore-Bianchi A. Seroconversion after
SARS-CoV-2 mRNA booster vaccine in cancer patients. Eur ] Cancer. (2022) 167:175-
6. doi: 10.1016/j.¢jca.2022.02.032

17. Shapiro LC, Thakkar A, Campbell ST, Forest SK, Pradhan K, Gonzalez-Lugo JD,
et al. Efficacy of booster doses in augmenting waning immune responses to COVID-19
vaccine in patients with cancer. Cancer Cell. (2022) 40:3-5. doi: 10.1016/
j.ccell2021.11.006

18. Fendler A, Shepherd STC, Au L, Wilkinson KA, Wu M, Byrne F, et al. Adaptive
immunity and neutralizing antibodies against SARS-CoV-2 variants of concern
following vaccination in patients with cancer: the CAPTURE study. Nat Cancer.
(2021) 2:1305-20. doi: 10.1038/543018-021-00274-w

19. Nelli F, Fabbri A, Onorato A, Giannarelli D, Silvestri MA, Pessina G, et al. Six
month immunogenicity of COVID-19 mRNA-BNT162b2 vaccine in actively treated
cancer patients: updated results of the Vax-On study. Ann Oncol. (2022) 33:352-4.
Elsevier Ltd. doi: 10.1016/j.annonc.2021.12.001

20. Linardou H, Spanakis N, Koliou GA, Christopoulou A, Karageorgopoulou S,
Alevra N, et al. Responses to SARS-CoV-2 vaccination in patients with cancer (Recover
study): A prospective cohort study of the hellenic cooperative oncology group. Cancers
(Basel). (2021) 13. doi: 10.3390/cancers13184621

21. Ruggeri EM, Nelli F, Fabbri A, Onorato A, Giannarelli D, Giron Berrios JR, et al.
Antineoplastic treatment class modulates COVID-19 mRNA-BNT162b2 vaccine
immunogenicity in cancer patients: a secondary analysis of the prospective Vax-On
study. ESMO Open. (2022) 7. doi: 10.1016/j.esmoop.2021.100350

22. Debie Y, Van Audenaerde JRM, Vandamme T, Croes L, Teuwen LA,
Verbruggen L, et al. Humoral and Cellular Immune Responses against SARS-CoV-2
after Third Dose BNT162b2 following Double-Dose Vaccination with BNT162b2
versus ChAdOx1 in Patients with Cancer. Clin Cancer Res. (2023) 29:635-46.
doi: 10.1158/1078-0432.CCR-22-2185

23. Lasagna A, Bergami F, Lilleri D, Percivalle E, Quaccini M, Serra F, et al. Six-
month humoral and cellular immune response to the third dose of BNT162b2 anti-
SARS-CoV-2 vaccine in patients with solid tumors: a longitudinal cohort study with a
focus on the variants of concern. ESMO Open. (2022) 7. doi: 10.1016/
j.esmoop.2022.100574

24. Su E, Fischer S, Demmer-Steingruber R, Nigg S, Giisewell S, Albrich WC, et al.
Humoral and cellular responses to mRNA-based COVID-19 booster vaccinations in
patients with solid neoplasms under active treatment. ESMO Open. (2022) 7.
doi: 10.1016/j.esmo0p.2022.100587

25. Harris PA, Taylor R, Minor BL, Elliott V, Fernandez M, O’Neal L, et al. The
REDCap consortium: Building an international community of software platform
partners. ] Biomed Inf. (2019) 95. doi: 10.1016/j.jbi.2019.103208

26. Brummelman J, Haftmann C, Ntfez NG, Alvisi G, Mazza EMC, Becher B, et al.
Development, application and computational analysis of high-dimensional fluorescent
antibody panels for single-cell flow cytometry. Nat Protoc. (2019) 14:1946-69.
doi: 10.1038/s41596-019-0166-2

27. Puccio S, Grillo G, Alvisi G, Scirgolea C, Galletti G, Mazza EMC, et al. CRUSTY:
a versatile web platform for the rapid analysis and visualization of high-dimensional
flow cytometry data. Nat Commun. (2023) 14. doi: 10.1038/s41467-023-40790-0

28. Sahin U, Muik A, Vogler I, Derhovanessian E, Kranz LM, Vormehr M, et al.
BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans.
Nature. (2021) 595:572-7. doi: 10.1038/s41586-021-03653-6

29. Magen O, Waxman ]G, Makov-Assif M, Vered R, Dicker D, Hernan MA, et al.
Fourth dose of BNT162b2 mRNA covid-19 vaccine in a nationwide setting. New Engl |
Med. (2022) 386:1603-14. doi: 10.1056/NEJMo0a2201688

30. Pleyer C, Ali MA, Cohen JI, Tian X, Soto S, Ahn IE, et al. Effect of Bruton
tyrosine kinase inhibitor on efficacy of adjuvanted recombinant hepatitis B and zoster
vaccines. Blood. (2021) 137(2):185-189. doi: 10.1182/blood.2020008758

Frontiers in Immunology

10.3389/fimmu.2025.1664072

31. de Lavallade H, Garland P, Sekine T, Hoschler K, Marin D, Stringaris K, et al.
Repeated vaccination is required to optimize seroprotection against HIN1 in the
immunocompromised host. Haematologica. (2011) 96:307-14. doi: 10.3324/
haematol.2010.032664

32. Meisel R, Kuypers L, Dirksen U, Schubert R, Gruhn B, Strauss G, et al.
Pneumococcal conjugate vaccine provides early protective antibody responses in
children after related and unrelated allogeneic hematopoietic stem cell transplantation
(2007). Available online at: www.clinicaltrials.gov (Accessed February 26, 2025).

33. Stadtmauer EA, Sullivan KM, Marty FM, Dadwal SS, Papanicolaou GA, Shea TC,
et al. A phase 1/2 study of an adjuvanted varicella-zoster virus subunit vaccine in
autologous hematopoietic cell transplant recipients Key Points (2014). Available online
at: www.clinicaltrials.gov (Accessed February 26, 2025).

34. Rousseau B, Loulergue P, Mir O, Krivine A, Kotti S, Viel E, et al. Inmunogenicity
and safety of the influenza A HIN1v 2009 vaccine in cancer patients treated with
cytotoxic chemotherapy and/or targeted therapy: The VACANCE study. Ann Oncol.
(2012) 23:450-7. doi: 10.1093/annonc/mdr141

35. Waldhorn I, Holland R, Goshen-Lago T, Shirman Y, Szwarcwort-Cohen M,
Reiner-Benaim A, et al. Six-month efficacy and toxicity profile of BNT162b2 vaccine in
cancer patients with solid tumors. Cancer Discov. (2021) 11(10):2430-5. doi: 10.1158/
2159-8290.CD-21-1072

36. Ligumsky H, Safadi E, Etan T, Vaknin N, Waller M, Croll A, et al.
Immunogenicity and safety of the BNT162b2 mRNA COVID-19 vaccine among
actively treated cancer patients. ] Natl Cancer Inst. (2022) 114:203-9. doi: 10.1093/
jnci/djab174

37. Tantiyavarong W, Sungkasubun P, Chaiwiriyawong W, Supavavej A,
Limpawittayakul P, Weerasubpong B, et al. Difference in immunogenic responses to
COVID-19 vaccines in patients with cancer receiving chemotherapy versus
nonchemotherapy treatment. JCO Glob Oncol. (2023) 9:e2200331. doi: 10.1200/
GO.22.00331

38. Peeters M, Verbruggen L, Teuwen L, Vanhoutte G, Vande Kerckhove S, Peeters
B, et al. Reduced humoral immune response after BNT162b2 coronavirus disease 2019
messenger RNA vaccination in cancer patients under antineoplastic treatment. ESMO
Open. (2021) 6. doi: 10.1016/j.esmoop.2021.100274

39. Oosting SF, van der Veldt AAM, GeurtsvanKessel CH, Fehrmann RSN, van
Binnendijk RS, Dingemans AMC, et al. mRNA-1273 COVID-19 vaccination in
patients receiving chemotherapy, immunotherapy, or chemoimmunotherapy for
solid tumours: a prospective, multicentre, non-inferiority trial. Lancet Oncol. (2021)
22:1681-91. doi: 10.1016/51470-2045(21)00574-X

40. Rouhani SJ, Yu J, Olson D, Zha Y, Pezeshk A, Cabanov A, et al. Antibody and T
cell responses to COVID-19 vaccination in patients receiving anticancer therapies. J
Immunother Cancer. (2022) 10. doi: 10.1136/jitc-2022-004766

41. Addeo A, Shah PK, Bordry N, Hudson RD, Albracht B, Di Marco M, et al.
Immunogenicity of SARS-CoV-2 messenger RNA vaccines in patients with cancer.
Cancer Cell. (2021) 39:1091-8. doi: 10.1016/j.ccell.2021.06.009

42. Caruso T, Salani F, Catanese S, Pratesi F, Mercinelli C, Motta G, et al. Repeated
SARS-CoV-2 vaccination in cancer patients treated with immune checkpoint
inhibitors: induction of high-avidity anti-RBD neutralizing antibodies. Int J Clin
Oncol. (2023) 28:363-9. doi: 10.1007/s10147-023-02295-0

43. Liu Y, Liu J, Zou J, Kalveram B, MaChado RRG, Ren P, et al. Cross-
neutralization and cross-protection among SARS-CoV-2 viruses bearing different
variant spikes. Signal Transduction Targeted Ther. (2022) 7. doi: 10.1038/s41392-
022-01137-1

44. Wang Z, Muecksch F, Schaefer-Babajew D, Finkin S, Viant C, Gaebler C, et al.
Naturally enhanced neutralizing breadth against SARS-CoV-2 one year after infection.
Nature. (2021) 595:426-31. doi: 10.1038/s41586-021-03696-9

45. Turner JS, O’Halloran JA, Kalaidina E, Kim W, Schmitz AJ, Zhou JQ, et al.
SARS-CoV-2 mRNA vaccines induce persistent human germinal centre responses.
Nature. (2021) 596:109-13. doi: 10.1038/s41586-021-03738-2

46. Moss P. The T cell immune response against SARS-CoV-2. Nat Immunol Nat
Research;. (2022) 23:186-93. doi: 10.1038/s41590-021-01122-w

47. Tarke A, Sidney J, Methot N, Yu ED, Zhang Y, Dan JM, et al. Impact of SARS-
CoV-2 variants on the total CD4+ and CD8+ T cell reactivity in infected or vaccinated
individuals. Cell Rep Med. (2021) 2. doi: 10.1016/j.xcrm.2021.100355

48. Campagna R, Dominelli F, Zingaropoli MA, Ciurluini F, Grilli G, Amoroso A,
et al. COVID-19 vaccination in cancer patients: Immune responses one year after the
third dose. Vaccine. (2024) 42:2687-94. doi: 10.1016/j.vaccine.2024.03.017

49. Mairhofer M, Kausche L, Kaltenbrunner S, Ghanem R, Stegemann M, Klein K,
et al. Humoral and cellular immune responses in SARS-CoV-2 mRNA-vaccinated
patients with cancer. Cancer Cell. (2021) 39:1171-2. doi: 10.1016/j.ccell.2021.08.001

50. Ehmsen S, Asmussen A, Jeppesen SS, Nilsson AC, Osterlev S, Vestergaard H,
et al. Antibody and T cell immune responses following mRNA COVID-19 vaccination
in patients with cancer. Cancer Cell. (2021) 39:1034-6. doi: 10.1016/j.ccell.2021.07.016

51. Aleman A, Upadhyaya B, Tuballes K, Kappes K, Gleason CR, Beach K, et al.
Variable cellular responses to SARS-CoV-2 in fully vaccinated patients with multiple
myeloma. Cancer Cell. (2021) 39:1442-4. doi: 10.1016/j.ccell.2021.09.015

frontiersin.org


https://doi.org/10.1038/s41571-022-00610-8
https://doi.org/10.1038/s41571-022-00610-8
https://doi.org/10.1001/jamaoncol.2021.2155
https://doi.org/10.1038/s41591-021-01542-z
https://doi.org/10.1016/j.ejca.2021.12.006
https://doi.org/10.1016/j.ejca.2021.12.006
https://doi.org/10.1001/jamaoncol.2021.6764
https://doi.org/10.1016/j.ejca.2022.02.032
https://doi.org/10.1016/j.ccell.2021.11.006
https://doi.org/10.1016/j.ccell.2021.11.006
https://doi.org/10.1038/s43018-021-00274-w
https://doi.org/10.1016/j.annonc.2021.12.001
https://doi.org/10.3390/cancers13184621
https://doi.org/10.1016/j.esmoop.2021.100350
https://doi.org/10.1158/1078-0432.CCR-22-2185
https://doi.org/10.1016/j.esmoop.2022.100574
https://doi.org/10.1016/j.esmoop.2022.100574
https://doi.org/10.1016/j.esmoop.2022.100587
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1038/s41596-019-0166-2
https://doi.org/10.1038/s41467-023-40790-0
https://doi.org/10.1038/s41586-021-03653-6
https://doi.org/10.1056/NEJMoa2201688
https://doi.org/10.1182/blood.2020008758
https://doi.org/10.3324/haematol.2010.032664
https://doi.org/10.3324/haematol.2010.032664
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
https://doi.org/10.1093/annonc/mdr141
https://doi.org/10.1158/2159-8290.CD-21-1072
https://doi.org/10.1158/2159-8290.CD-21-1072
https://doi.org/10.1093/jnci/djab174
https://doi.org/10.1093/jnci/djab174
https://doi.org/10.1200/GO.22.00331
https://doi.org/10.1200/GO.22.00331
https://doi.org/10.1016/j.esmoop.2021.100274
https://doi.org/10.1016/S1470-2045(21)00574-X
https://doi.org/10.1136/jitc-2022-004766
https://doi.org/10.1016/j.ccell.2021.06.009
https://doi.org/10.1007/s10147-023-02295-0
https://doi.org/10.1038/s41392-022-01137-1
https://doi.org/10.1038/s41392-022-01137-1
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1038/s41586-021-03738-2
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1016/j.xcrm.2021.100355
https://doi.org/10.1016/j.vaccine.2024.03.017
https://doi.org/10.1016/j.ccell.2021.08.001
https://doi.org/10.1016/j.ccell.2021.07.016
https://doi.org/10.1016/j.ccell.2021.09.015
https://doi.org/10.3389/fimmu.2025.1664072
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Favalli et al.

52. Marasco V, Carniti C, Guidetti A, Farina L, Magni M, Miceli R, et al. T-cell
immune response after mRNA SARS-CoV-2 vaccines is frequently detected also in the
absence of seroconversion in patients with lymphoid Malignancies. Br ] Haematol.
(2022) 196:548-58. doi: 10.1111/bjh.17877

53. Zurbuchen Y, Michler J, Taeschler P, Adamo S, Cervia C, Raeber ME, et al.
Human memory B cells show plasticity and adopt multiple fates upon recall response to
SARS-CoV-2. Nat Immunol. (2023) 24:955-65. doi: 10.1038/s41590-023-01497-y

54. Hendriks J, Gravestein LA, Tesselaar K, van Lier RAW, Schumacher TNM, Borst
J. CD27 is required for generation and long-term maintenance of T cell immunity. Nat
Immunol. (2000) 1:433-40. doi: 10.1038/80877

Frontiers in Immunology

15

10.3389/fimmu.2025.1664072

55. Hendriks J, Xiao Y, Borst J. CD27 promotes survival of activated T cells and
complements CD28 in generation and establishment of the effector T cell pool. J Exp
Med. (2003) 198:1369-80. doi: 10.1084/jem.20030916

56. Liu W, Maben Z, Wang C, Lindquist KC, Li M, Rayannavar V, et al. Structural
delineation and phase-dependent activation of the costimulatory CD27:CD70 complex.
J Biol Chem. (2021) 297. doi: 10.1016/j.jbc.2021.101102

57. Ghosh S, Kostel Bal S, Edwards ES]J, Pillay B, Jiménez Heredia R, Erol Cipe F,
et al. Extended clinical and immunological phenotype and transplant outcome in
CD27 and CD70 deficiency. Blood. (2020) 136:2638-55. doi: 10.1182/
blood.2020006738

frontiersin.org


https://doi.org/10.1111/bjh.17877
https://doi.org/10.1038/s41590-023-01497-y
https://doi.org/10.1038/80877
https://doi.org/10.1084/jem.20030916
https://doi.org/10.1016/j.jbc.2021.101102
https://doi.org/10.1182/blood.2020006738
https://doi.org/10.1182/blood.2020006738
https://doi.org/10.3389/fimmu.2025.1664072
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Impact of chemotherapy on humoral and cellular immune responses to COVID-19 vaccination in patients with solid tumors
	1 Introduction
	2 Materials and methods
	2.1 Study design and patient accrual
	2.2 Analysis of spike-specific B cell response
	2.3 Unsupervised analysis of flow cytometry data
	2.4 Statistical analysis

	3 Results
	3.1 Patient characteristics
	3.2 Dynamics of SARS-CoV-2 anti-spike and anti-RBD IgG response to BNT162b2 vaccine in patients with cancer and influence of the cancer treatment
	3.3 Neutralizing antibody response against SARS-CoV-2 spike Wuhan and delta VoC
	3.4 Immunophenotype and spike-specificity of T cells induced by SARS-CoV-2 vaccination
	3.5 Immunophenotype and spike-specificity of B cells elicited by vaccination
	3.6 Unsupervised analysis of B cells

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


