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ABSTRACT
Background  Patients with cancer were excluded from 
phase 3 COVID-19 vaccine trials, and the immunogenicity 
and side effect profiles of these vaccines in this 
population is not well understood. Patients with cancer 
can be immunocompromised from chemotherapy, 
corticosteroids, or the cancer itself, which may affect 
cellular and/or humoral responses to vaccination. PD-1 
is expressed on T effector cells, T follicular helper cells 
and B cells, leading us to hypothesize that anti-PD-1 
immunotherapies may augment antibody or T cell 
generation after vaccination.
Methods  Antibodies to the SARS-CoV-2 receptor binding 
domain (RBD) and spike protein were assessed in patients 
with cancer (n=118) and healthy donors (HD, n=22) after 
1, 2 or 3 mRNA vaccine doses. CD4+ and CD8+ T cell 
reactivity to wild-type (WT) or B.1.617.2 (delta) spike 
peptides was measured by intracellular cytokine staining.
Results  Oncology patients without prior COVID-19 
infections receiving immunotherapy (n=36), chemotherapy 
(n=15), chemoimmunotherapy (n=6), endocrine or 
targeted therapies (n=6) and those not on active treatment 
(n=26) had similar RBD and Spike IgG antibody titers to 
HDs after two vaccinations. Contrary to our hypothesis, 
PD-1 blockade did not augment antibody titers or 
T cell responses. Patients receiving B-cell directed 
therapies (n=14) including anti-CD20 antibodies and 
multiple myeloma therapies had decreased antibody 
titers, and 9/14 of these patients were seronegative 
for RBD antibodies. No differences were observed in 
WT spike-reactive CD4+ and CD8+ T cell generation 
between treatment groups. 11/13 evaluable patients 
seronegative for RBD had a detectable WT spike-reactive 
CD4+ T cell response. T cells cross-reactive against the 
B.1.617.2 variant spike peptides were detected in 31/59 
participants. Two patients with prior immune checkpoint 
inhibitor-related adrenal insufficiency had symptomatic 
hypoadrenalism after vaccination.
Conclusions  COVID-19 vaccinations are safe and 
immunogenic in patients with solid tumors, who developed 
similar antibody and T cell responses compared with HDs. 
Patients on B-cell directed therapies may fail to generate 
RBD antibodies after vaccination and should be considered 
for prophylactic antibody treatments. Many seronegative 
patients do develop a T cell response, which may have 
an anti-viral effect. Patients with pre-existing adrenal 

insufficiency may need to take stress dose steroids during 
vaccination to avoid adrenal crisis.

INTRODUCTION
Several SARS-CoV-2 vaccines have been 
approved or received emergency use authori-
zation, and offer significant hope toward miti-
gating the COVID-19 pandemic. However, the 
phase 3 studies leading to regulatory approval 
excluded immunocompromised patients,1–3 
so the ability of patients receiving chemo-
therapy, immunotherapy, or other immuno-
suppressive treatments to mount comparable 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The phase 3 trials investigating the efficacy of the 
COVID-19 vaccines excluded patients with cancer. 
Over the last year, a number of studies have mea-
sured the antibody response to COVID-19 vaccina-
tion in patients with cancer, but few studies have 
also investigated the T cell response.

WHAT THIS STUDY ADDS
	⇒ This study provides a comprehensive analysis of 
the antibody and T cell responses in patients with 
cancer after COVID-19 vaccination, and shows that 
many patients on B cell-targeted therapies do not 
develop detectable antibodies yet do develop de-
tectable T cell responses.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study suggests that anti-receptor binding do-
main antibody levels should be routinely checked in 
selected patients with cancer after COVID-19 vac-
cination, and patients without detectable antibody 
levels should be prioritized for pre-exposure prophy-
lactic antibody administration. Oncologists should 
be aware of the potential for vaccination to trigger 
an adrenal crisis, and patients with known adrenal 
insufficiency should be counseled to have a low-
threshold to take stress-dose steroids if they devel-
op a fever or signs of adrenal crisis postvaccination.

http://bmjopen.bmj.com/
http://orcid.org/0000-0001-7248-847X
http://orcid.org/0000-0001-9214-7576
http://orcid.org/0000-0001-8902-7661
http://orcid.org/0000-0002-4070-1819
http://dx.doi.org/10.1136/jitc-2022-004766
http://dx.doi.org/10.1136/jitc-2022-004766
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2022-004766&domain=pdf&date_stamp=2022-06-22


2 Rouhani SJ, et al. J Immunother Cancer 2022;10:e004766. doi:10.1136/jitc-2022-004766

Open access�

immune responses after vaccination needs further inves-
tigation. Cancer is a risk factor for severe COVID-19.4 5 
Therefore, understanding the degree of protection that 
vaccination offers to this population is essential.

The spike protein is the antigenic target of both the 
mRNA-1273 (Moderna) and BNT162b2 (Pfizer BioN-
Tech) mRNA vaccines as well as the Ad26.COV2.S 
(Johnson & Johnson Janssen) and ChAdOx1 nCoV-19 
(Oxford-AstraZeneca) adenoviral vaccines. Neutral-
izing antibodies prevent infection by blocking the ability 
of the receptor binding domain (RBD) of the spike 
protein to bind to ACE2 and infect host cells. RBD is the 
predominant target of neutralizing antibodies,6 and RBD 
binding antibody levels strongly correlate with neutral-
ization and/or pseudoneutralization titers,7–10 as well 
as protection against severe disease.11 Spike titers are 
highly correlated with RBD titers.8 Anti-spike reactive 
antibodies may also include non-neutralizing antibodies 
directed against other epitopes on the Spike protein that 
can aid viral recognition and clearance after infection. 
The antibody levels required for protection from infec-
tion are unknown, although several models have shown 
that binding and neutralizing antibodies normalized 
to levels in human convalescent sera robustly correlate 
with vaccine efficacy in phase 3 trials.12 13 These models 
suggest that 50% protective vaccine efficacy is achieved 
with approximately 10%–20% of the mean convalescent 
antibody levels.

Much of the work to date investigating the immune 
response to vaccination and its kinetics has been done in 
healthy donors (HDs). COVID-19 vaccines induce a Th1-
polarized CD4+ response, with IFN-γ, TNF-α, and IL-2 
production being observed by both antigen-specific CD4+ 
and CD8+ T cells.8 9 In HDs, both antibody and T cell 
responses are detectable for at least 6 months after vacci-
nation.10 14 15 The half-life of RBD antibodies after infec-
tion or vaccination has ranged from 28 to 116 days6 10 14 16 17 
while the half-life for CD4+ and CD8+ T cells ranged from 
47–207 days to 27–196 days, respectively.10 16 17 Booster 
vaccinations are recommended to enhance antibody and 
cellular responses, which predictably decline over time. 
In addition to augmenting antibody titers, the booster 
dose also enhances neutralization ability against novel 
variants, including delta and omicron.18

Patients with cancer can be immunocompromised 
after bone marrow suppression from current or prior 
chemotherapy, adjunctive medications such as cortico-
steroids, B-cell targeted therapies, or the cancer itself. 
Thus, it is important to evaluate the antibody and T cell 
responses to COVID-19 vaccines in patients with cancer 
receiving potentially immunosuppressive therapies. In 
addition, COVID-19 vaccine immunogenicity and safety 
data in patients with cancer receiving therapies that 
stimulate the immune system, such as immune check-
point inhibitors, are also critically needed. The effects of 
immune checkpoint inhibitor therapy on the immune 
response after vaccination in humans is not well char-
acterized. COVID-19 vaccination of patients receiving 

immunotherapy offers an opportunity to understand 
how anti-PD-1 agents affect the generation and contrac-
tion of the human immune response to a defined vaccine 
antigen in vivo. T cells upregulate PD-1 on activation, 
which inhibits effector function and affects memory 
generation.19 20 In murine tumor vaccine models where 
there is suboptimal priming of T cells in the tumor 
microenvironment prior to anti-tumor vaccination, treat-
ment with a PD-1 inhibitor can lead to dysfunctional T 
cells after vaccination.21 However, this effect is not seen 
under optimal antigen priming conditions, such as those 
expected during COVID-19 vaccination. PD-1 and PD-L1 
are also expressed by B cells, T follicular helper (TFH) and 
T follicular regulatory (TFR) cells. Blockade of the PD-1 
pathway increases B cell activation and proliferation,22 23 
but can also inhibit germinal center B cell survival.24 25 
Signaling from TFH cells promotes germinal center forma-
tion and is important for the development of high affinity 
antibodies and long-lived plasma cells.26 PD-L1hi B regu-
latory cells suppress TFH activation and proliferation, 
leading to decreased antibody generation.27 28 We hypoth-
esized that patients receiving anti-PD-1 or PD-L1 anti-
bodies might generate enhanced humoral and cellular 
immune responses compared with healthy controls, while 
patients on B cell-directed therapy or chemotherapy 
might have impaired responses. Understanding the T cell 
response to vaccination is critical as variants of concern 
evolve containing mutations that impair antibody neutral-
ization, but less has been published thus far on the T cell 
response after vaccination. In this study, we examined the 
antibody and T cell responses to COVID-19 vaccination 
in oncology patients treated in a real world setting at the 
University of Chicago.

METHODS
Study design and sample collection
Patients with cancer aged 18 years or older who were seen 
in the University of Chicago outpatient hematology/
oncology clinics were approached to participate in the 
study. Blood samples were collected during a routine 
clinic or laboratory visit after the first, second, and/or 
third doses of the vaccine. These patients were catego-
rized based on the type of cancer and type of treatment 
received at the time of vaccine doses 1–2. ‘B cell targeted 
agents’ were subclassified into anti-CD20 depleting anti-
bodies (n=4) such as rituximab, and other plasma or B 
cell directed treatments including proteasome inhibitors 
(n=10) such as carfilzomib, anti-CD38 antibodies (n=2) 
such as daratumumab, Bruton’s tyrosine kinase (BTK) 
inhibitors (n=1), and venetoclax (n=1). Patients who 
received chemotherapy along with B cell targeted ther-
apies were only analyzed in the B cell targeted therapy 
group. Immunotherapy included anti-PD-1/PD-L1 
inhibitors±anti-CTLA-4 inhibitors, and 2 patients on an 
investigational bispecific antibody linking CD3 with a 
cancer-specific antigen. Patients who received cytotoxic 
chemotherapy along with immunotherapy were analyzed 
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separately as a ‘ChemoIO’ category. The endocrine/
targeted therapy group included patients who were only 
on endocrine therapies (n=2) such as aromatase inhibi-
tors or GnRH analogs, or on targeted therapies such as 
BRAF/MEK inhibitors (n=2), vascular endothelial growth 
factor receptor (VEGFR) inhibitors (n=1), CDK4/6 inhib-
itors (n=1), or IDH2 inhibitors (n=1). Patients not on 
treatment included those who were on observation after 
completing treatment (n=19, either after completing 
adjuvant or neoadjuvant treatment, or patients who 
stopped treatment after achieving a complete response 
or stable disease), as well as newly diagnosed patients who 
had not yet started anticancer therapy at the time of the 
second vaccine dose (n=9). Chemotherapy, endocrine 
therapies, and targeted therapies given between 30 days 
prior to dose 1 through dose 2 were included. Given the 
longer half-life of monoclonal antibodies, patients who 
received immunotherapy or B cell depleting antibodies 
between 90 days prior to dose 1 through dose 2 were 
included in these categories.

Healthy controls and patients with prior infections were 
used for comparisons. Healthy controls predominantly 
consisted of healthcare workers vaccinated between 
December 2020 and March 2021. No healthy control 
had a known SARS-CoV-2 infection prior to vaccination. 
Antibody levels from non-immunocompromised patients 
and patients with cancer who were unvaccinated and 
had a SARS-CoV-2 infection were used as a comparison; 
results from the non-immunocompromised/non-cancer 
infected patient cohort have previously been reported 
separately as end-point titers29 and were reanalyzed as 
midpoint titers in this study. Infected patients all had a 
clinical positive diagnostic SARS-CoV-2 PCR test; 98% 
of infections occurred between March and June 2020. 
One patient with cancer was included with a COVID-19 
infection from May 2021. Patients who were treated with 
anti-CD20 agents, mycophenolate mofetil, or who had a 
history of solid organ transplant were excluded from the 
infected non-immunocompromised cohort.

Time points
Dose 1 time points included samples drawn 10 days after 
initial vaccination through the day of second vaccination. 
Dose 2 time points included samples drawn 7 days after 
second vaccination through the day of the third vaccina-
tion. Dose 3 time points included samples drawn at least 
7 days after the third vaccination.

Sample collection
For serum, fresh blood was collected into a preservative-
free vacutainer tube and allowed to clot for at least 
30 min at room temperature before being centrifuged for 
20 min at 1300 x g at room temperature. The serum was 
then stored at −80°C until analysis. For peripheral blood 
mononuclear cells (PBMCs), fresh blood was collected 
into heparinized vacutainer tubes and peripheral mono-
nuclear cells were separated using LeucoSep (Greiner 
Bio-One) tubes. Cells were washed twice with phosphate 

buffered saline (PBS), counted and resuspended in 
freezing media containing 90% fetal bovine serum (FBS) 
and 10% DMSO at 5–20×106/mL. Cells were frozen in 
liquid nitrogen until further analysis.

Antibody response
The SARS-CoV-2 wild-type (WT) Spike and RBD protein 
expression constructs created by Florian Krammer’s labo-
ratory30 were used to generate recombinant protein for 
an ELISA adapted from established protocols.30 Recom-
binant proteins were produced using a Chinese hamster 
ovary cell line expression system and purified using metal-
chelate affinity chromatography. Protein integrity was 
confirmed via SDS-PAGE gel. Overnight, 96-well ELISA 
plates (Nunc MaxiSorp high protein-binding capacity 
plate; ThermoFisher) were coated at 4°C with 2 mg/mL 
of Spike or RBD protein suspended in PBS pH 7.4. Plates 
were blocked with 3% milk powder in PBS containing 
0.1% Tween-20 for 1 hour at room temperature. Serum 
and plasma samples were heated at 56°C for 30 min to 
inactivate virus prior to use. Serial 1:3 dilutions of the 
samples were prepared in 1% milk in 0.1% PBS-Tween 
20, and incubated in duplicate with the blocked plate for 
2 hours at room temperature. After 3 washes in 0.05% 
PBS-Tween 20, an HRP-conjugated IgG secondary anti-
body (Goat anti-human IgG (H+L), Jackson ImmunoRe-
search) was diluted in 1% milk in 0.1% PBS-Tween-20, 
and added at 1:8000 for 1 hour at room temperature. 
Plates were washed 3 times with 0.1% PBS-Tween 20 
before being developed with 3, 3’, 5, 5’-tetramethylben-
zidine (TMB) substrate kit (ThermoFisher) at room 
temperature. The reaction was stopped after 15 min with 
2M sulfuric acid. The optical density (OD) was read at 
450 nm using a Synergy H4 plate reader (BioTek). The 
OD values for each sample were background subtracted. 
A positive control standard was prepared from plasma 
samples pooled from 6 COVID-19-infected patients, while 
plasma from uninfected, unvaccinated individuals were 
used as a negative control standard. Titers were calcu-
lated using midpoint extrapolation, and normalized to 
negative control serum drawn. Seropositivity was defined 
as three times the mean of negative controls. All samples 
were run in duplicate and the mean value of the dupli-
cates was used.

T cell responses
For intracellular cytokine staining, PBMCs were thawed 
and washed with T cell media (RPMI with 10% FBS, 
2 mM L-glutamine, 1 mM sodium pyruvate, 50 uM 2-BME, 
100 U/mL penicillin, 100 mg/mL streptomycin), counted 
and resuspended at 10E6 cells / mL. Cells were plated in 
200 µL in a 96 well U-bottom plate to rest overnight. The 
following day, 100 µL of media was removed from each 
well and replaced with 100 µL containing GolgiPlug and 
GolgiStop (BD biosciences), 5 µL αCD28/CD49d FastIm-
mune (BD Biosciences, Cat #347690), and peptide pools 
as indicated. Unstimulated wells received αCD28/CD49d 
without additional peptides. Overlapping pooled peptides 
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at 0.6 nmol/mL from either the Spike protein of either 
the original Wuhan variant (PepTivator SARS-CoV-2 
Prot_S, Miltenyi Biotec 130-126-700) or the B.1.617.2 
variant (PepTivator SARS-CoV-2 Prot_S B.1.617.2, 
Miltenyi Biotec, 130-128-763) were used for spike peptide 
stimulated wells. The WT spike peptide pool consisted of 
15-mer sequences with 11 amino acid overlap covering 
many of the predicted antigenic sequences (amino acids 
304–338, 421–475, 492–519, 683–707, 741–770, 785–802, 
and 885–1273). In contrast, the B.1.617.2 spike peptide 
pool consists of 32 peptides of 15 amino acids in length, 
which selectively covers the 10 mutations that differ 
between the WT and B.1.617.2 lineage spike proteins 
(T19R, G142D, E156G, deletion 157, deletion 158, 
L452R, T478K, D614G, P681R, and D950N). The CEF 
PepTivator peptide pool (Miltenyi Biotec, 130-098-426) 
was used as a positive control. If <8E6 PBMCs were recov-
ered, the unstimulated and WT spike-peptide wells were 
prioritized, followed by B.1.617.2 spike-peptide and CEF 
wells.

After a 9- hour incubation, cells were stained in a 
96-well V-bottom plate. Cells were stained with live/
dead blue (Invitrogen) in PBS for 15 min in 25 µL prior 
to adding monocyte blocker (Biolegend, Cat #426103, 
5 µL), Fc Block (Biolegend Cat #422302, 5 µL), CCR7 
BV421 (Clone G043H7, Biolegend, 5µL), and CXCR5 
PE (J252D4, Biolegend, 5 µL) and 5 µL FACS buffer for 
10 min. The remainder of the extracellular antibodies 
(CD3 AlexaFluor532 (UCHT1, ThermoFisher, 5 µL), PD-1 
BV785 (EH12.2H7, Biolegend, 5 µL), CD4 AlexaFluor700 
(SK3, Biolegend, 5 µL), CD19 SparkNIR685 (HIB19, 
Biolegend, 2 µL), CD8 BUV805 (SK1, BD, 1.2 µL), CD16 
BUV496 (3G8, BD, 0.6 µL), CD45RA BUV395 (5H9, BD, 
0.3 µL)) and 10 µL brilliant stain buffer plus (BD) were 
added for 30 min for a total volume of 100 µL. Cells were 
washed and were resuspended in the fixation/perme-
abilization solution from eBioscience’s Cyto-Fast Fix/
perm kit (Biolegend, Cat #426803) for 30 min, washed, 
and incubated in 100 µL permeabilization buffer with 
intracellular antibodies (IFNy AF488 (4S.B3, Biolegend, 
5 µL), TNFa BV605 (MAb11, Biolegend, 5 µL), IL-2 
BV650 (MQ1-17H12, Biolegend, 5 µL) for 30 min. Cells 
were washed 2 x with permeabilization buffer prior to 
being resuspended in FACS buffer and run on the Cytek 
Aurora. Data analyzed using FlowJo V.10.

Data analysis
Clinical data including cancer and treatment details 
as well as immune-related adverse events (irAEs) were 
abstracted from the electronic medical record by a clin-
ical data manager or research coordinator. Patients were 
asked to verify their vaccine dates, if they were seen in 
an emergency room or hospitalized within 24 hours of 
the first or second dose of the vaccine, and if they had 
previously been diagnosed with COVID-19. Treatment 
categorization was verified by an oncologist (DO or SJR). 
Researchers were blinded to groups during conduct 
and analysis of experiments. Flow cytometry data were 

processed using FlowJo V.10.7.1. Graphs were created and 
statistics performed using either GraphPad Prism V.9.0.0 
or R V.4.0.3 (R Core Team, 2020). R packages used include 
drc,31 ggpmisc,32 ggpubr,33 ggsignif,34 gridExtra,35 Hmisc,-
36janitor,37 lubridate,38 magrittr,39 patchwork,40 readxl,41 
reshape2,42 scales,43 stringr,44 tidyverse,45 writexl.46 Full 
reproducible code for data processing is available at 
https://github.com/jovianyu/ucm_covid19_vaccine.

Statistical analysis
Throughout the paper, boxplots show the medians (middle 
line) and the first and third quartiles (upper and lower 
bounds of the boxes). Significance of comparisons from 
boxplots were determined by two-sided Mann-Whitney 
Wilcoxon test and significance is expressed as p values, 
shown as asterisks (*p≤0.05; **p≤0.01; ***p≤0.001). All 
replicates shown are from distinct samples.

RESULTS
Patient demographics and cohort
We collected serum and peripheral blood mononuclear 
cells (PBMCs) during standard clinical visits from 118 
oncology patients and 22 HD who were vaccinated with 
at least 2 doses of either the mRNA-1273 (Moderna) or 
BNT162b2 (Pfizer BioNTech) mRNA COVID-19 vaccines. 
The HD cohort consisted predominantly of healthcare 
workers and employees vaccinated with the two-dose 
Pfizer vaccine between December 2020 and March 2021, 
while patient vaccinations occurred between December 
2020 and June 2021. Participant demographics are 
shown in table  1. Our vaccinated oncology cohort was 
predominantly composed of patients with solid tumors 
(81%) vs hematological (19%) malignancies, and the 
most common tumor types represented were melanoma 
(25%), thoracic malignancies (20%), and gastrointestinal 
malignancies (14%). Seventeen per cent of patients were 
African-American and 77% were Caucasian. The average 
patient age was 63 years old (range 28–81). Antibody 
titers from unvaccinated patients who had a documented 
SARS-CoV-2 infection between March 2020 and May 2021 
were used as a comparison. Samples from the infection 
cohort were taken an average of 25 days post-symptom 
onset (range 10–87 days). These infected patients were 
separated into patients with a history of cancer (solid 
tumor, n=6; hematological malignancies, n=4) and non-
immunocompromised patients without a history of 
cancer (n=55).

Antibody responses to RBD and Spike
Binding IgG antibody levels to the original WT SARS-
CoV-2 spike protein and RBD were measured by ELISA 
after one, two, or three vaccine doses. RBD antibody 
binding titers correlate with antibody neutralization 
ability,7–10 while Spike antibodies may also include non-
neutralizing antibodies and antibodies cross-reactive to 
other coronavirus strains.47 In our cohort, Spike and RBD 
titers were highly correlated (r=0.92, p<2.2e-16), although 

https://github.com/jovianyu/ucm_covid19_vaccine
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some patients who were seronegative for RBD did express 
low-level but detectable Spike antibodies (online supple-
mental figure 1A). In HDs, antibody titers after two doses 
of the vaccine were similar to titers in patients after 
SARS-CoV-2 infection (figure 1A). We had hypothesized 
that patients treated with anti-PD-1 immunotherapy 
may develop higher antibody titers compared with HDs. 
However, the observed titers and seropositivity rates were 
similar between both groups (figure 1A,B). One patient 
in the IO cohort who was seronegative for RBD antibodies 
was receiving pembrolizumab at the time of vaccination, 
but had previously received rituximab 8 months prior 
to vaccination. The other seronegative patient in this 
group was on first-line pembrolizumab for microsatellite-
unstable colon cancer. While there were no significant 
differences in titers between HDs and patients receiving 
cytotoxic chemotherapy, there was a trend toward lower 
RBD antibody levels in patients on chemotherapy as well 
as a high degree of variability within the group, poten-
tially reflecting the varying degrees of immunosuppres-
sion induced by different chemotherapy regimens. In 
particular, a number of patients with GI malignancies had 
lower RBD antibody titers, leading to significantly lower 
median antibody levels in this group (figure 1C). Patients 
receiving B cell-directed therapies and those with hemato-
logical malignancies also had significantly lower titers and 
seropositivity rates to both RBD and Spike (figure 1A–C). 
This was seen in both patients receiving anti-CD20 anti-
bodies such as rituximab, as well as proteasome inhibitors 
such as carfilzomib for multiple myeloma. Patients with 
cancer who were on endocrine therapies, targeted ther-
apies, or not on active treatment had similar RBD and 
Spike antibody levels compared with HDs. Overall, 81/86 
patients with solid tumors were seropositive for RBD anti-
bodies, and the mean antibody titer was similar among 
HDs and patients with solid tumors (figure  1C). There 
was a non-significant trend toward lower RBD IgG anti-
body levels in patients who received steroids within a week 
before or after the first or second vaccine (figure  1D). 
Most of these patients either received dexamethasone 12 
mg–20 mg as a premedication before chemotherapy, or 
10 mg–40 mg dexamethasone weekly as part of a treat-
ment regimen for multiple myeloma. There was a consis-
tent rate of decline in antibody titers over time observed 
in six participants who had antibody levels measured at 
two time points multiple months apart after the second 
vaccination (online supplemental figure 1B).

When looking at demographic factors that may affect 
antibody titers, we found that patients with an Eastern 
Cooperative Oncology Group (ECOG) performance 
status of 2 had lower RBD and Spike antibody levels 
(figure 1E). Males with cancer had lower RBD and Spike 
antibody levels compared with females with cancer; no 
difference was seen in antibody titers between male and 
female HDs (figure 1F). A modest correlation was seen 
between age and reduced antibody titer (RBD, R=−0.25, 
p=0.0044; Spike R=−0.24, p=0.0079) (online supplemental 
figure 1C). For patients with matched samples after the 
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Figure 1  Antibody generation after COVID-19 vaccination. (A) IgG antibody titers against RBD (top panels) and Spike (bottom 
panels) were measured after infection (left panels) or two vaccine doses (right panels). Dark blue=anti-PD-1 immunotherapies, 
light blue=non-PD-1 immunotherapies, pink=anti-CD20 antibodies, red=multiple myeloma or other B cell directed therapies, 
dark purple=targeted therapies, light purple=endocrine therapies. (B) Percentage of patients who are seropositive for RBD (top) 
or Spike (bottom). Numbers above each bar represent the number of seropositive patients out of the total number of patients 
per group. Data analyzed using Fisher’s exact test. (C) RBD (top) and spike (bottom) antibody titers after two vaccine doses 
grouped by cancer types. Solid tumors are broken down into individual tumor subsets in the right panels. (D) Antibody titers 
after two vaccine doses in patients who did (n=21) or did not (n=82) receive steroids within 1 week of vaccination. (E) Antibody 
titer after two vaccine doses by ECOG performance status. (F) Antibody titer after two vaccine doses by sex. Left panel shows 
HDs; right panel shows patients with cancer. (G) Antibody titers after 1, 2, or 3 doses of an mRNA vaccine. Samples from 
the same patient are connected with a line; data shown is from 55 distinct patients. Data analyzed using Wilcoxon matched-
pairs signed rank test. (H) Antibody titers after two vaccine doses in patients with cancer with (n=12) or without (n=103) a 
documented COVID-19 infection prior to vaccination. Patients with a COVID-19 infection prior to vaccination were excluded 
from A–G. (A, C–H) Seropositive threshold is indicated with a horizontal dashed line in panels. Boxplots indicated median and 
25th and 75th quartiles, with whiskers extending to minimum and maximum. (C–H) Number of patients per group is shown with 
x-axis label. (A–F, H) Each point shown represents a separate patient. (A, C–F, H) Data analyzed using Wilcoxon rank-sum test. 
*P≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001. chemoIO, chemoimmunotherapy; IO, immunotherapy; ns, not significant; RBD, 
receptor binding domain; Tx, treatment; ECOG, Eastern Cooperative Oncology Group
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first, second, and/or third dose of an mRNA vaccine, 
an increase in RBD and Spike titers was seen after the 
second and third doses (figure 1G). Six patients who were 
seronegative after dose 2 had an additional titer drawn 
after dose 3; 5/6 of these patients became seropositive 
after a third vaccine dose. Median RBD and Spike anti-
body titers were higher in vaccinated patients with cancer 
with a COVID-19 infection prior to vaccination compared 
with those without a history of prior COVID-19 infection 
(figure  1H); as a result, these vaccinated patients with 
prior infections were not included in the other antibody 
analyses.

After an average follow-up period of 262 days since full 
vaccination, four oncology patients developed a break-
through infection at least 14 days after their second 
vaccine dose. Two patients with a breakthrough infection 
were on B-cell directed therapies and did not develop 
RBD or Spike antibodies after the second vaccine dose. 
The other two patients were on chemotherapy or active 
surveillance and had RBD titers of 1.7×102 and 5×103, 
respectively. Three of these breakthrough infections 
occurred prior to when the omicron variant was docu-
mented in the USA in December 2021,48 while the break-
through infection in the patient with the RBD titer of 
5×103 occurred in December 2021, 8 months after initial 
vaccination.

T cell responses to WT and B.1.617.2 variants
We next investigated the T cell response after 2 doses of an 
mRNA vaccine in a subset of 11 HDs and 66 patients with 
cancer. PBMCs were co-cultured with overlapping 15-mer 
peptide sequences covering the predicted antigenic 
sequences of the WT spike protein. The 15-mer peptides 
can bind to both MHC-I and MHC-II molecules and stim-
ulate CD4+ and CD8+ T cells. Spike-peptide stimulated T 
cells that produced detectable levels of IFN-γ, TNF-α, or 
IL-2 by intracellular cytokine staining after subtracting 
the background level in unstimulated wells were consid-
ered to be spike-reactive (figure 2A). No differences in 
WT spike-peptide T cell reactivity were seen in patients 
who had a COVID-19 infection prior to vaccination and 
those who did not (online supplemental figure 2A), so 
patients with prior COVID-19 infections were included in 
subsequent T cell analyses. Similar levels of spike-reactive 
T cells were seen across HDs and oncology patients on 
IO, chemotherapy, B cell-directed therapies, and those 
not on treatment (figure  2B,C). Eleven out of thirteen 
patients tested who were seronegative for antibodies did 
develop detectable CD4+ or CD8+ T cell responses against 
Spike peptides (figure 2D), including 6/8 patients on B 
cell-directed therapies. T cell responses were still detect-
able at least 4 months after initial vaccination (online 
supplemental figure 2B). CD4+ T cell responses were more 
readily detectable compared with CD8+ T cell responses 
in both patients with cancer and HDs (online supple-
mental figure 2C). CD8+ T cell responses against peptides 
pooled from cytomegalovirus, Epstein-Barr virus, and the 
influenza virus (CEF) were tested as a positive control; 

CD8+ T cell responses against CEF were detectable in 
51/62 samples tested (online supplemental figure 2D).

Finally, we investigated whether vaccination with the 
WT spike protein can induce T cell immunity against 
the B.1.617.2 (delta) variant of concern. PBMCs were 
stimulated with a pool of 32 peptides selectively covering 
only the 10 mutations in the B.1.617.2 variant. Cross-
reactive CD4+ or CD8+ T cells recognizing the B.1.617.2 
variant spike peptides were detected in 31/59 samples 
(figure 2E), suggesting that the T cell response to variants 
of concern is preserved in many cases.

Adrenal crisis and irAEs after vaccination
We reviewed medical records to identify significant reac-
tions leading to hospitalization or an ED visit within 24 
hours of vaccination. Worsening irAEs within 8 weeks 
after dose 1 were also reviewed for patients on immune-
checkpoint inhibitors. Two patients with pre-existing 
immune checkpoint inhibitor-induced adrenal insuf-
ficiency developed fevers >39.4°C and symptomatic 
hypoadrenalism after vaccination. One of these patients 
required ICU admission for hypotension and IV hydro-
cortisone, while the other patient was successfully treated 
at home with stress-dose oral hydrocortisone. Of note, 
this second patient had previously had an adrenal crisis 
requiring vasopressors after receiving talimogene laher-
parepvec (T-VEC) therapy 1 year prior to receiving the 
COVID-19 vaccination. Both patients subsequently devel-
oped antibodies (RBD titers 3.4×103 and 5.6×103; Spike 
titers 3.4×103 and 5.6×103). No other patients had an 
ED visit or hospitalization with 24 hours of vaccination. 
A third patient developed autoimmune Type I diabetes 
about 3 weeks after the second vaccination; this patient 
had previously developed other irAEs including adrenal 
insufficiency, transaminitis, and a morbilliform drug 
rash after receiving ipilimumab and nivolumab. Overall, 
other than the potential for adrenal crisis in patients with 
known adrenal insufficiency we did not detect any signifi-
cant safety concerns after vaccination of patients on anti-
cancer therapies.

DISCUSSION
In this study, we show that the majority of solid tumor 
patients develop equivalent antibody and T cell responses 
after COVID-19 vaccination compared with HDs. Patients 
on B cell-directed therapy have an impaired humoral 
immune response but intact T cell response to the 
COVID-19 vaccine. Although T and B cells express PD-1 
and/or PD-L1 and we hypothesized that blockade of the 
PD-1 pathway may affect antibody generation, we did not 
see any substantial differences in antibody titer or sero-
positivity in patients on immune checkpoint inhibitors. 
While there was more heterogeneity in the magnitude 
of antibody generation in patients on cytotoxic chemo-
therapy, 80% of these patients were seropositive for RBD 
antibodies. Antibody generation was not substantially 
affected by steroid administration, and only modestly 

https://dx.doi.org/10.1136/jitc-2022-004766
https://dx.doi.org/10.1136/jitc-2022-004766
https://dx.doi.org/10.1136/jitc-2022-004766
https://dx.doi.org/10.1136/jitc-2022-004766
https://dx.doi.org/10.1136/jitc-2022-004766
https://dx.doi.org/10.1136/jitc-2022-004766
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Figure 2  Spike-reactive T cell responses after two vaccine doses. (A) Representative intracellular cytokine staining for IFN-γ, 
TNF-α, and IL-2 in unstimulated wells (top) and wells stimulated with the WT spike peptide pool (bottom). (B) Percentage of 
CD4+ (left) and CD8+ (right) T cells reactive to WT spike peptide pool out of total non-naive CD4+ or CD8+ T cells. Cells with 
detectable IFN-γ, TNF-α, or IL-2 after background subtraction of cytokine levels from unstimulated wells were considered 
peptide-reactive. No significant differences between HD and other groups using Kruskal-Wallis test. (C) Percentage of patients 
in each group with a detectable CD4+ (left) or CD8+ (right) T cell response to WT spike peptides after background subtraction 
of unstimulated wells. Numbers above each bar represent the number of patients with spike-reactive T cells out of the total 
number of patients per group. No significant differences between HD and other groups using Fisher’s exact test. (D) Correlation 
between RBD (top graphs) or spike (bottom graphs) IgG antibody titers and percentage of WT spike-reactive CD4+ (left graphs) 
or CD8+ (right graphs) T cells out of total CD4+ or CD8+ non-naive T cells. (E) Correlation of percentage of non-naive CD4+ (left) 
or CD8+ (right) cells that react to B.1.617.2 vs WT spike peptide pools. Of note, the B.1.617.2 peptide pool only contains the 
peptides mutated between the WT and B.1.617.2 variant, but does not include shared peptides. (A–E) All samples from after 
second vaccination, each point represents a distinct participant (n=77 for WT spike peptides and n=59 for B.1.617.2 spike 
peptides). (D, E) Treatment type indicated by symbol shape and color in legend. HD, healthy donors; IO, immunotherapy; ND, 
not detectable; RBD, receptor binding domain; WT, wild-type.
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correlated with age. Many patients over age 65, who 
are at higher risk for severe COVID-19 infection, devel-
oped equivalent antibody titers compared with younger 
patients after vaccination. While patients with hematolog-
ical malignancies were most likely to be seronegative, a 
few seronegative patients were detected in all cancer treat-
ment categories. Our results suggest that anti-RBD anti-
body levels should be routinely checked after COVID-19 
vaccination in patients with cancer, and patients who do 
not mount an antibody response after three doses of the 
vaccine should receive pre-exposure prophylactic anti-
body administration.

Our results are consistent with several other recent 
reports showing substantially impaired antibody genera-
tion in patients with hematological malignancies,49–52 but 
largely intact antibody responses in patients on cytotoxic 
chemotherapy or immunotherapy.51 53 54 In some studies, 
antibody titers or seropositivity rates were mildly lower 
in patients on chemotherapy52 55 56 or chemoimmuno-
therapy.57 Differences in the relative representation of 
different types of cancer or chemotherapy regimens may 
explain some of this variation. Interestingly, the CANVAX 
study demonstrated that patients on immunotherapy had 
similar spike binding antibody titers but tended to have 
higher neutralizing titers.53 This could suggest that while 
PD-1 blockade does not affect the size of the antibody 
response, PD-1 on TFH and/or TFR cells may affect anti-
body affinity and/or ongoing affinity maturation. A third 
vaccine dose is now recommended for all adults in the 
US, and we found that antibody titers increased in 80% 
of patients after a booster vaccine. Importantly, five of six 
patients who were seronegative after two doses and had a 
sample available after the third dose became seropositive 
after dose 2, consistent with other reports.58–61

Our work extends several of these prior studies by 
also analyzing the T cell response to vaccination. Eighty-
five per cent of patients who were seronegative for RBD 
did develop a detectable CD4+ T cell response, consis-
tent with other reports.58 In patients on B-cell directed 
therapy with an impaired humoral immune response 
during COVID-19 infection, increased levels of CD8+ T 
cells were shown to be protective against severe disease,62 
suggesting that patients that develop a T cell response 
but no antibody response after vaccination may still have 
some protection from severe disease.

Decreased antibody neutralization to both the 
B.1.617.2 (delta) and B.1.1529 (omicron) variant has 
been reported,18 63–66 so we examined the T cell response 
to the B.1.617.2 variant. Unlike antibody epitopes which 
are displayed on the exposed domains of a protein, T cell 
epitopes can be located throughout the protein67 68 and 
do not depend on the 3-dimensional conformation. After 
vaccination or infection, most patients develop T cell 
responses to multiple epitopes across different regions 
of the spike peptide.67–69 This observation suggests that 
the T cell response is less likely to be affected by amino 
acid mutations in novel viral variants.69 We showed that 
T cells from 31/59 donors were able to recognize the 

mutated peptides in the B.1.617.2 variant, despite immu-
nization with a vaccine expressing the WT spike protein. 
This does not include T cells that would be able to recog-
nize shared epitopes between the WT and B.1.617.2 vari-
ants, as the variant peptide pool used only contained the 
mutated peptides. This may also be an underestimate as 
this smaller pool of peptides may not efficiently bind to 
all HLA alleles. Although the true percentage of vacci-
nated oncology patients with T cells able to recognize 
viral variants may be higher, our data are consistent with 
other work showing that many T cells immunized against 
the WT spike protein are able to recognize viral variants 
of concern.69–71

While the correlated analysis of both the cellular and 
humoral immune response to vaccination in patients on 
anticancer therapies is a strength of this study, there are 
some limitations. Our HD cohort tended to be younger 
than the patients with cancer. We measured RBD binding 
antibody titers, which strongly correlate with neutral-
izing antibody levels7–10 but may not precisely reflect 
neutralization ability. We measured T cell responses to a 
megapool of peptides from the spike protein. This could 
include some pre-existing T cells cross-reactive to spike 
proteins from the common cold coronaviruses69 72 73 
rather than vaccine-induced spike-reactive T cells, but 
any cross-reactive cells identified by these assays would 
also be expected to be active against a potential SARS-
CoV-2 infection. There may also be low-frequency spike-
reactive T cells in some patients that are below the limit of 
detection for intracellular cytokine staining, particularly 
at later time points after the contraction of the immune 
response to vaccination. This was a real-world study with 
samples collected during standard of care oncology visits, 
so dose 2 samples were collected on average 55 days after 
the second dose, with 79% of samples collected within 
90 days of the second vaccination. While this heteroge-
neity in timing may have missed peak antibody titers and/
or maximal T cell responses in some patients, half-lives 
of up to 116 days for RBD antibodies and 207 days for 
T cell responses have been observed.14 16 This study was 
conducted prior to the rise of the omicron variant, and 
future work will be needed to fully assess antibody and T 
cell responses to omicron in patients with cancer.

Our work has several important clinical implications. 
Routine antibody testing post-vaccination is not currently 
recommended by the Centers for Disease Control and 
Prevention (CDC) or the Food and Drug Administration 
(FDA),74 as there are not well-defined guidelines for inter-
preting how antibody titers correlate with protection from 
breakthrough infections or severe disease. Additionally, 
as we have shown here, many patients without a detect-
able antibody response still have a T cell response which 
may provide some protection against severe disease.62 
However, we argue that post-vaccination antibody testing 
could be useful in oncology patients to help identify 
immunocompromised patients who might receive the 
most benefit from prophylactic antibody administra-
tion. Tixagevimab packaged with cilgavimab (Evusheld) 
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has received emergency use approval for pre-exposure 
prophylaxis in moderately and severely immunocom-
promised patients who may not mount an adequate 
immune response to vaccination.75 76 This includes 
patients receiving active treatment for solid tumors and 
hematological malignancies. Measuring post-vaccination 
antibody titers is not recommended or required prior to 
administration, which is important to avoid operational 
or logistical obstacles to administration. Severely immu-
nocompromised patients, including post-transplant 
patients and patients receiving B cell-depleting therapies, 
are least likely to mount an adequate antibody response 
to COVID-19 vaccination and are being prioritized for 
pre-exposure prophylaxis while supplies are limited.75 
The antibody response post-vaccination is more variable 
in patients being treated for solid tumors, who are consid-
ered moderately immunocompromised. While patients 
with solid tumors who want pre-exposure prophylaxis 
should continue to receive it without requiring antibody 
testing, knowledge of a patient’s antibody levels may help 
inform an individualized conversation about the poten-
tial benefits of tixagevimab and cilgavimab for patients 
who are undecided. Immunocompromised patients who 
do not have detectable spike or RBD antibodies at least 
1 week after the second or third vaccination, when anti-
body levels are expected to peak,10 are likely to benefit 
from pre-exposure prophylaxis. Of note, antibody tests 
against the nucleocapsid protein indicate prior infec-
tion and should not be used to determine if a patient 
has mounted an immune response against vaccines 
expressing the spike protein.74 Several models12 13 have 
been developed to predict the correlation between anti-
body titers and vaccine efficacy, and further validation 
of this relationship is needed to aid in the development 
of clinical guidelines for interpreting antibody testing in 
immunocompromised patients.

Overall, COVID-19 vaccinations have been shown to be 
safe in patients with cancer. Our experience highlights 
the importance of reminding patients with known adrenal 
insufficiency to have a low threshold to take stress dose 
steroids at the first signs of an adrenal crisis after vacci-
nation. Vaccine antigens and adjuvants are recognized by 
the innate immune system as damage-associated molec-
ular patterns, leading to cytokine production, fevers, 
and systemic symptoms similar to those seen during mild 
infections.77 In addition to COVID-19 vaccines, other 
reactogenic vaccines such as the recombinant zoster 
vaccine (Shingrix) which have a high incidence of fever 
post-vaccination78 may also cause increased levels of phys-
iological stress warranting stress-dose steroids for patients 
with adrenal insufficiency. Our data and others have 
shown that steroid administration around the time of 
vaccination does not substantially suppress the antibody 
response.51 54 The only new irAE seen after COVID-19 
vaccination was in a patient with a history of three other 
irAEs which developed prior to vaccination, and there-
fore, it is unlikely that the new irAE was related specif-
ically to vaccination. Our results add to the literature 

demonstrating the safety of COVID-19 and influenza 
vaccines among patients on immunotherapy.54 59 79–81 Our 
results also add to the growing body of literature demon-
strating that most patients on anticancer therapeutics will 
make an antibody and/or T cell response to COVID-19 
vaccination, and should be encouraged to receive three 
doses of an mRNA-based vaccine as soon as possible even 
while on active anticancer therapies.
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