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The immunogenicity of SARS-CoV-2 vaccines in cancer patients receiving radiotherapy is unknown. This
prospective cohort study demonstrates that anti-SARS-CoV-2 spike antibody and neutralization titers are
reduced in a subset of thoracic radiotherapy patients, possibly due to immunosuppressive conditions.
Antibody testing may be useful to identify candidates for additional vaccine doses.
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Cancer patients are particularly vulnerable to SARS-CoV-2
infection, which is associated with increased risks of severe disease
and death [1,2]. In particular, patients with lung cancer fare poorly
upon infection [3]. At the same time, accumulating evidence sug-
gests that underlying cancer and administration of certain anti-
cancer therapies can negatively affect the immune response to
SARS-CoV-2 vaccines [4–6]. For example, in a recent study of 131
cancer patients who were administered SARS-CoV-2 mRNA vacci-
nes, seroconversion as assessed by measurement of anti-spike
antibody titer was reduced in patients with hematologic malignan-
cies and in those receiving cytotoxic chemotherapy or the mono-
clonal antibody rituximab [5]. Nonetheless, there is currently a
paucity of data on the immunogenicity of SARS-CoV-2 vaccines
in specific subsets of patients with solid tumors including those
with thoracic malignancies, early-stage disease, and those receiv-
ing radiotherapy.

In this rapidly evolving field, booster vaccine doses have
recently been recommended by the United States Food and Drug
Administration (FDA) for immunosuppressed individuals and other
populations [7]. Emerging data support the efficacy of a third
mRNA vaccine dose in organ transplant patients or those on
hemodialysis [8,9]. In these studies, among patients who had no
detectable anti-spike antibody response to an initial mRNA vacci-
nation schedule, approximately 40% developed an antibody
response to an additional dose. In the population of patients with
cancer, the immunogenicity of approved SARS-CoV-2 vaccines is
not routinely assessed by measuring antibody titers or neutraliza-
tion assays. Further, the immunogenicity and duration of effect of
additional vaccine doses in specific subsets of patients with solid
tumors remains largely unknown [10]. This constitutes an area of
unmet need.

In the current prospective cohort study, we focused on deter-
mining the immunogenicity of SARS-CoV-2 vaccines approved by
the FDA under Emergency Use Authorization (EUA) in a population
of patients with thoracic malignancies that were treated with
radiotherapy. Findings reported herein are suggestive of a subset
of patients exhibiting a poor immune response to current SARS-
CoV-2 vaccination schedules. The data highlight the urgent need
for further investigations in this space to ultimately better protect
patients with lung and other solid tumors from COVID-19
infection.
Patients and methods

Study population

The current report constitutes a subset analysis of the Cancer,
Covid and Vaccination (CANVAX) prospective cohort study at Mas-
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Table 1
Patient and treatment characteristics (n = 33).

n (%) Median (range)

Age
Years 68 (46–90)

Gender
Female 19 (58)
Male 14 (42)

Cancer type
NSCLC 31 (94)
SCLC 2 (6)

AJCC 8th ed. stage
I 12 (37)
II 1 (3)
III 10 (30)
IV 10 (30)

Immunosuppressive condition
No 15 (45)
Yes 18 (55)
Medication* 2
Hematologic malignancy** 1
CKD 6
Chemotherapy*** 13

Thoracic radiotherapy
SBRT 14 (42)

Total Gy 50 (24–50)
Other 19 (58)

Total Gy 60 (30–70.5)
Radiotherapy target
Lung only 20 (61)
Lung/mediastinum 7 (21)
Hilum/mediastinum 5 (15)
Bone 1 (3)

NSCLC, non-small cell lung carcinoma; SCLC, small cell lung carcinoma; AJCC,
American Joint Committee on Cancer; ed., edition; CKD, chronic kidney disease;
SBRT, stereotactic body radiotherapy.

* Immunosuppressive medication.
** Chronic lymphocytic leukemia.
*** Sequential or concurrent chemotherapy, in four participants co-occurred with
another immunosuppressive condition.
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sachusetts General Hospital (MGH) reported elsewhere [10]. This
study was approved by the Mass General Brigham Institutional
Review Board (2021P000746). The analysis is based on CANVAX
participants with completed baseline survey and post-
vaccination antibody testing from April 21 through July 21, 2021.
Consecutive patients with thoracic malignancies treated on the
Thoracic Radiation Oncology Service between December 1, 2020
and April 30, 2021 were screened for eligibility (Supplementary
Fig. S1). All participants completed SARS-CoV-2 vaccination. To
be eligible for the current analysis, vaccination was to be received
within three weeks of starting radiotherapy or chemotherapy
(when given sequentially with radiation), during radiotherapy, or
within four months post-radiotherapy completion. After informed
consent was obtained, participants completed a standardized
questionnaire that included questions about baseline demograph-
ics, medical history, SARS-CoV-2 exposures and infection, and vac-
cination information. Additional clinical information was
abstracted from the electronic medical record, including cancer
type, stage, medical comorbidities, medications, radiotherapy,
and systemic therapy. Comparison cohorts of patients with tho-
racic malignancies who did not receive radiotherapy (n = 181)
and healthy vaccinated controls (n = 187) were taken from refer-
ence [10].
Antibody assays

Blood was collected in serum separator tubes at least two
weeks after completion of vaccination and antibody assays were
performed with the Roche Elecsys Anti-SARS-CoV-2 S assay (Roche
89
Diagnostics, Indianapolis), at the CLIA-certified MGH Core Clinical
laboratory. Total anti-spike (IgA/M/G) antibody concentrations
>2500 U/ml triggered additional manual dilution to yield titers
up to 250,000 U/ml. An antibody binding index greater than 0.8
was defined as positive [10]. Participants with a negative test
result were offered confirmatory testing 7–14 days later.
Assessment of neutralization

We measured neutralization with a SARS-CoV-2 pseudovirus
neutralization assay, described elsewhere [11,12]. Briefly, lentiviral
particles encoding luciferase and ZsGreen reporter genes were
pseudotyped with SARS-CoV-2 spike protein as present in the
Wuhan COVID-19 strain. Particles were generated in 293T cells,
titered using ZsGreen expression by flow cytometry, and utilized
in an automated neutralization assay with 50–250 infectious units
of pseudovirus co-incubated with serial dilutions of serum. Neu-
tralization was then assayed on 293T-ACE2 cells. A pseudovirus
neutralization titer 50 (pNT50) was calculated by taking the
inverse of the serum concentration that achieved 50% neutraliza-
tion of SARS-CoV-2 pseudotyped lentivirus particles entry into
cells. For interpretative purposes, a value of 20% of the geometric
mean titer of convalescent donors was calculated as 27.6 [10,13].

Results and discussion

Patient and treatment characteristics

Out of 166 patients screened in the Thoracic Radiation Oncology
Service, 33 patients who received thoracic radiotherapy met inclu-
sion criteria for this study and were analyzable (Supplementary
Fig. S1). The median age at time of vaccination was 68 years (range,
46–90 years) (Table 1). The majority of patients (70%) had localized
(stage I–III) non-small lung cell carcinoma or small cell lung carci-
noma (SCLC). Fourteen patients were treated with stereotactic
body radiotherapy and 19 received fractionated palliative or defini-
tive radiotherapy. Thirteen patients received chemotherapy, which
can negatively affect SARS-CoV-2 vaccine immunogenicity [10],
either concurrently or sequentially with radiotherapy. Nine
patients, four of whom also received chemotherapy, had poten-
tially immunosuppressive medical conditions, listed in Table 1, as
defined by the Centers for Disease Control and Prevention [14].
Thus, there were a total of 18 participants with at least one
immunosuppressive treatment or condition
SARS-CoV-2 vaccination

Of the 33 participants, 10, 21, and two received two doses of
mRNA-1273 (Moderna), two doses of BNT162b2 (Pfizer/BioNTech),
and one dose of Ad26.COV2.S (Johnson & Johnson), respectively,
during the time period of January 30 to April 30, 2021. Most partic-
ipants (79%) started radiotherapy prior to vaccination, with a med-
ian time of 49 days (interquartile range (IQR), 12–77 days) from
beginning of radiotherapy to the day of complete vaccination (Sup-
plementary Fig. S2A). Blood draws for determination of antibody
titers as part of the research protocol were performed at a median
interval of 87 days (IQR, 60–106 days) following vaccination. The
last blood draw was performed on July 21, 2021. Of note, none of
the 33 participants had a documented prior SARS-CoV-2 infection
and only one had a measurable anti-nucleocapsid antibody titer
suggesting prior asymptomatic infection (data not shown).
Anti-SARS-CoV-2 spike antibody and neutralization titers

Antibody responses to the three SARS-CoV-2 vaccines under
study are directed against the viral spike protein. We analyzed



Fig. 1. Measures of SARS-Cov-2 vaccine immunogenicity in cancer patients who received thoracic radiotherapy. (A) Left bar, Quantitative SARS-CoV-2 spike IgG/A/M antibody
concentrations (Roche Elecsys Anti-SARS-CoV-2 assay) in U/ml of serum at a median interval of 12 weeks after complete vaccination in participants who received thoracic
radiotherapy (RT). Dots indicate individual concentrations (n = 33). Middle bar, geometric mean antibody concentration in patients with thoracic malignancies who did not
receive radiotherapy (n = 181). Right bar, healthy controls vaccinated (HC Vax) for COVID (n = 187). Error bars indicate 95% CI around the geometric mean. (B) Correlation of
spike antibody concentrations with pseudovirus neutralization titer 50 (pNT50), which was defined as the titer at which the serum achieves 50% neutralization of SARS-CoV-2
wild-type pseudovirus entry into ACE2 expressing 293T cells (in 20/33 thoracic radiotherapy patients for whom neutralization titers were available). Solid line represents
linear regression. Dotted vertical line corresponds to a pNT50 titer of 27.6 equivalent to 20% of the convalescent titer that is predicted to be associated with 50% protection. (C)
Data from thoracic radiotherapy patients in Panel (A) grouped according to immunosuppressive condition listed in Table 1. Statistical comparisons by Mann Whitney Test on
log transformed values, two-sided.

Immunogenicity of COVID vaccines in radiotherapy patients
combined anti-spike IgA/G and M antibody concentrations
(Fig. 1A), and neutralization titers (Supplementary Fig. S2B). Inter-
estingly, the geometric mean spike antibody concentration in
log10 U/ml (GMC) was 2.42 (95% CI, 2.13–2.72), which trended
lower than in patients with thoracic malignancies from our institu-
tion who did not receive radiotherapy (GMC = 2.62; 2.46–2.77;
p = 0.07) (Fig. 1A) and appeared also lower than in previously
reported cancer cohorts [4,5]. In contrast, vaccinated healthy con-
trols had higher spike antibody concentrations (GMC = 2.80; 2.63–
2.97; p = 0.01).

Therewas a weak negative correlation of spike antibody concen-
trations with age (Supplementary Fig. S2C). Neutralization titers
were available in 20 participants, with a geometric mean neutral-
ization titer in log10 units (GMT) of 1.94. Neutralization and spike
antibody titers were significantly correlated with each other
(p = 0.007) (Fig. 1B).While there is no established threshold indicat-
ing protection against SARS-CoV-2, a neutralization titer greater
than 20% of the GMT in convalescent individuals corresponds to a
50% reduction in infection risk inmodeling studies [13]. Four partic-
ipants (25%) had a titer <20% of GMT and all of them had spike anti-
body titers of only approximately 100 U/ml or less.
Vaccine immunogenicity as a function of immune status

Of the four participants with a neutralization titer <20% GMT,
one had chronic lymphocytic leukemia and one underwent concur-
rent chemotherapy – known risk factors for a poor immune
response to SARS-CoV-2 vaccines [4,15]. The other two had no
identifiable immunosuppressive conditions though one received
the Ad26.COV2.S vaccine which may be associated with lower
immunogenicity [10].

The patient with the second highest neutralization titer also had
the highest spike antibody titer among all participants. Remark-
ably, she experienced an abscopal effect from radiotherapy which
overlapped with her vaccination schedule, suggesting the presence
of a uniquely active host immune response.

We next grouped all 33 participants according to the presence
(n = 18) or absence (n = 15) of a co-existing, potentially immuno-
suppressive condition, including the receipt of sequential or con-
current chemotherapy with radiotherapy (Table 1). For this
comparison, we analyzed anti-spike antibody concentrations as
we were not able to acquire neutralization titers from all partici-
90
pants (Fig. 1C). Participants in the immunosuppressed group had
a significantly lower antibody GMC than the non-
immunosuppressed group (p = 0.04). There was also a higher per-
centage of participants with immunosuppressive conditions who
had antibody levels <100 U/ml compared to participants without
(44% vs 13%). The GMC of patients in the non-immunosuppressed
group was not statistically different from the GMC of healthy con-
trols (p = 0.3), suggesting that radiotherapy in of itself does not
affect antibody levels. However, further study with larger sample
sizes will be needed to answer this question definitively.

Interestingly, one participant who did not have neutralization
titers performed was treated with sequential chemoradiotherapy
for stage II SCLC and had co-existing rheumatoid arthritis for which
he was taking adalimumab, a tumor necrosis factor inhibitor. His
initial spike antibody titer taken eight weeks after the second shot
of mRNA-1273 was only 11.1 U/ml and upon repeat draw was 8.24
U/ml. Outside of this study, he was offered a third dose of mRNA-
1273 after which his titer transiently peaked at 1061 U/ml (Supple-
mentary Fig. S3A). Three more patients received additional vaccine
doses, with one patient also experiencing a similar spike antibody
increase (Supplementary Fig. S3B). These observations illustrate
the promise of additional vaccine doses in selected patients while
the durability of the effect requires further study.
Limitations

The number of participants in this cohort study is small which
limits both comparisons with other studies and subset analysis of
the data. For example, it would be interesting to determine if the
size/location of radiotherapy target volumes would affect vaccine
immunogenicity through lymphopenia [16]; however, larger
cohortswill beneeded.Measuresof immuneresponseanalyzedhere
served as a surrogate measure of protection against infection while
we could not assess the incidence of breakthrough SARS-CoV-2
infections and their severity during the short study time. We only
assessed neutralization of the original Wuhan strain of SARS-CoV-
2 but other variants may showmuch lower neutralization [12].
Conclusions

Despite the small sample size, the observed variations in spike
antibody and neutralization titers support the notion of hetero-
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geneity in the immunogenicity of SARS-CoV-2 vaccines in the tho-
racic radiotherapy population, which is characterized by advanced
age and medical co-morbidities. Larger studies are warranted to
define the impact of specific immunosuppressive conditions, and
of radiotherapy itself, on the vaccine response in patients with
localized solid tumors. The observed increase in spike antibody titer
in an immunosuppressed patient who received a third vaccine dose
upon discovering low initial spike antibody titers illustrates the
potential utility of antibody testing in this vulnerable population.
Further research is urgently needed to better understand the
immunogenicity of additional vaccine doses and duration of effect.
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