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abstract

PURPOSE To examine COVID-19 mRNA vaccine–induced binding and neutralizing antibody responses in
patients with non–small-cell lung cancer (NSCLC) to SARS-CoV-2 614D (wild type [WT]) strain and variants of
concern after the primary 2-dose and booster vaccination.

METHODS Eighty-two patients with NSCLC and 53 healthy volunteers who received SARS-CoV-2mRNA vaccines
were included in the study. Blood was collected longitudinally, and SARS-CoV-2–specific binding and neu-
tralizing antibody responses were evaluated by Meso Scale Discovery assay and live virus Focus Reduction
Neutralization Assay, respectively.

RESULTS A majority of patients with NSCLC generated binding and neutralizing antibody titers comparable with the
healthy vaccinees after mRNA vaccination, but a subset of patients with NSCLC (25%) made poor responses,
resulting in overall lower (six- to seven-fold) titers compared with the healthy cohort (P 5 , .0001). Although patients
age . 70 years had lower immunoglobulin G titers (P 5 , .01), patients receiving programmed death-1 mono-
therapy, chemotherapy, or a combination of both did not have a significant impact on the antibody response.
Neutralizing antibody titers to the B.1.617.2 (Delta), B.1.351 (Beta), and in particular, B.1.1.529 (Omicron) variants
were significantly lower (P 5 , .0001) compared with the 614D (WT) strain. Booster vaccination led to a significant
increase (P 5 .0001) in the binding and neutralizing antibody titers to the WT and Omicron variant. However,
2-4months after the booster, we observed a five- to seven-fold decrease in neutralizing titers toWTandOmicron viruses.

CONCLUSION A subset of patients with NSCLC responded poorly to the SARS-CoV-2 mRNA vaccination and had
low neutralizing antibodies to the B.1.1.529 Omicron variant. Booster vaccination increased binding and
neutralizing antibody titers to Omicron, but antibody titers declined after 3 months. These data highlight the
concern for patients with cancer given the rapid spread of SARS-CoV-2 Omicron variant.

J Clin Oncol 40:3808-3816. © 2022 by American Society of Clinical Oncology

INTRODUCTION

SARS-CoV-2 infection has caused severe respiratory
illness all over the world, making it a global pandemic.1,2

More than 5.7 million people have succumbed to
SARS-CoV-2 infection with the highest mortality rate
among elderly people. mRNA vaccines BNT162b2 by
Pfizer and mRNA-1273 by Moderna have more than
95% efficacy in controlling SARS-CoV-2 infection.3,4

However, variants of concern (VOCs) have emerged,
resulting in breakthrough infections. Notably, the
B.1.1.529 (Omicron) variant carries 37 mutations in its
spike protein, with 15 of these mutations in the

receptor-binding domain (RBD), which is an important
target of neutralizing antibodies. These mutations
enable the Omicron variant to escape both vaccine-
induced and therapeutic antibodies.5-11 The administra-
tion of a third mRNA booster dose to healthy individuals
increases SARS-CoV-2–specific antibody responses
substantially, resulting in a detectable neutralizing
response against the Omicron variant.5,8,12,13

Approximately two million patients are diagnosed with
lung cancer every year globally; it is the leading cause
of cancer-related deaths with nearly 1.76 million
deaths per year. As the median age of lung cancer
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diagnosis is 70 years and immune dysregulation because of
tumor malignancy and immunomodulatory therapies is
seen during lung cancer, it is important to evaluate the
immune response after SARS-CoV-2 vaccination in these
patients.14,15 Recent studies in patients with thoracic
cancer receiving the BNT162b2 vaccine (99.3%) have
shown to be efficient in generating protective antibody
responses against the SARS-CoV-2 wild-type strain.16,17

However, vaccine-induced immune response to emerg-
ing VOCs in patients with non–small-cell lung cancer
(NSCLC) has not been studied in detail. Here, we examined
the binding and neutralizing antibody responses to SARS-
CoV-2 wild type (WT; 614D) strain and B.1.1.529 (Omi-
cron) variant in patients with NSCLC after primary mRNA
vaccination and after booster dose.

METHODS

Refer to Appendix 1 (online only).

RESULTS

Binding Antibody Response Induced by SARS-CoV-2

mRNA Vaccines in Patients With NSCLC

First, we evaluated the vaccine-specific antibody response in
our NSCLC patient cohort (Table 1) compared with the
healthy cohort (Table 1). Prepandemic plasma samples
collected from healthy individuals were used to set the
detection limit of the assay. A month after the second dose of
primary vaccination, most patients with NSCLC had binding
immunoglobulin G (IgG) titers comparable with healthy
controls. A subset of patients with NSCLC had poor vaccine-
specific binding antibody titers, resulting in an overall lower
spike, RBD, and N-terminal domain (NTD)–specific IgG ti-
ters (six-fold for spike, seven-fold for RBD, and eight-fold for
NTD) compared with the healthy controls (P 5 , .0001 for
spike, .0002 for RBD, and , .0001 for NTD).

Patients with a history of SARS-CoV-2 infection were
identified by the presence of high antinucleocapsid an-
tibody titer (N1) in their plasma as SARS-CoV-2 nucle-
ocapsid is not a component of the mRNA vaccine. These
N1 patients had 9- to 12-fold higher levels of spike-,
RBD-, and NTD-specific antibodies compared with
patients with NSCLC who did not have a history of SARS-
CoV-2 infection (Figs 1A-1C and Appendix Table A1,
online only). These patients were not included in the
subsequent analysis.

Similar to IgG titers, about 75% of the patients with
NSCLC had vaccine-specific IgA and IgM titers compa-
rable with the healthy volunteers, whereas about 25% of
the patients had markedly lower titers. The overall IgA and
IgM responses were about 7- to 10-fold lower in patients
with NSCLC compared with the healthy controls. N1
patients had 10- to 12-fold higher IgA and IgM titers
compared with SARS-CoV-2–naı̈ve NSCLC patients (Figs
1D-1I and Appendix Table A1). Next, we examined if
spike-specific antibody titers correlate with RBD- and
NTD-specific antibody levels. As shown in Appendix
Figures A1A-A1C (online only), the binding spike–specific
IgG, IgA, and IgM titers strongly correlate with the RBD-
and NTD-specific titers, respectively (Appendix Figs
A1D-A1F).

The age of our healthy cohort is skewed toward younger
people and is not ideally matched with the age of our
NSCLC cohort. However, we have some older people in
our healthy cohort with age ranging from 20 to 70 years.
We did not see any significant differences in the antibody
response to COVID-19 mRNA vaccine for the healthy
cohort across these age groups (Appendix Fig A2, online
only). These data are in line with the previously published
findings where healthy adults age between 56 and
70 years did not show decreased antibody response to
mRNA vaccines.18

CONTEXT

Key Objective
Patients with non–small-cell lung cancer (NSCLC) are at increased risk for SARS-CoV-2 infection especially with the

emergence of new variants of concern. Here, we examined neutralizing antibody responses in patients with NSCLC
against the SARS-CoV-2 wild type (WT) virus and the B.1.1.529 (Omicron) variant after two-dose primary and booster
immunization with mRNA vaccines.

Knowledge Generated
Most patients with NSCLC had normal antibody responses to the mRNA vaccines, but a subset (25%) of patients responded

very poorly. In general, neutralizing antibody titers to the Omicron variant were significantly lower (P 5 , .0001) than
those to WT virus. After booster immunization, antibody responses to both WT virus and Omicron variants increased
significantly (P 5 .0001), but declined rapidly within 3-6 months.

Relevance
It is important to understand why a subset of patients with NSCLC respond poorly to the COVID-19 mRNA vaccines. This

knowledge will provide insight into optimizing vaccination strategies for patients with NSCLC.
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Neutralizing Antibody Response after SARS-CoV-2 mRNA

Vaccination of Patients With NSCLC

Next, we performed a live virus neutralization assay to
determine the presence of neutralizing antibodies against
the WT (614D) virus in healthy vaccinees and patients with
NSCLC in response to mRNA vaccination. Although 65% of
the patients with NSCLC generated neutralizing antibody
titers comparable with the healthy cohort, 25% of the
patients had lower neutralizing antibody titers. About 18%
of the patients failed to generate any detectable neutralizing
antibody titers. Overall, the neutralizing antibody titers in
patients with NSCLC were seven-fold lower compared with
those in the healthy vaccinees (P 5 , .0001; Fig 2A). Of
note, the focus reduction neutralization test (FRNT)50 titers
for live virus closely correlated with the binding spike and
RBD antibody titers (P5, .0001; Figs 2B and 2C). Taken
together, these data demonstrate that in response to
vaccination, most patients with NSCLC generate detectable
neutralizing antibody titers; however, a significant fraction
of patients with NSCLC (9 of 54) failed to mount a de-
tectable neutralizing antibody response.

Longitudinal Analysis of Spike and RBD-Specific

Antibody Response in Vaccinated Patients With NSCLC

To evaluate the persistence of the vaccine-specific anti-
body response, we longitudinally measured the binding
antibody response to mRNA vaccines in our patients with
NSCLC over 6 months. Antispike and anti-RBD IgG titers
increased by 30- and 25-fold, respectively, after a week
following the second vaccine dose (P 5 , .0001). Both
antispike and anti-RBD IgG titers tended to decrease ap-
proximately 3 months after the second dose although this
did not reach statistical significance. However, there was a
significant decrease in both spike- (six-fold; P 5 , .0003)
and RBD-specific (eight-fold; P 5 , .0009) antibodies at
6 months after the second dose of vaccination compared
with the respective peak IgG titers (Appendix Figs A3A-
A3D, online only).

Impact of Patient Therapy and Baseline Characteristics

on Vaccine Response

We next examined if patient therapy and demographic
characteristics of our NSCLC cohort influenced the anti-
body response to vaccination. Patients with NSCLC who
were older than 70 years had nine-fold lower spike-specific
IgG titers compared with the patients who were age
, 60 years (P 5 , .0034; Fig 3A and Appendix Table A2,
online only). Race and sex did not have an impact on the
spike-specific IgG titers in both patients with NSCLC and
healthy volunteers (Appendix Tables A2 and A3, online
only).

As many of the patients with NSCLC in our cohort are
actively receiving cancer therapy, we evaluated if different
cancer therapies had an influence on the antibody re-
sponse to vaccination. On the basis of the type of therapy,
the NSCLC cohort was divided into five subsets (patients
receiving programmed death-1 (PD-1)–targeted therapy
(n5 14), PD-1 and chemotherapy (n5 10), chemotherapy
(n5 6), and other targeted therapy (n5 6)). At the time of
SARS-CoV-2 vaccination, 13 patients received no therapy.
We did not observe notable differences in the binding
spike–specific IgG titers among patients receiving different
cancer therapies compared with patients receiving no
therapy (Fig 3B and Appendix Table A2).

Vaccine type did not have a measurable impact on the
antibody response in our healthy cohort; however, we
observed lower spike-specific binding IgG titers in patients
receiving the BNT162b2 compared with mRNA-1273 re-
cipients (P 5 , .0001; Appendix Fig A4, online only and
Appendix Tables A2 and A3). The three-fold higher mRNA
dose in mRNA-1273 (100 mg) compared with BNT162b2
(30 mg) could have contributed to the higher antibody titer
in patients with NSCLC. Taken together, these data suggest
that although vaccine type and age of the patient influ-
enced the antibody response, cancer therapy did not have
any observable effect on the antibody response to SARS-
CoV-2 vaccination in our NSCLC cohort.

TABLE 1. NSCLC Patient and Healthy Cohort Characteristics

Variable
Patients With NSCLC

(n 5 82)a
Healthy Cohort
(n 5 53)a

Sex

Female 49 (60) 34 (64)

Male 33 (40) 19 (36)

Age, years (range) 68b (50-90) 34b (22-70)

Race

African American/Black 19 (24) 6 (11)

Asian 2 (2.6) 16 (30)

White 57 (73) 31 (58)

Ethnicity —

Hispanic 3 (3.9)

Non-Hispanic 73 (96)

Smoking history 55 (69) —

Stage, four levels —

I/Ia/Ib 3 (3.8)

II/IIa/IIb 6 (7.5)

III/IIIa/IIIb 17 (21)

IV/IVa/IVb 54 (68)

Chemotherapy 32 (48) —

Immunotherapy 38 (56) —

Targeted therapy 23 (34) —

Radiation therapy 3 (4.8) —

Abbreviation: NSCLC, non–small-cell lung cancer.
aNo. (%).
bMedian.

3810 © 2022 by American Society of Clinical Oncology Volume 40, Issue 33

Valanparambil et al



A

102

104

106 **** ****

Healthy
Vaccinees

(n = 53)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

SARS-CoV-2 spike
Ig

G 
(A

U/
m

L)
B

102

104

106 *** ****

Healthy
Vaccinees

(n = 53)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

SARS-CoV-2 RBD

 Ig
G 

(A
U/

m
L)

C

100

102

104

106

**** ****

Healthy
Vaccinees

(n = 53)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

SARS-CoV-2 NTD

 Ig
G 

(A
U/

m
L)

SARS-CoV-2 spike

D

102

104

106
*** *

Healthy
Vaccinees

(n = 22)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

Ig
A 

(A
U/

m
L)

SARS-CoV-2 RBD

E

102

104

106

**** ***

Healthy
Vaccinees

(n = 22)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

Ig
A 

(A
U/

m
L)

SARS-CoV-2 NTD

F

102

104

106
**** **

Healthy
Vaccinees

(n = 22)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

Ig
A 

(A
U/

m
L)

SARS-CoV-2 NTD

I

100

102

104

106

*** *

Healthy
Vaccinees

(n = 36)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

 Ig
M

 (A
U/

m
L)

SARS-CoV-2 RBD

H

ns

102

104

106

***

 Ig
M

 (A
U/

m
L)

Healthy
Vaccinees

(n = 36)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

SARS-CoV-2 spike

G

ns

102

104

106

****

 Ig
M

 (A
U/

m
L)

Healthy
Vaccinees

(n = 36)

Patients With
NSCLC
(n = 54)

NSCLC
Nucleocapsid–

Positive
(n = 7)

FIG 1. Antibody response to SARS-CoV-2 mRNA vaccine in patients with NSCLC. Binding antibody titers to spike, RBD, and NTD antigens were
measured by MSD assay 1 month after the two-dose primary vaccination. Spike-, RBD-, and NTD-specific antibody titers in plasma from healthy
vaccinees, patients with NSCLC, and patients with NSCLC with prior exposure to SARS-CoV-2 infection are shown for (A-C) IgG, (D-F) IgA, and (G-I)
IgM, respectively. Prepandemic plasma samples from healthy individuals were used to set the detection limit for SARS-CoV-2–specific antibody titers.
The figures show the mean and SEM. *P# .05, **P# .01, ***P# .001, and ****P# .0001. IgA, immunoglobulin A; IgG, immunoglobulin G; IgM,
immunoglobulin M; MSD, Meso Scale Discovery; ns, not significant; NSCLC, non–small-cell lung cancer; NTD, N-terminal domain; RBD, receptor-
binding domain.
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Antibody Titer in Patients With NSCLC Against

SARS-CoV-2 Variants

Next, we determined the vaccine-induced binding antibody
response to SARS-CoV-2 VOCs in our healthy and NSCLC
patient cohorts. Appendix Figure A5A (online only) shows

the median spike-specific IgG titers in the plasma of both
healthy vaccinees (n 5 52) and the patients with NSCLC
(n 5 54) to 15 different SARS-CoV-2 variants. Spike-
specific IgG titers to the variants are shown in descend-
ing order with the highest IgG titer to the WT (Wuhan) spike
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FIG 2. Live virus–neutralizing antibody response to SARS-CoV-2 mRNA vaccine in patients with NSCLC. Neu-
tralizing antibody titers to WT (614D) virus were evaluated 1 month after the two-dose primary vaccination by FRNT
assay. (A) Live virus neutralization of WT (614D) virus by sera from patients with NSCLC compared with the samples
from healthy vaccinees. (B) Correlation of spike-specific IgG titer and FRNT50 titer (neutralization titer). (C) Cor-
relation between RBD-specific IgG titer and FRNT50 titer (neutralization titer). Simple linear regression analysis was
performed to do correlation analysis, and P values were obtained from the Pearson r correlation method. The figure
shows the mean and SEM. ****P # .0001. FRNT, Focus Reduction Neutralization Test; IgG, immunoglobulin G;
NSCLC, non–small-cell lung cancer; RBD, receptor-binding domain; WT, wild type.
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and the lowest to the SARS-CoV-2 B.1.351 (Beta) variant
(Appendix Fig A5A). In both healthy vaccinees and patients
with NSCLC, spike-specific IgG titers to the B.1.617.2
(Delta) and the B.1.351 (Beta) variants were significantly
lower compared with the WT (614D) titer (Appendix Figs
A5B and A5C).

We next performed a live virus neutralization assay to
determine if SARS-CoV-2 mRNA vaccination in patients
with NSCLC induced neutralizing antibodies VOCs. Patient
samples 1 month after the primary vaccination were used
for the VOC neutralization assay. As shown in Figure 4,
patients with NSCLC had 6.5- and 14-fold lower neutral-
izing antibody titers against the Delta and Beta variants,
respectively, and importantly, . 50-fold lower neutralizing
antibody titer to the Omicron variant compared with the
614D strain (Fig 4). These data show that after a two-dose
SARS-CoV-2 mRNA vaccination, there is considerable
neutralizing activity against the WT virus. However, the
capacity of this antibody response to neutralize the Omi-
cron variant is severely limited.

Binding and Neutralizing Antibody Response Against the

SARS-CoV-2 WT Virus and Omicron (B.1.1.529) Variant

in Patients With NSCLC After Booster Vaccination

The Omicron variant now accounts for more than 95% of
the current SARS-CoV-2 cases in the United States. We
thus assessed the binding antibody responses in patients

with NSCLC to the Omicron variant before and after booster
vaccination. As shown in Figure 5A, patients with NSCLC
received a booster dose 8 months after the primary vac-
cination. Before receiving a booster, patients with NSCLC
had significantly lower spike-specific IgG titer to the Omi-
cron variant compared with the WT strain (P 5 , .0001).
After booster, we observed a 12- and 15-fold increase in the
binding IgG titer to the WT and the Omicron variant
compared with the prebooster samples, respectively. It is
important to note that Omicron-specific IgG titers were still
about five-fold lower compared with the WT spike titers
(P5 .0001). There was also a five- and eight-fold decrease
in binding IgG titer to wild-type and Omicron variants after
60-110 days of booster vaccination compared with the
peak binding titers observed at days 5-30 (Fig 5A and
Appendix Table A4, online only).

We also examined the effect of booster vaccination of
patients with NSCLC on the neutralizing antibody titer to the
WT virus and Omicron variant (Fig 5B). Before booster, 13
of the 24 analyzed patients with NSCLC had detectable
neutralizing antibody titers to the wild-type (D614) virus,
but none of the patients had neutralizing antibodies to the
Omicron variant (P5 .0006). After booster vaccination, we
observed a significant increase (P 5 .0001) in neutralizing
antibody titers to the WT and Omicron variant, compared
with the prebooster titers. Neutralizing antibody titers to the
Omicron variant were 12-fold lower compared with the WT
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virus (P5 .0001). After 60-110 days of booster vaccination,
we observed lower neutralizing antibody titers to both WT
and Omicron viruses compared with peak titers observed at

days 5-30 (P5 .0048 forWT andP5 .0012 for Omicron). Of
the 10 patients with NSCLC tested for neutralizing antibodies
on 60-110 days after booster, only four patients still had
detectable neutralizing antibody titers to the Omicron variant,
whereas all patients had neutralizing antibody titer to the WT
virus (P 5 .002). These data show that, although booster
vaccination significantly increased the neutralizing antibody
to the Omicron variant, the antibody titers to Omicron de-
clined significantly (P 5 .0012) within 3-4 months after
booster (Fig 5B and Appendix Table A4).

DISCUSSION

Immunosuppression in patients with cancer increases
susceptibility to infections and reduces response to
vaccination.19,20 Recent studies show that a subset of pa-
tients with cancer with solid and hematologic malignancies
fail to respond to SARS-CoV-2 mRNA vaccination.21-23 Nu-
merous SARS-CoV-2 VOCs are currently evolving, which
evade vaccine-induced antibody response even in vacci-
nated healthy individuals.24 This leaves patients with cancer
with immune dysfunction at a higher risk to contract severe
SARS-CoV-2 infection.

We studied the vaccine-induced reactogenicity to SARS-
CoV-2 mRNA vaccination in patients with NSCLC with
emphasis on the antibody response to SARS-CoV-2 VOCs
including the Omicron variant. Although most patients with
NSCLC generated a vaccine-specific antibody response
comparable with the healthy volunteers, a subset of pa-
tients responded poorly to vaccination. Antibody titers in
patients with NSCLC correlated with age, as patients older
than 70 years had lower vaccine-induced antibody titers
compared with younger patients. This is in line with a recent
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study that showed healthy elderly individuals with a median
age of 72 years having lower SARS-CoV-2 vaccine–specific
antibody response compared with healthy young adults.14

PD-1–targeted therapies are effective in the treatment of
patients with NSCLC.25 At the time of vaccination, more than
50%of the patients in our NSCLC cohort received either PD-1
monotherapy or PD-1 therapy in combination with chemo-
therapy. Cancer therapies that result in lymphocyte depletion
are known to influence immune responses to infection and
vaccination, but the effect of PD-1 therapy on vaccine re-
sponse is not well known.19,20 We did not see a significant
difference in the antibody response to SARS-CoV-2 vacci-
nation in patients receiving either PD-1 monotherapy or a
combination of chemotherapy and PD-1–targeted therapy
compared with patients receiving no cancer therapy at the
time of vaccination. Further studies with larger cohorts may
be required to address if cancer therapy influences antibody
response to SARS-CoV-2 vaccination.

Booster vaccination in heathy individuals increases neu-
tralizing antibody response to the variants including the
Omicron variant.5,26 Before booster vaccination, patients
with NSCLC had very low to undetectable levels of neu-
tralizing antibody response to the Omicron variant. Similar
to the findings in healthy individuals, booster vaccination in
patients with NSCLC induced an increase in binding and
neutralizing antibody titers to the Omicron variant, albeit at
lower levels compared with the WT (614D) virus. However,
the booster dose failed to establish a durable antibody

response in patients with NSCLC as both binding and
neutralizing antibody titers declined significantly within
3-4 months of booster. Similar to our findings in patients
with NSCLC, recent studies show a trend in waning anti-
body response to VOCs after booster vaccination in healthy
individuals notably in elderly vaccinees.27 Given the spread
of evolving VOCs, these findings are of concern especially
for elderly patients with NSCLC.

In conclusion, this study highlights an important issue that
needs to be addressed in more detail in future studies. The
key question is why a subset of patients with lung cancer
responded poorly to the COVID-19 mRNA vaccines. Al-
though age and type of vaccine (Pfizer v Moderna) had an
influence on the immune response, the very suboptimal
vaccine responses generated by these patients with NSCLC
cannot be explained solely by these factors. In our study, we
also did not find a correlation with the type of cancer
treatment and the magnitude of the antibody response.
Thus, it is important to perform additional studies to identify
the underlying mechanisms for the poor antibody re-
sponses in these individuals. These studies should also
examine vaccine-induced T-cell responses in the patients
to determine if both cellular and humoral immune re-
sponses are compromised. A better understanding of these
critical issues will provide insight into optimizing vaccina-
tion strategies for patients with lung cancer, not only for
COVID-19 disease but also more broadly for vaccines in
general.
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APPENDIX 1. METHODS

NSCLC Patient Cohort

Peripheral blood samples from patients with non–small-cell lung
cancer (NSCLC) were collected at the Winship Cancer Institute after
written informed consent approval by the Institutional Review Board at
Emory University. Blood samples were processed to isolate plasma and
mononuclear cells. The patient demographics for all 82 patients with
NSCLC enrolled in the study are given in Appendix Table A1. Pe-
ripheral blood samples were collected for analyzing antibody response
longitudinally from all enrolled patients with NSCLC. Of the enrolled 82
patients, samples were collected from 61 patients one month after
two-dose primary vaccination for the peak titer analysis.

Healthy Control Cohort

A total of 53 healthy volunteers vaccinated with COVIDmRNA vaccines
were recruited, and samples were collected at the Hope Clinic, Atlanta,
after written informed consent approval by the Institutional Review
Board at Emory University. Of these, 22 volunteers received
mRNA-1273 and 31 received BNT162b2. Healthy volunteer demo-
graphics and characteristics are tabulated in Appendix Table A2.

Meso Scale Discovery Assay

A V-PLEX COVID-19 Respiratory Panel 2 Kit (K15372U panel 2) was
used to measure the immunoglobulin G (IgG), IgM, and IgA antibodies
against the antigens SARS-CoV-2 spike, receptor-binding domain,
N-terminal domain, and nucleocapsid, following the manufacturer’s
recommendations. To measure spike-specific IgG against SARS-CoV-2
variants, V-PLEX COVID-19 Respiratory Panel 13, Panel 14, and Panel
23 Kits (K15463U, K15468U, and K15567U) were used. To assess IgG
binding, plasma samples were diluted at 1:5,000, 1:25,000 or 1:40,000,
and MSD Reference Standard-1 was diluted per MSD instructions in
MSD Diluent 100. Fifty microliter of each sample and Reference
Standard-1 dilution was added to the plates and incubated for 2 hours at
room temperature, shaking at a speed of 700 rpm. After this, 50 mL per
well of 13MSD SULFO-TAG Anti-Human IgG Antibody was added and
incubated for 1 hour at room temperature, shaking at a speed of 700
rpm. After the detection reagent step, 150mL per well of MSDGold Read
Buffer Bwas added to each plate immediately before reading on anMSD
plate reader. Plates were washed three times with 150 mL of wash
solution B provided in the kit between each step. The limit of detection
was defined as 1,000 Relative Luminescence Unit for each assay.

Viruses and Cells

VeroE6 cells were obtained from ATCC (clone E6, ATCC, #CRL-1586)
and cultured in complete DMEM medium consisting of 13 DMEM
(VWR, #45000-304), 10% Fetal Bovine Serum, 25 mM HEPES buffer
(Corning Cellgro, Corning, NY) 2 mM L-glutamine, 1 mM sodium
pyruvate, 13 nonessential amino acids, and 13 antibiotics. VeroE6-
TMPRSS2 cells were generated and cultured as previously de-
scribed.18 nCoV/USA_WA1/2020 (WA/1), closely resembling the
original Wuhan strain and resembling the spike used in the
mRNA-1273 and Pfizer-BioNTech vaccine, was propagated from an
infectious SARS-CoV-2 clone as previously described.19 icSARS-CoV-2
was passaged once to generate a working stock. The B.1.351 variant
isolate (hCoV-19/USA/MD-HP01542/2021), kindly provided by Dr
Andy Pekosz (John Hopkins University, Baltimore, MD), was propa-
gated once in VeroE6-TMPRSS2 cells to generate a working stock.
hCoV19/EHC_C19_2811C (referred to as the B.1.1.529 variant) was
derived from a mid-turbinate nasal swab collected in December
2021.20 This SARS-CoV-2 genome is available under GISAID acces-
sion number EPI_ISL_7171744. Using VeroE6-TMPRSS cells, the
B.1.1.529 variant was plaque purified directly from the nasal swab,
propagated once in a 12-well plate, and expanded in a confluent T175

flask to generate a working stock. All viruses used in this study were
deep sequenced and confirmed as previously described.18

Focus Reduction Neutralization Assay

FRNT-mNG assays were performed on VeroE6 cells, and Focus Re-
duction Neutralization Test assays were performed on Vero-TMPRSS2
cells as previously described.18,21,22 Samples were diluted at three-fold
in eight serial dilutions using DMEM (VWR, #45000-304) in duplicates
with an initial dilution of 1:10 in a total volume of 60 mL. Serially diluted
samples were incubated with an equal volume of icSARS-CoV-2-mNG,
WA1/2020, or B.1.1.529 (100-200 foci per well on the basis of the
target cell) at 37°C for 45 minutes in a round-bottom 96-well culture
plate. The antibody-virus mixture was then added to cells and incu-
bated at 37°C for 1 hour. Postincubation, the antibody-virus mixture
was removed and 100 mL of prewarmed 0.85% methylcellulose
(Sigma-Aldrich, St Louis, MO, #M0512-250G) overlay was added to
each well. Plates were incubated at 37°C for 18 hours, and the
methylcellulose overlay was removed and washed six times with
phosphate-buffered saline (PBS). For Omicron infections, cells were
incubated for 40-48 hours. Cells were fixed with 2% paraformaldehyde
in PBS for 30 minutes. After fixation, plates were washed twice with
PBS and permeabilization buffer (0.1% Bovine Serum Albumin [VWR,
#0332], saponin [Sigma, 47036-250G-F] in PBS) was added to
permeabilized cells for at least 20 minutes. Cells were incubated with
either an anti–SARS-CoV spike primary antibody directly conjugated to
Alexaflour-647 (CR3022-AF647) or an anti–SARS-CoV spike primary
antibody directly conjugated to biotin (CR3022-biotin) for at least
4 hours at room temperature. For CR3022-AF647, cells were washed
three times in PBS and foci were visualized on an ELISPOT reader
(CTL). For CR3022-biotin, cells were washed three times in PBS and
avidin-HRP was added for 1 hour at room temperature followed by
three washes in PBS. Foci were visualized using TrueBlue HRP
substrate (KPL, # 5510-0050) and imaged on an ELISPOT reader
(CTL). Antibody neutralization was quantified by counting the number
of foci for each sample using the Virodot program.23 The neutralization
titers were calculated as follows: 1 – (ratio of themean number of foci in
the presence of sera and foci at the highest dilution of the respective
sera sample). Each specimen was tested in duplicates. Samples that
did not neutralize at the limit of detection at 50%were plotted at 12 and
were used for geometric mean calculations.

Statistical Analysis

Statistical analysis was conducted using Graphpad Prism V9 and R 4.1.2.
For all analyses, the significance level was set at P , .05, two-tailed.
Descriptive statistics were performed to tabulate patients’ demographic
and clinical characteristics by COVID vaccine type. Frequency, percent-
age, mean, and standard deviation or median with the interquartile range
were reported on the basis of the data structure of variable. Statistical
differences were assessed by group using one-way analysis of variance,
Kruskal-Wallis test, student’s t-test, or Mann-Whitney test for continuous
variables and chi-square or Fischer’s exact test for categorical variables.
The strength of association between laboratory biomarkers was tested with
the Pearson or Spearman test. Further univariate analysis was conducted
with simple linear regression on patients’ assays collected in the study.
Appropriate statistical tests were selected by validity of assumptions of the
variables in analyses. The plots of the residuals (Q-Q plots) from each
variable were used to examine whether the parametric or nonparametric
statistical test would be used. Multiple comparison is accounted for by
using Dunn’s or Tukey test on the basis of the selected statistical test and
validity of assumptions. Antibody responses after booster were analyzed
using linear models with log of antibody as the dependent variable and
time as a categorical independent variable.Models were fit using packages
censReg, lme4, and lmec and the R programming language. Repeated
measures were handled by including individual-level intercepts as random
effects, and neutralizing titers , 20 were treated as left censored.
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TABLE A1. Antibody Response to SARS-CoV-2 mRNA Vaccine

Antigen

Binding Antibody Titer (log10)

Healthy (n 5 53)a NSCLC (n 5 54)a P b

SARS CoV-2 spike (IgG) 5.46 (5.28-5.53) 4.94 (4.54-5.31) , .001

SARS CoV-2 RBD (IgG) 5.06 (4.86-5.23) 4.67 (4.17-5.01) , .001

SARS CoV-2 NTD (IgG) 3.51 (3.35-3.70) 2.94 (2.35-3.45) , .001

SARS CoV-2 spike (IgA) 4.18 (3.55-4.61) 3.34 (2.81-3.74) , .001

SARS CoV-2 RBD (IgA) 3.96 (3.29-4.35) 3.02 (2.52-3.41) , .001

SARS CoV-2 NTD (IgA) 3.81 (2.69-4.14) 2.46 (2.03-2.90) , .001

SARS CoV-2 spike (IgM) 2.99 (2.83-3.47) 2.47 (2.14-3.02) , .001

SARS CoV-2 RBD (IgM) 3.03 (2.76-3.31) 2.54 (2.12-2.94) , .001

SARS CoV-2 NTD (IgM) 1.77 (1.52-2.21) 1.28 (0.88-1.74) , .001

Abbreviations: IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; NSCLC, non–small-cell lung cancer; NTD, N-terminal domain;
RBD, receptor-binding domain.

aMedian (interquartile range).
bWilcoxon rank-sum test.

TABLE A2. Characteristics by Vaccine Among Patients With Non–Small-Cell Lung Cancer
Variable Overall (n 5 53)a,b Moderna (n 5 17)b Pfizer (n 5 36)b P c

Sex .57

Female 31 (58) 9 (53) 22 (61)

Male 22 (42) 8 (47) 14 (39)

Age, years 70 (63-73) 64 (58-72) 71 (65-74) .071

Race .41

African American/Black 15 (29) 4 (25) 11 (31)

Asian 3 (5.8) 2 (12) 1 (2.8)

White 34 (65) 10 (62) 24 (67)

Smoking history 33 (67) 9 (60) 24 (71) .47

Stage, four levels .42

I/Ia/Ib 1 (2.0) 1 (6.7) 0 (0)

II/IIa/IIb 3 (6.1) 0 (0) 3 (8.8)

III/IIIa/IIIb 12 (24) 4 (27) 8 (24)

IV/IVa/IVb 33 (67) 10 (67) 23 (68)

Chemotherapy 21 (47) 9 (60) 12 (40) .20

Immunotherapy 29 (64) 9 (60) 20 (67) .66

Targeted therapy 11 (24) 3 (20) 8 (27) .73

Immunotherapy 1 chemotherapy 13 (29) 4 (27) 9 (30) . .99

aPatients with missing COVID-19 vaccine were removed from table.
bNo. (%); median (interquartile range).
cPearson’s chi-squared test, Wilcoxon rank-sum test, and Fisher’s exact test.
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TABLE A3. Characteristics by Vaccine Among Healthy Controls
Variable Overall (n 5 52)a,b Moderna (n 5 20)b Pfizer (n 5 32)b P c

Sex .17

Female 33 (63) 15 (75) 18 (56)

Male 19 (37) 5 (25) 14 (44)

Age, years 35 (30-45) 35 (30-46) 35 (30-44) .96

Race .84

African American/Black 6 (12) 3 (15) 3 (9.4)

Asian 16 (31) 6 (30) 10 (31)

White 30 (58) 11 (55) 19 (59)

aPatients with missing COVID-19 vaccine were removed from the table.
bNo. (%); median (interquartile range).
cPearson’s chi-squared test, Wilcoxon rank-sum test, and Fisher’s exact test (comparison of vaccine responses).

TABLE A4. Comparative Analysis of Antibody Response After Booster Vaccination
Time Point Comparison P (binding response) P (neutralizing response)

WT prebooster v 5-60 days
postbooster

, .001 , .001

WT 5 to 60 days v 60-110 days
postbooster

.04 .02

Omicron prebooster v 5-60 days
postbooster

, .001 , .001

Omicron 5 to 60 days v 60-110 days
post booster

.004 .001

Abbreviation: WT, wild type.
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