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Abstract
Background:Compared to the general population, cancer patients are at higher
risk of morbidity and mortality following SARS-CoV-2 infection. The immune
response to a two-dose regimen ofmRNA vaccines in cancer patients is generally
lower than in immunocompetent individuals. Booster doses may meaningfully
augment immune response in this population. We conducted an observational
study with the primary objective of determining the immunogenicity of vac-
cine dose three (100 μg) of mRNA-1273 among cancer patients and a secondary
objective of evaluating safety at 14 and 28 days.
Methods: The mRNA-1273 vaccine was administered ∼7 to 9 months after
administering two vaccine doses (i.e., the primary series). Immune responses
(enzyme-linked immunosorbent assay [ELISA]) were assessed 28 days post-dose
three. Adverse events were collected at days 14 (± 5) and 28 (+5) post-dose three.
Fisher exact or X2 tests were used to compare SARS-CoV-2 antibody positivity

Abbreviations: ACIP, Advisory Committee on Immunization Practices; BTK, Bruton’s tyrosine kinase; CAR-T, chimeric antigen receptor T-cell;
COVID-19, coronavirus disease 2019; ELISA, enzyme-linked immunosorbent assay; GMTs, geometric mean titers; HM, hematologic malignancies; IgA,
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rates, and paired t-tests were used to compare SARS-CoV-2 antibody geometric
mean titers (GMTs) across different time intervals.
Results: Among 284 adults diagnosed with solid tumors or hematologic
malignancies, dose three of mRNA-1273 increased the percentage of patients
seropositive for SARS-CoV-2 antibody from 81.7% pre-dose three to 94.4% 28 days
post-dose three. GMTs increased 19.0-fold (15.8-22.8). Patients with lymphoid
cancers or solid tumors had the lowest and highest antibody titers post–dose
three, respectively. Antibody responses after dose three were reduced among
those who received anti-CD20 antibody treatment, had lower total lympho-
cyte counts and received anticancer therapy within 3 months. Among patients
seronegative for SARS-CoV-2 antibody pre-dose three, 69.2% seroconverted after
dose three. A majority (70.4%) experienced mostly mild, transient adverse reac-
tions within 14 days of dose three, whereas severe treatment-emergent events
within 28 days were very rare (<2%).
Conclusion: Dose three of the mRNA-1273 vaccine was well-tolerated and aug-
mented SARS-CoV-2 seropositivity in cancer patients, especially those who did
not seroconvert post–dose two or whose GMTs significantly waned post–dose
two. Lymphoid cancer patients experienced lower humoral responses to dose
three of the mRNA-1273 vaccine, suggesting that timely access to boosters is
important for this population.

KEYWORDS
Cancer, Coronavirus disease 2019, Immunogenicity, Observational study, Vaccination

1 INTRODUCTION

Patients diagnosed with cancer are at higher risk of mor-
bidity and mortality following SARS-CoV-2 infection than
the general population [1]. We and others have previously
demonstrated that immune responses following two doses
of a COVID-19 vaccine induce highly variable SARS-CoV-2
antibody seroconversion rates, with lower geometric mean
titers (GMTs) in this population than in healthy adults
[2–9]. Generally, there is strong evidence supporting the
waning clinical efficacy of an initial series of COVID-19
vaccination at approximately 6 months, an observation
that may relate to reduced duration of humoral response,
particularly in older adults [10, 11]. Within the cancer
patient population specifically, loss of or reduction in
humoral response following the initial series of COVID-19
vaccinationmay be evenmore pronounced [12]. These data
suggest that patients diagnosed with cancer could benefit
from dose three of the COVID-19 vaccine.
We previously conducted an observational study to

evaluate the safety and immunogenicity of a two-dose
regimen of 100 μg of mRNA-1273 vaccine (Moderna) in
cancer patients diagnosed with solid tumors and hema-
tologic malignancies (HM) [2]. In a follow-up to this, we

conducted a second observational study with the primary
objective of determining the immunogenicity of dose three
of the mRNA-1273 vaccine in cancer patients. Herein,
we report on both immunogenicity and safety results
through day 28 after dose three. In this report, we also
describe a sub-cohort of cancer patients who participated
in both observational studies, allowing for an immune
response assessment after each of the three vaccine
doses.

2 METHODS

2.1 Subject eligibility and consent

All cancer patients enrolled in this observational study
(n= 284) had a documented history of previously receiving
two doses of mRNA-1273 approximately one month apart
between January andMarch of 2021 atMoffitt Cancer Cen-
ter (MCC; Tampa, Florida, United States of America). A
subset of patients (n = 130) also had participated in an
earlier study of a two-dose regimen, in which seroconver-
sion (to SARS-CoV-2 antibody positivity) and SARS-CoV-2
GMTs pre-vaccination and post-vaccine doses one and
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two were available for analysis, henceforth referred to as
Cohort 1 [2]. Other analyzed cohorts included the sub-
set of patients who were SARS-CoV-2 antibody-negative
prior to dose 3 and the subset of patients who remained
antibody-negative following dose 3. Key eligibility criteria
included: (1) 18 years of age or older; (2) documented can-
cer history; (3) completed two mRNA-1273 vaccine series
prior toMarch 31, 2021; and (4) had no known or suspected
allergy or history of anaphylaxis, urticaria, or other signif-
icant adverse reaction to the vaccine or its excipients. The
study was approved by the Advarra Institutional Review
Board (IRB) per protocol Pro00056961. All patients pro-
vided written informed consent. This study followed the
STrengthening the Reporting of OBservational Studies in
Epidemiology (STROBE) reporting guidelines.

2.2 Study procedures and data
collection

A third 100 μg dose of mRNA-1273 was administered
intramuscularly to each patient between October and
December 2021. Dose three administration was consistent
with emergency use authorization published by theUnited
States Federal Drug Administration on August 12, 2021,
for a third 100 μg dose to be administered at least 28
days following the two-dose regimen, which was issued
two months prior to the start of the study enrolment. For
the purposes of determining the primary study objective
(immunogenicity), serum samples were collected imme-
diately prior to administration of dose three and on day
28 post–dose three (+ 14 days). For the secondary objec-
tive, safety data were collected 14 days (±5) and 28 days
(+14 days) post-vaccination using a standardized question-
naire administered by staff interview of vaccine recipients
(Supplementary Materials). Data collected included local
and systemic reactions and serious adverse events. In addi-
tion, an electronic health record review was conducted for
all patients to validate patient-reported adverse events and
to determine any laboratory-defined adverse events within
this timeframe (28 days+ 14 days after vaccine dose three).

2.3 Assay for SARS-COV-2 antibody
detection and quantification

The enzyme-linked immunosorbent assay (ELISA) used to
assess immunogenicity has been previously described [2].
The human SARS-COV-2 serology standard provided by
the Frederick National Laboratory (National Institute of
Health) was used to quantify GMTs. The assay’s limit of
detection (above which was defined as a positive result)
was calculated as the mean optical density of pooled

negative control sera plus 3 standard deviations. Themean
concentration at the limit of detection was 25 AU/mL.

2.4 Statistical analysis

Descriptive statistics (proportions and frequencies for cat-
egorical variables and medians [ranges] for continuous
variables) were used to summarize patient characteristics.
The primary study objective was to assess immunogenicity
following dose three of the mRNA-1273 vaccine. To enable
a quantitative estimate of an immune response, antibody-
negative patients were assigned an imputed value of 12.5,
which was halfway between 0 and the assay’s detec-
tion limit (25 AU/mL). Binding antibody IgG geometric
mean titers (GMTs) and their 95% confidence intervals
were calculated based on log10-transformed titers and t-
distribution, then transformed back to the original scale.
The 95% confidence intervals of fold change were calcu-
lated based on the t-distribution of the difference in the
log10-transformed titers, then transformed back to the orig-
inal scale. Fisher exact or x2 tests were used to compare
SARS-CoV-2 antibody positivity rates across patient char-
acteristics; the Fisher exact test was used when any of the
cell counts were <5. The Kruskal-Wallis test was used to
evaluate the association between SARS-CoV-2 GMTs and
patient characteristics. Paired t-tests were used to compare
SARS-CoV-2 GMTs ∼7 to 9 months after dose two to levels
29 days after dose three. Observations with missing data
were removed from the analyses. All analyses were per-
formed using SAS, version 9.4 (SAS Institute, Inc) and R
software, version 4.0.2 (R Foundation for Statistical Com-
puting). Two-sided P < 0.05 was considered statistically
significant.

3 RESULTS

3.1 Patient characteristics

Baseline characteristics of the entire population and
Cohort 1 are depicted in Table 1. A total of 284 patients
diagnosed with cancer were included in the study, among
whom 157 (55.3%)were diagnosedwithHMand 127 (44.7%)
with solid tumor malignancies. All received dose three
of mRNA-1273 between August 24, 2021, and December
17, 2021, ∼7 to 9 (median of 7.4) months after the sec-
ond dose. The median age of participants at the time of
dose three was 67 years, and 46.5% were female; 90.8% of
patients were White, 5.3% were Black, and 7.0% were His-
panic. Only 2 of the overall study participants (n = 284)
reported SARS-CoV-2 infection prior to receipt of dose 3 of
mRNA-1273.
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TABLE 1 Study population demographics of all cancer study patients and cohort 1 sub-population.

Characteristics
All cancer patients
(n = 284)

Cohort 1 sub-population¶

(n = 130)
n (%) n (%)

Time interval (months) from the second dose to
dose three (median, range)

7.4 (6.8-9.0) 7.4 (6.9-9.0)

Age group (median age 67 years)
≤67 years 145 (51.1) 73 (56.2)
>67 years 139 (48.9) 57 (43.8)

Gender
Male 152 (53.5) 68 (52.3)
Female 132 (46.5) 62 (47.7)

Ethnicity
Hispanic 20 (7.0) 5 (3.8)
Non-Hispanic 264 (93.0) 125 (96.2)

Race
White 258 (90.8) 124 (95.4)
Black 15 (5.3) 4 (3.1)
Asian 3 (1.1) 1 (0.8)
Other 8 (2.8) 1 (0.8)

Primary patient category
Hematological malignancies 157 (55.3) 82 (63.1)
Myeloid disorders 38 (24.2) 19 (23.2)
Lymphoid disorders 67 (42.7) 35 (42.7)
Plasma cell disorders 52 (33.1) 28 (34.1)

Solid tumors 127 (44.7) 48 (36.9)
Disease status
Previously untreated 23 (8.1) 7 (5.4)
Remission 171 (60.2) 95 (73.1)
Relapse/refractory/stable disease 90 (31.7) 28 (21.5)

Lymphocyte counta

>1 × 109/L 152 (65.0) 67 (67.0)
≤1 × 109/L 82 (35.0) 33 (33.0)

Among Plasma Cell Disorders
IgG levela

<700 mg/dL 28 (56.0) 16 (59.3)
≥700 mg/dL 22 (44.0) 11 (40.7)

IgA levela

<70 mg/dL 26 (52.0) 14 (51.9)
≥70 mg/dL 24 (48.0) 13 (48.1)

IgM levela

<40 mg/dL 40 (80.0) 20 (74.1)
≥40 mg/dL 10 (20.0) 7 (25.9)

Received anticancer therapy within 3 monthsb

No 160 (56.3) 75 (57.7)
Yes 124 (43.7) 55 (42.3)

Small moleculesc

No 227 (79.9) 98 (75.4)
Yes 57 (20.1) 32 (24.6)

(Continues)
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GIULIANO et al. 5

TABLE 1 (Continued)

Characteristics
All cancer patients
(n = 284)

Cohort 1 sub-population¶

(n = 130)
n (%) n (%)

Anti-CD20 antibodies within 6 months
No 273 (96.1) 124 (95.4)
Yes 11 (3.9) 6 (4.6)

Anti-CD38 antibodies within 6 months
No 270 (95.1) 120 (92.3)
Yes 14 (4.9) 10 (7.7)

Patients treated with cellular therapy
No 243 (85.6) 104 (80.0)
Yes 41 (14.4) 26 (20.0)

Patients treated with cellular therapy type
Allo-HSCT any time prior to vaccination 22 (53.7) 14 (53.8)
Auto-HSCT within the past 24 months 13 (31.7) 8 (30.8)
CD19 CAR-T any time prior to vaccination 5 (12.2) 3 (11.5)
BCMA CAR-T any time prior to vaccination 1 (2.4) 1 (3.8)

BTK inhibitors
No 278 (97.9) 129 (99.2)
Yes 6 (2.1) 1 (0.8)

Line of systemic therapy to date
0 67 (23.6) 23 (17.7)
1 115 (40.5) 54 (41.5)
≥2 102 (35.9) 53 (40.8)

SARS-CoV-2 infection prior to vaccine dose 1
Yes 1 (0.4) 1 (0.8)
No/unknown 283 (99.6) 129 (99.2)

aAll lab assessments were within 3 months before dose three of the vaccine, and 17.6% of total patients had missing lymphocyte count data. Among patients with
plasma cell disorders, 3.8% had missing IgG values, 3.8% had missing IgA values, and 3.8% had missing IgM values.
bAnti-androgen and anti-estrogen hormonal therapies were not considered anticancer therapy for this study.
cSmall molecules include tyrosine kinase inhibitors, proteasome inhibitors, lenalidomide, pomalidomide, and venetoclax.
¶The 3-dose cohort includes the subset of patients who had safety and immunogenicity data after doses 1, 2, and 3.

In total, 60.2% of allHMand solid tumor patientswere in
remission, and 65.0% had a lymphocyte count>1× 109/mL
at the time of receipt of dose three of the vaccine (Table 1).
Among the 157 patients diagnosed with HM, 24.2% had
myeloid disorders, 42.7% had lymphoid disorders, and
33.1% had plasma cell disorders/malignancies.

3.2 Adverse events

Dose three of mRNA-1273 was generally well tolerated
(Table 2). Themost common adverse event reportedwithin
14 days (± 5 days) and 28 days (+14 days) of dose three
was mild injection site pain (reported by 51.1% and 5.6%
of patients 14- and 28-days post–dose three, respectively).
The next most common adverse events 14 days post–dose
three included mild tiredness (18.0%), injection site red-

ness/hardness (12.7%), and mild headache (12.3%). There
were only 4 patients (1.4%) with protocol-defined severe
adverse events, none of which were deemed related to the
vaccine. No treatment-emergent laboratory adverse events
were observed.

3.3 Serum antibody concentrations
increase after vaccine dose three

Overall, 81.7% of patients diagnosed with cancer were
SARS-CoV-2 antibody seropositive ∼7 to 9 (median of 7.4)
months after vaccine dose two, with seropositivity rang-
ing from 64.2% for lymphoid cancer patients to 89.8% for
solid tumor cancer patients (Table 3). Twenty-eight days
post–dose three, 94.4% of all study patients were seropos-
itive, with percentages ranging from 82.1% for lymphoid
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TABLE 2 Solicited local and systemic adverse events (AE) within 14 days and 28 days of receipt of dose 3 (n = 284).

No. patients (%)
Characteristics Day 14 (+5 days) Day 28 (+14 days)
Any symptoms 200 (70.4) 38 (13.4)
Fever 44 (15.5) 7 (2.5)
Injection site pain
Mild 145 (51.1) 16 (5.6)
Mild-Moderate 26 (9.2) 3 (1.1)
Moderate 4 (1.4) 0 (0)
Severe 0 (0) 0 (0)

Arm swelling
Mild 22 (7.7) 2 (0.7)
Mild-Moderate 10 (3.5) 1 (0.4)
Moderate 0 (0) 0 (0)
Severe 0 (0) 0 (0)

Injection site redness/hardness
Mild 36 (12.7) 4 (1.4)
Mild-Moderate 7 (2.5) 1 (0.4)
Moderate 1 (0.4) 0 (0)
Severe 0 (0) 0 (0)

Chills
Mild 26 (9.2) 3 (1.1)
Mild-Moderate 10 (3.5) 0 (0)
Moderate 11 (3.9) 1 (0.4)
Severe 0 (0) 0 (0)

Tiredness
Mild 51 (18.0) 6 (2.1)
Mild-Moderate 37 (13.0) 5 (1.8)
Moderate 17 (6.0) 3 (1.1)
Severe 0 (0) 0 (0)

Headache
Mild 35 (12.3) 3 (1.1)
Mild-Moderate 7 (2.5) 4 (1.4)
Moderate 8 (2.8) 1 (0.4)
Severe 0 (0) 0 (0)

Chest pressure/discomfort
Mild 0 (0) 0 (0)
Mild-Moderate 1 (0.4) 0 (0)
Moderate 0 (0) 0 (0)
Severe 0 (0) 0 (0)

Dyspnoea/shortness of breath
Mild 4 (1.4) 0 (0)
Mild-Moderate 0 (0) 0 (0)
Moderate 0 (0) 0 (0)
Severe 0 (0) 0 (0)

(Continues)
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TABLE 2 (Continued)

No. patients (%)
Characteristics Day 14 (+5 days) Day 28 (+14 days)
Palpitations (fast/irregular heartbeat)
Mild 5 (1.8) 0 (0)
Mild-Moderate 1 (0.4) 0 (0)
Moderate 0 (0) 0 (0)
Severe 0 (0) 0 (0)

Joint pain/aches
Mild 13 (4.6) 0 (0)
Mild-Moderate 9 (3.2) 3 (1.1)
Moderate 6 (2.1) 1 (0.4)
Severe 0 (0) 0 (0)

Nausea
Mild 12 (4.2) 0 (0)
Mild-Moderate 3 (1.1) 0 (0)
Moderate 2 (0.7) 0 (0)
Severe 0 (0) 0 (0)

Swelling of lymph node under injection arm
Mild 4 (1.4) 0 (0)
Mild-Moderate 3 (1.1) 1 (0.4)
Moderate 1 (0.4) 0 (0)
Severe 0 (0) 0 (0)

Muscle pain/aches
Mild 15 (5.3) 2 (0.7)
Mild-Moderate 11 (3.9) 2 (0.7)
Moderate 9 (3.2) 1 (0.4)
Severe 0 (0) 0 (0)

Other 32 (11.3) 5 (1.8)

Participant-reported severity was assessed as: Mild: aware of but easily tolerated; Mild-Moderate: discomfort enough to cause interference with usual activities;
Moderate: incapacitating, unable to work or do activities; Severe: requires emergency room visit or hospitalization.

cancer patients to 99.2% for solid tumor cancer patients.
Overall, the GMT increased from 330.0 AU/mL pre–dose
three to 6263.2 AU/mL post–dose three, a 19-fold (range,
15.8-22.8) titer increase. No differences in response to vac-
cine dose three were observed by age or gender (Table 3).
As shown in Figure 1, pre–dose three and post–dose
three antibody titers were highly variable among patients
diagnosed with solid tumors as well as those with HM.
Regardless of initial titer prior to dose three, all patient
groups demonstrated a≥10-fold increase in titer post–dose
three (ranging from 10.5-fold for lymphoid patients to 25.5-
fold for solid tumor patients). No difference in GMTs was
observed based on the patient’s disease status (previously
untreated, in remission, or relapsed, refractory, or stable
disease).
GMTs post–dose three were significantly lower (P ≤

0.002) among patients who had received anticancer ther-
apywithin threemonths aswell as those treatedwith small

molecules, anti-CD20 antibodies, or anti-CD38 antibodies
within six months, and BTK inhibitors (Table 3). While no
significant difference in response to vaccine dose threewas
noted between those who received cellular therapy and
those who did not, it was notable that the 5 patients who
had received CD19 CAR-T any time prior to dose three had
very low GMTs pre– and post-dose three and showed only
a 1.4-fold increase in titer post–dose three. Among the 52
patients with plasma cell disorders, GMTs were positively
correlated to IgG, IgM, and IgA levels.

3.4 Serum antibody responses in
selected cohorts

Among the cohort of 130 patients from the original primary
vaccine trial who had sera data pre–dose one, post–dose
one, post–dose two, pre–dose three, and post–dose three,
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GIULIANO et al. 11

F IGURE 1 Comparison of antibody titers (ELISA) pre-dose 3- and one-month post-dose 3 by cancer type and type of hematological
malignancy.
Abbreviations: ELISA, enzyme-linked immunosorbent assay; HM, hematological malignancy.

TABLE 4 Percent SARS-CoV-2 antibody seropositive (95% CI) at each timepoint pre- and post-doses 1, 2, and 3 of the mRNA-1273vaccine
by cancer patient category among patients in the subcohort (Cohort 1) (n = 130).

Characteristics Pre-Dose 1 Post-Dose 1 Post-Dose 2 Pre-dose 3 Post-dose 3 n
Overall 0.8 (0.0-4.2) 71.5 (63.0-79.1) 90.8 (84.4-95.1) 84.6 (77.2-90.3) 95.4 (90.2-96.3) 130
Tumor type
Hematologic
malignancies

1.2 (0.0-6.6) 58.5 (47.1-69.3) 85.4 (75.8-92.2) 79.3 (68.9-87.4) 92.7 (84.8-97.3) 82

Myeloid disorders 0.0 36.8 (16.3-61.6) 100.0 (82.4-100.0) 94.7 (74.0-99.9) 100.0 (82.4-100.0) 19
Lymphoid disorders 2.9 (0.1-14.9) 57.1 (39.4-73.7) 68.6 (50.7-83.1) 65.7 (47.8-80.9) 82.9 (66.4-93.4) 35
Plasma cell disorders 0.0 75.0 (55.1-89.3) 96.4 (81.7-99.9) 85.7 (67.3-96) 100.0 (87.7-100.0) 28

Solid tumor 0.0 93.8 (82.8-98.7) 100.0 (92.6-100.0) 93.8 (82.8-98.7) 100.0 (92.6-100.0) 48

the percentage of seropositive patients (Table 4) and the
GMTs increased with administration of each additional
vaccine dose (Table 5, Figure 2). Vaccine dose three sig-
nificantly increased GMTs compared to pre-dose three
levels and led to significantly increased GMTs over what
was achieved after two vaccine doses. Although GMTs
dropped nearly 3-fold in the∼7 to 9 months between doses

two and three, administration of dose three resulted in
titers that were considerably higher 28 days after dose
three compared to 28 days post–dose two (ranging from
3.7- to 9.6-fold higher). Titers among lymphoid cancer
patients, who had the lowest response to the vaccine,
increased 4.7-fold between post–dose two and post–dose
three.
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F IGURE 2 Antibody titers over time among cancer patients in
the subcohort evaluated after each vaccine dose (Cohort 1) (n = 130)

Fifty-two patients were SARS-CoV-2 antibody seroneg-
ative prior to dose three; of them, 36 (69.2%) seroconverted
after dose three, while 16 (30.8%) did not. Notably, patients’
median age, racial/ethnic background, disease status,
IgG, IgA, and IgM levels, receipt of anticancer therapy
(chemo-, immune-, and radiation therapy) within three
months, small molecules, cellular therapy, anti-CD38 anti-
bodieswithin sixmonths, BTK inhibitor, or line of systemic
therapy to date were comparable between these two sub-
groups Supplementary Table S1). The differences reaching
statistical significance between these 2 groups were that
a higher proportion of non-seroconverting patients had
been treated with anti-CD20 antibodies within the last
six months (71.4%% and 24.4%, respectively), and a higher
proportion of non-seroconverting patients had hemato-
logic malignancies than solid tumors (38.5% and 7.7%,
respectively). The GMT of the 36 patients who serocon-
verted increased from 12.5 AU/mL prior to dose three
to 1906.5 AU/mL after dose three, a ∼153-fold increase.
The GMTs were considerably higher among the pre-
dose three positive patients (n = 232), resulting in a
strong but lower fold increase of 16.8 (687.3 and 11565.1
AU/mL, pre- and post-dose three, respectively) compared
to the pre-dose three seronegative patients (data not
shown)
Of the 16 patients who remained seronegative at day

+28 after receipt of dose three, 15 had HM (1 myeloid
disorder, 12 lymphoid disorders, and 2 plasma cell dis-
orders), and 1 was a solid tumor patient (Supplemen-
tary Table S1). Ten were in remission, while 6 had
relapsed, refractory, or stable disease. The total lymphocyte
count was lower among those who did not serocon-
vert after dose three, with 12 of the patients having a
count ≤1 × 109 mL within three months prior to dose
three.
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4 DISCUSSION

This is one of the largest studies to report on the adminis-
tration of dose three of the mRNA-1273 COVID-19 vaccine
to cancer patients. The data reported here suggest that
receipt of vaccine dose three is particularly beneficial to
cancer patients, especially those with hematologic malig-
nancies, most notably lymphoid cancer. Four weeks after
dose three of mRNA-1273, most patients showed a robust
response to the vaccine, with titers increasing 10.5- to 25.5-
fold depending on the type of cancer with which they were
diagnosed.
Assessment of the antibody response after vaccine dose

three by cancer type yielded several important addi-
tional observations. First, among the small subset of
patients who had no detectable antibodies prior to dose
three, nearly 70% seroconverted after vaccine dose three.
Administration of dose three not only led to seroconver-
sion among those with nondetectable antibody titers prior
to dose three but also led to substantially higher titers than
observed after the second vaccine dose. Second, patients
with HMhad lower antibody titers compared to those with
solid tumors, aligning with other data suggesting that vac-
cine responses are often diminished in patientswithHMas
a result of B-cell defects [13, 14]. Third, antibody responses
after dose threewere reduced in thosewith lower total lym-
phocyte counts (≤1 × 109 mL) as well as those who had
received anticancer therapy within 3 months (specifically
anti-CD20, CD38, and BTK inhibitors). A similar blunt-
ing of antibody response was previously observed based
on the type of therapy following the two-dose primary
series as well [2]. Finally, and perhaps most importantly,
despite waning humoral immunity observed following
the second vaccine dose, administration of vaccine three
dose restored antibody titers to higher levels than were
observed following the second vaccine dose, even among
lymphoid cancer patients (who had the lowest and slow-
est humoral response after each vaccine dose), suggesting
good immunologic memory. Several of these observations
have also been corroborated by other recent studies, in
which a majority of HM patients who were seronega-
tive prior to dose 3 seroconverted following dose 3 and
in which BTK inhibitors and anti-CD20 treatments were
associated with a blunted humoral response to dose three
[7, 15].
Among lymphoid cancer patients, the frequent and stan-

dard usage of B-cell–depleting therapies likely explains the
dampened humoral response to the mRNA-1273 vaccine.
In addition, such therapies are administered chronically
(e.g., BTK inhibitors) or have very long-acting B-cell
depleting properties (e.g., anti-CD20 antibodies), making
it likely that amajority of patientswith advanced lymphoid

cancers will experience a less robust humoral response to
COVID-19–directed vaccines. Interestingly, T-cell immune
responses may occur in a minority of patients lacking a
humoral response following the initial 2-dose COVID-19
vaccine series, yet the cellular response following vac-
cine dose three in such patients remains to be determined
[16, 17].
This study is one of the largest to report on safety follow-

ing COVID-19 vaccine dose three in cancer patients. Dose
three of mRNA-1273 in this population of cancer patients
was well tolerated. Adverse reactions, consisting primarily
of injection site reactions, fever and fatigue, were simi-
lar to those reported after two vaccine doses in this same
population [2] and were generally similar to the adverse
event profile observed in healthy adults after the first and
second doses and after a booster dose [18–21]. Notably,
the vast majority (90%) of treatment-emergent adverse
events occurred within 14 days (+5) of vaccine adminis-
tration, whereas severe adverse events were extremely rare
at either timepoint assessed, suggesting a low risk for sig-
nificantly delayed toxicities. Our safety results also appear
concordant with those observed in other small series of
patients with cancer or immunocompromised states (e.g.,
post-allogeneic transplantation) [22, 23].However, the data
suggest that longer-term follow-up following vaccine dose
three will be necessary to fully annotate the toxicity in this
population.
The use of a binding assay (enzyme-linked immunosor-

bent assay [ELISA]) as opposed to a neutralization assay
limited our ability to determine functional immunity
derived from vaccine dose three. Recent evidence, how-
ever, suggests that neutralizing antibody response occurs
among cancer patients following vaccine dose three,
including in patients with undetectable neutralizing anti-
bodies after 2 doses [15]. There were several other limi-
tations of our study as well. First, we did not determine
immunogenicity against different variants, including cur-
rent circulating sub-variants of Omicron. Second, because
vaccine efficacy was not directly assessed in this study
and no immune correlate of protection has been iden-
tified, we cannot infer protection following dose three
based on the titers observed in this study. While a protec-
tive effect following a 2-dose regimen in cancer patients
has been observed [24], and a recent observational study
also suggested a clinically protective effect following dose
three in cancer patients [25], threshold levels of antibody
titers associated with protection remain to be determined.
Third, the number of patients in each category receiving
specific therapies was lower for some analyses, thereby
limiting our ability to draw firm conclusions about vaccine
responses in certain patient subsets. Finally, the recom-
mendation to administer vaccine dose three as part of
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the priming series for immunocompromised individuals
as soon as 28 days after the second dose differs from the
duration between doses in this study. As such, the immune
responses observed in standard clinical practice may dif-
fer from those reported here. Important strengths of this
research include the large sample size, diverse population
of cancer patients with various underlying conditions and
cancer therapy received, and the ability to follow a large
cohort of 130 subjects through three successive vaccine
doses.
The results of this study highlight the value of a

three-dose primary series for cancer patients, as currently
recommended by the Advisory Committee on Immuniza-
tion Practices (ACIP) [26, 27]. Timely receipt of all three
doses for patients with HM, especially those receiving
immunosuppressive therapy and those with significantly
waned or absent humoral immunity prior to dose three,
is supported by our findings. The implications of failure
to seroconvert following dose three are unclear, but it
would seem reasonable to strongly consider such patients
for passive immunization or other preventive approaches.
With the arrival of variants of concern, including Omi-
cron, the ACIP has further revised its recommendations
to administer a fourth and fifth dose for immunocompro-
mised patients. Further research is needed to determine
the best timing for vaccine receipt among cancer patients
in relation to their cancer therapy regimen, the appropri-
ate interval between doses to obtain the optimal immune
response, and the ultimate clinical efficacy of additional
vaccine doses in cancer patients.
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