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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of coronavirus disease
2019 (COVID-19), has high morbidity in individuals receiving cellular therapies.1,2 Immunization with the
messenger RNA (mRNA) vaccines, BNT16b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna), is
immunogenic and reduces severe COVID-19 in the general population,3,4 but there are limited data in
individuals receiving chimeric antigen receptor T-cell therapy (CAR-Tx).3,4 A few studies5-11 demon-
strated low humoral immunogenicity after CAR-Tx, and, to our knowledge, there are no data evaluating
retention of pre-established SARS-CoV-2 vaccine–induced immunity after CAR-Tx. We evaluated
humoral and cellular immunogenicity of up to 3 mRNA SARS-CoV-2 vaccinations after CAR-Tx and
retention of pre-established SARS-CoV-2 immunity after CAR-Tx.

We prospectively enrolled adults aged ≥18 years with B-cell malignancies who were planning to or
already had received CD19-, CD20-, or B-cell maturation antigen–targeted CAR-Tx and SARS-CoV-2
mRNA vaccinations; participants who had received CAR-Tx were in remission. Healthy control par-
ticipants are detailed in the supplement. This study was approved by the Fred Hutchinson Cancer
Center Institutional Review Board and was conducted in accordance with the Declaration of Helsinki.

In the pre–CAR-Tx cohort, blood was obtained ≥2 weeks after a second mRNA vaccine and ~30 and
~90 days after CAR-Tx (supplemental Figure 1). In the post–CAR-Tx cohort, blood was obtained before
vaccination and ≥2 weeks after second and third vaccinations; patients had not received prior SARS-
CoV-2 vaccines. We tested samples for antispike (S) protein immunoglobulin G (IgG) with a semi-
quantitative total antibody assay (Roche Elecsys Anti-SARS-CoV-2 S), antinucleocapsid (N) IgG
(Architect SARS-CoV-2 IgG), and neutralizing antibodies with a D614G SARS-CoV-2 S pseudotyped
lentivirus neutralization assay.11 We immunophenotyped B cells with flow cytometry for CD19+ B cells
and SARS-CoV-2 S-specific B cells. We assessed cellular immunity with an interferon gamma enzyme-
linked immune absorbent spot (ELISPOT) assay (T-SPOT Discovery SARS-CoV-2; Oxford Immunotec,
Abingdon, United Kingdom).12 All samples collected after second and third vaccinations were tested; in
the pre–CAR-Tx cohort, post–CAR-Tx samples were tested if prior samples had positive results for the
relevant assay (supplemental Table 1). Details are provided in the supplement.

We computed Spearman rank correlations between humoral and cellular response measurements
using per-individual mean values. We computed receiver operating characteristic curves using anti-S
IgG as a continuous marker and an outcome of detection of neutralizing antibodies. To explore pre-
dictors of immunogenicity in the post–CAR-Tx cohort, we generated scatterplots of anti-S IgG titers
and ELISPOT results stratified by clinical and immunologic characteristics.
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Table 1. Baseline demographics and clinical characteristics of the pre– and post–CAR-Tx cohorts (N = 45)

Baseline characteristics

Cohort

Pre–CAR-Tx (n = 21) Post–CAR-Tx (n = 24)

Age, y (range) 67 (41-84) 59 (39-81)

Sex, n (%)

Male 14 (66.7) 15 (62.5)

Race, n (%)

White 19 (90.5) 24 (100)

Disease, n (%)

Lymphoma 16 (76.2) 15 (62.5)

ALL 0 1 (4.2)

CLL 0 2 (8.3)

MM 3 (14.3) 6 (25.0)

WM 2 (9.5) 0

Target, n (%)

CD19 15 (71.4) 16 (66.7)

CD20 3 (14.3) 2 (8.3)

BCMA 3 (14.3) 6 (25.0)

CAR-Tx type, n (%)

Commercial 16 (76.2) 6 (25.0)

Investigational 5 (23.8) 18 (75.0)

Vaccine type, n (%)

mRNA-1273 6 (28.6) 12 (50.0)

BNT162b2 15 (71.4) 12 (50.0)

IgG level, median (IQR), mg/dL* — 458 (363-552)

CD-19+ B cells, median (IQR), cells/mL* — 17 (0-160)

CD-4+ T cells, median (IQR), cells/mL* — 345 (219-559)

Time from second vaccine to sample collection, mo,
median (IQR)

4.1 (1.9-5.4) 2.0 (0.7-2.4)

Time from CAR-Tx to second vaccination, mo,
median (IQR)

−4.3 (−5.9 to −2.4) 19.0 (10.5-29.2)

Time interval between first and second vaccination,
d, median (IQR)

21 (21-28) 28 (21-29)

Time interval between second and third vaccination,
d, median (IQR)

— 142 (117-206)†

ALL, acute lymphoblastic leukemia; BCMA, B-cell maturation antigen; CLL, chronic lymphocytic leukemia; IQR, interquartile range; MM, multiple myeloma; WM, Waldenström
macroglobulinemia.
*Obtained at the time of the first prevaccine blood draw.
†Among 15 individuals who received a third dose.
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We enrolled 45 adults who received SARS-CoV-2 mRNA vacci-
nations and CAR-Tx (Table 1). Three individuals received
intravenous immunoglobulin within 2 months of a sample collection
as described in the supplement.

Twenty-one participants received 2 vaccine doses, a median of
4 months (IQR, 2-6 months) before receiving CAR-Tx. One had
anti-N antibodies before CAR-Tx, and 2 had anti-N antibodies at
either 30 or 90 days after CAR-Tx; data from these time points
were excluded from summary statistics. Before CAR-Tx, 10 of
20 (50%) individuals had anti-S IgG, and 2 of 20 (10%) developed
neutralizing antibodies (Figure 1A-B). Among 5 individuals with
pre–CAR-Tx anti-S IgG detection with available post–CAR-Tx
samples, 3 remained positive by day 30 and 2 remained positive at
day 90; median titers were stable. Two of 20 (10%) individuals had
1850 RESEARCH LETTER
detectable SARS-CoV-2 S-specific memory B cells before CAR-Tx,
both of whom also had anti-S IgG responses; neither
maintained these cells after CAR-Tx. (supplemental Figure 2). In
addition, 6 of 19 (32%) individuals had SARS-CoV-2–specific T-cell
responses (Figure 1C). T-cell responses waned at day 30 after
CAR-Tx (0 of 3) but recovered by day 90 in 2 out of 2 individuals
who were tested at day 90. Among individuals with positive results,
median anti-S IgG titers were 2.2 log10 lower than in healthy control
participants but T-cell responses were similar. Overall, SARS-CoV-2
vaccination elicited humoral and/or cellular responses in 13 of 20
(65%) individuals before CAR-Tx.

Twenty-four individuals received 2 vaccine doses a median of
19 months (IQR, 11-29 months) after CAR-Tx, and 15 individuals
received a third dose; for 23 participants, samples collected after
9 MAY 2023 • VOLUME 7, NUMBER 9
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Figure 1. Humoral and cellular responses by cohort. (A) Anti-S IgG assay results by cohort. (B) Neutralizing antibody assay results by cohort. (C) ELISPOT T-cell assay

results by cohort. The blue diamonds represent the pre–CAR-Tx cohort, the orange circles represent the post–CAR-Tx cohort, and the green triangles represent control

samples. Black horizontal bars represent median values among those with a positive result. Open symbols and dashed lines represent individuals who developed

antinucleocapsid (N) antibodies and were excluded from median titer calculations on detection of anti-N antibodies. In the pre–CAR-Tx cohort, 1 individual had detectable anti-N

antibodies before CAR-Tx, 1 at 30 days after CAR-Tx, and 1 at 90 days after CAR-Tx. In the post–CAR-Tx cohort, 2 individuals became anti-N positive after the third vaccine

dose. Dashed lines in black represent the positive cutoff values for each test. Results were log10(x + 1) transformed for figures and before analyses.
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second vaccination were available. Thirteen of 23 (57%) had
detectable anti-S IgG, of whom all except 1 individual developed
neutralizing antibodies (Figure 1A). Except for 2 individuals who
developed anti-N antibodies, anti-S IgG titers increased in most
of the 7 individuals with detectable anti-S IgG who received third
vaccinations, and 3 of 5 (60%) individuals with no initial response
seroconverted in the absence of intercurrent SARS-CoV-2
infection. SARS-CoV-2 S-specific memory B cells were detect-
able in 4 of 23 (17%) individuals, and all 4 also had anti-S IgG
responses (supplemental Figure 2). In addition, 12 of 21 (57%)
9 MAY 2023 • VOLUME 7, NUMBER 9
individuals developed SARS-CoV-2–specific T-cell responses,
with a slight increase in median responses after a third dose; 2 of
3 (67%) individuals with no initial response developed new T-cell
responses in the absence of intercurrent SARS-CoV-2 infection
(Figure 1C). After a third vaccine, individuals with prior humoral
and cellular responses achieved titers similar to healthy control
participants. Overall, SARS-CoV-2 vaccination after CAR-Tx eli-
cited humoral and/or cellular responses in 19 of 23 (83%) indi-
viduals after 2 doses and in 11 of 13 (85%) individuals after
3 doses.
RESEARCH LETTER 1851
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Among all 45 individuals, anti-S IgG and neutralizing antibodies
were highly correlated (supplemental Figure 3A). An anti-S IgG titer
of ≥95 AU/mL after 2 vaccine doses had a sensitivity of 93% and
specificity of 100% for the presence of neutralizing antibodies
(supplemental Figure 3C). There was limited correlation between
anti-S IgG and T-cell responses (supplemental Figure 3B). Finally,
detection of SARS-CoV-2 S-specific memory B cells correlated
with anti-S IgG responses, but many individuals without detectable
S-specific memory B cells also had anti-S IgG (supplemental
Figure 4).

There were no strong associations between clinical or laboratory
parameters and humoral or cellular responses in the post–CAR-Tx
cohort (supplemental Figure 5). However, only 1 of 7 (14%) indi-
viduals vaccinated with 2 doses within 12 months of CAR-Tx
developed anti-S IgG but 4 of 7 (57%) of these individuals had
T-cell responses. Humoral response rates were higher among
individuals vaccinated with 2 doses >12 months after receiving
CAR-Tx (anti-S IgG detected in 12 of 16, 75%), but T-cell
responses were similar (8 of 14, 57%). Notably, positive and
negative humoral and cellular responses were observed in indi-
viduals with low and high CD19+ total and S-specific naïve B cells,
CD4+ T cells, and IgG.

We demonstrate humoral and/or cellular responses in 65%, 83%,
and 85% of individuals before and after CAR-Tx, and after a third
vaccine, respectively, with responses similar to healthy control par-
ticipants after a third vaccine dose among responders. Pre-
established SARS-CoV-2–specific immunity appeared preserved
and/or recovered in the first few months after CAR-Tx. These find-
ings are within the range reported by other studies, which demon-
strate humoral responses in 11% to 76% of CAR-Tx recipients after
2 mRNA SARS-CoV-2 vaccines.11,13,14 One study reported an
antibody response, T-cell response, or both in 36%, 50%, and 57%
of individuals, respectively.7 Nonetheless, limited immunogenicity, or
lack thereof, supports the importance of re-vaccination after CAR-Tx
in participants who have not yet received CAR-Tx, and vaccination
with more than 2 doses in all recipients of CAR-Tx.

We identified strong correlation between anti-S IgG and neutral-
izing antibodies, and an anti-S IgG titer ≥95 AU/mL with the Roche
Elecsys assay was highly predictive of a neutralizing antibody
response. A substantial proportion of individuals without antibody
responses developed T-cell responses, which may provide pro-
tection against severe diseases.15

Overall, clinical and immunologic variables were poor biomarkers
for predicting vaccine response. Key observations were that low
levels of total IgG, CD19+ B cells, and CD4+ T cells did not pre-
clude antibody responses. Similarly, although most patients with
S-specific naïve B cells before vaccination had a humoral
response, many patients without detectable levels of these cells
also responded, underscoring the limitations of using peripheral
blood to assess immunocompetence.

The primary limitation of this study was the relatively small cohort,
although this is one of the larger studies to date assessing mRNA
SARS-CoV-2 vaccine responses after CAR-Tx, and to our knowl-
edge, the only study assessing retention of previously established
SARS-CoV-2 immunity after CAR-Tx. Additional limitations
included the small sample size of individuals who were vaccinated
1852 RESEARCH LETTER
within 12 months after CAR-Tx, heterogeneity in the timing of
vaccine and sample collection in both cohorts, the relatively low
response rates in the pre–CAR-Tx cohort, which limited assess-
ments of retention of SARS-CoV-2 immunity after CAR-Tx, and that
most individuals received CD19/20-targeted CAR-Tx for lym-
phoma. It is expected that immune responses to variants of
concern are lower than depicted here, although this study provides
direct insights into SARS-CoV-2 vaccine responses and general
vaccine immunogenicity concepts in recipients of CAR-Tx. An
ongoing CIBMTR (SC21-07) and BMT CTN (2101) study will
provide additional insights with a larger sample size. Together,
these data support current guidelines for SARS-CoV-2 vaccination
in individuals with hematologic malignancies with repeat vaccina-
tion as early as 3 months after CAR-Tx.16,17
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