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TO THE EDITOR:
Immunocompromised patients who develop COVID-19 infection
have worse outcomes [1, 2]. Patients with hematological
malignancies (HM) who receive hematopoietic cell transplantation
(HCT) or chimeric antigen receptor T-cell (CAR-T) therapy are at a
higher risk for infections due to lymphodepletion chemotherapy,
B cell aplasia, and cytopenias. COVID-19-attributable mortality
rates have been shown to be as high as 41% among CAR-T
recipents [3, 4].
Though current data are limited to small studies, vaccine

responses are blunted among HCT and CAR-T recipients [5–7]. In
our previous review, we reported a pooled humoral response to
primary vaccination series of 31% among 40 CAR-T recipients in
5 studies [5]. We also observed that BCMA-directed CAR-T patients
might mount superior vaccine responses compared to recipients
of CD19-directed CAR-T therapy.
The novel finding that target antigen and CAR-T-related factors

can influence vaccine responses prompted us to reexamine these
phenomena in a larger cohort as well as the impact of booster
vaccine doses. Overall, we aimed to characterize better the
determinants of vaccine responses for optimal intervals, vaccine
types, number of doses, and the potential impact of CAR-T target
antigen on seroconversion.
We conducted a comprehensive electronic search of Medline

(Ovid), Scopus, Web of Science, Cochrane databases, and preprint
servers starting the date when the first SARS-CoV-2 vaccine
received emergency use authorization (EUA) on 11 December
2020 to 1 March 2022. We also manually searched studies
reporting SARS-CoV-2 vaccine responses in CAR-T recipients.
Further study methodology, including the full search strategy,
PRISMA flowchart, study selection, outcomes definition, risk-of-
bias assessment, and statistical analyses, are provided in
Supplementary Materials S1-3.
The search overview, humoral response assessments, quality of

studies, and risk of bias are detailed in Supplementary Materi-
als S4–6. Eighteen studies reported humoral vaccine responses in
236 CAR-T recipients (Table 1). Fifteen of these studies included
181 fully vaccinated patients who completed the primary
vaccination series. A primary vaccination regimen included either
2 doses of the BNT162b2, mRNA1273, or ChAdOx1 nCoV-19
vaccines, or a single dose of the JNJ-78436735 vaccine. Four
studies included humoral responses to a third or fourth dose of
either the BNT162b2 or mRNA1273 vaccines in 55 patients
(Supplementary Materials S10) [5]. The humoral response assess-
ment platforms and antibody assays are outlined in Table 1.

The pooled humoral response rate was 28.2% (61/236) (95% CI,
19.5–38.8%, I2= 43%) among all 18 studies (Fig. 1). The vaccine
response rate among patients who only completed their primary
vaccine series, without a third or a fourth dose, was 29.4% (50/181)
(95% CI, 19.4–41.8%, I2= 50%) across 15 studies. The pooled
seroconversion rate after receiving a third or fourth vaccine dose
was 24.3% (11/55) (95% CI, 10.4–47%, I2= 0%), reported in
4 studies (Supplementary Materials S7). Subgroup analysis
comparing the recipients of a primary series of SARS-CoV-2
vaccines compared to third or fourth doses was not suggestive of
a difference in humoral response rate with additional vaccine
doses (p= 0.453) (Fig. 1).
When stratified by CAR-T target antigen, recipients of any CD19-

directed CAR-T, including dual-targeting CAR-T products, had an
overall humoral response rate of 22.8% (25/130) (95% CI,
15.7–32%, I2= 19%) to primary series across 9 studies (Supple-
mentary Materials S8 and S10). On subgroup analysis restricted to
CAR-T products that exclusively target CD19, the pooled humoral
response rate was 19.3% (18/112) (95%CI, 12.6–28.4%, I2= 10%)
based on data from 8 studies (Supplementary Materials S9).
There was a significant difference in humoral response rates

between recipients of CD19-directed CAR-T and BCMA- or CD138-
directed CAR-T therapy recipients (p= 0.003). Multiple myeloma
(BCMA- or CD138-directed) CAR-T recipients had a pooled vaccine
response rate of 73.2% (20/28) (95% CI, 52.1-87.2%, I2= 29%) across
4 studies (Supplementary Materials S8). When subgrouping only
patients who received BCMA-targeting CAR-T therapy exclusively,
the response rate was 71.9% (16/23) (95% CI, 48.9–87.3%, I2= 51%)
from 3 studies (Supplementary Materials S9).
This systematic review and meta-analysis estimate diminished

humoral response rate among CAR-T therapy recipients. Irrespec-
tive of CAR-T construct, number of vaccine doses, or underlying
disease, the pooled humoral response rate was 28.2% across
18 studies. Stratifying seroconversion rates by CAR-T target
antigen demonstrated significantly blunted vaccine response
rates in patients who received CD19-directed therapy (19.3%)
compared to recipients of BCMA-directed products (71.9%).
Though data are limited, booster doses of SARS-CoV-2 vaccines
likely have a similar seroconversion rate in CAR-T patients [8].
Notably, most of these patients initiated their vaccinations
6 months after CAR-T (Table 1).
Despite the low seroconversion rates of additional vaccine

doses reported in Dahiya et al., Abid et al., and Ram et al. (2022),
our results suggest that boosters can be successful in CAR-T
recipients in a targeted manner. As proposed by Tamari et al., who
associated lower rates of seroconversion with a shorter interval of
cellular therapy to vaccination, it is plausible that initial non-
responders, who seroconverted after an additional vaccine dose,
partly responded due to enhanced immune reconstitution with
additional elapsed time from cellular therapy [9]. While we could
not examine the impact of the CAR-T therapy and vaccination due
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to lack of granular data, Ram et al. (2021) reported that increased
duration after allogeneic HCT to vaccination was a positive
predictor of seroconversion to SARS-CoV-2 vaccination [7].
Currently, the American Society of Hematology (ASH) and the
American Society of Transplantation and Cellular Therapy (ASTCT)
also recommend that patients with HM, including HCT and CAR-T
recipients, wait 3 or more months after cellular therapy before
receiving a SARS-CoV-2 vaccine.
Interestingly, these results diverge from our initial hypothesis

that BCMA+ CAR-T recipients are less likely to seroconvert in
response to SARS-CoV-2 vaccines compared to recipients of
CD19+ CAR-T cells [4]. Though both therapies eliminate antibody-
producing B-cells, preservation of CD19+ populations may be
critical in mounting humoral immune responses to SARS-CoV-2
vaccines, as suggested by the lower seropositivity rates among
CD19-directed CAR-T recipients. Interestingly, CD19+ naïve B-cells
and plasmablasts are essential to SARS-CoV-2 vaccine immuno-
genicity in immunocompromised hosts [10]. Conversely, BCMA-
targeting therapies eliminate mature plasma cells responsible for
long-term immunity [11]. While targeting BCMA eliminates
preexisting immunity from vaccinations before CAR-T therapy, it
may be less disruptive to post-treatment immunity than CD19-
directed treatment.
The consequences of prolonged corticosteroids (cumulative

exposure) on SARS-CoV-2 vaccine responses have been reported
in patients with HM and those undergoing HCT (Supplementary

Materials S10) [4, 6]. Both corticosteroid and immunomodulator
usage has consistently been demonstrated to increase the risk of
infections while diminishing vaccine responses [12].
Although the results are hypothesis-generating for larger-scale

prospective studies, our study has several limitations. The CAR-T
studies have significant heterogeneity that can be attributed to
differences in antibody assays, and variable definitions of
seroconversion that make direct comparisons between studies
challenging. Other notable differences included variability in
vaccine type, underlying disease, timing of vaccination post-CAR-
T, intervals between vaccine doses and response assessment,
previous/current oncological therapy, and limited reported clinical
data. Additionally, we were unable to examine the association of B
cell aplasia, partial B cell recovery, immunoglobulin administration,
or T cell responses due to a lack of data in the original studies.
Overall, we synthesized available data and provided working

knowledge of SARS-CoV-2 vaccine responses among CAR-T
recipients stratified by construct targets and booster doses. As
CAR-T recipients maintain remission with prolonged cytopenias
and hypogammaglobulinemias, novel strategies are needed to
prevent severe infections among this profoundly immunocom-
promised group. Among CD19+ CAR-T recipients, additional
vaccine doses may not render adequate protection; hence,
monoclonal antibodies may be utilized earlier during illness.
Despite the persistently low response rates following third and
fourth vaccine doses, the fact that previous vaccine non-
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Fig. 1 Pooled humoral response rates to SARS-CoV-2 primary vaccination series and additional doses in CAR-T recipients. The Forest plot
shows that the pooled humoral response rate was 28.2% (95%CI, 19.5-38.8%, I2=43%) among all 18 studies. The vaccine response rate among
patients who only completed their primary vaccine series, without a third or a fourth dose, was 29.4% (95%CI, 19.4-41.8%, I2=50%) across
15 studies. After receiving a third or fourth vaccine dose, the pooled seroconversion rate was 24.3% (95%CI, 10.4-47%, I2=0%), reported in
4 studies (S7).
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responders can successfully seroconvert supports their continued
administration. In this regard, larger prospective vaccine studies
are needed to determine optimal vaccine dosing strategies for
CAR-T recipients.
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