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This single-center, retrospective study analyzed vaccine responses in patients who received post-Chimeric Antigen Receptor (CAR)
T-cell therapy vaccination between 2018 and 2024. Vaccinations were administered according to EBMT/CIBMTR recommendations
and pathogen-specific IgG responses to 12 vaccine-preventable infections were assessed. Seroprotection was defined by
established cut-offs or a significant fold increase in titers. A total of 73 patients that had not received intravenous immunoglobulins
within the eight weeks prior to pre- or post titer were included. The median time to vaccination initiation was 13 months (range
6–66) post-CAR T. Pre and post-vaccination titers were available for 49 patients. Pre-vaccination seroprotection was high (> 85%) for
tetanus and poliovirus. Among patients not seroprotected prior to vaccination, vaccine response rates were high for tetanus and
polio (100%), moderate for diphtheria (75%) and haemophilus influenzae type b (62%), and lower for pertussis (48%), hepatitis A
(43%), hepatitis B (44%), and pneumococcal disease (33%). CD19 CAR T recipients had higher pre-vaccination seroprotection rates
than BCMA recipients, but vaccine responses did not differ significantly between groups. Pre-vaccination IgA levels were
significantly associated with vaccine response, and absolute B-cell counts trended higher among responders (p= 0.054). Our
findings highlight the importance of immune reconstitution in vaccine responses post-CAR T.
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INTRODUCTION
Infections are frequent, associated with significant morbidity and
are the leading cause of non-relapse mortality following CAR T-cell
therapy [1–6]. Patients treated with CAR T-cell therapy have a
multifactorial immune deficiency resulting from the underlying
disease, preceding antitumor therapies, and CAR T-cell therapy-
related factors including lymphodepleting chemotherapy and “on-
target/off-tumor” depletion of non-malignant B cells expressing
the CAR T-cell targets [7]. After CD19 CAR T-cell therapy, CD19 + B
cell aplasia is nearly universal and may persist for years [8]. CD19 is
highly expressed in naïve and memory B cells, whereas expression
is absent or reduced in certain types of plasma cells. After BCMA
CAR T-cell therapy, there is a specific depletion of plasma cells
expressing BCMA, however BCMA is not expressed on earlier B cell
subsets. Thus, CD19 versus BCMA CAR T-cell recipients have
distinct humoral deficiencies.
Vaccination is one of the key tools for infectious prevention, but

there are limited data on vaccine immunogenicity post CAR T and

the best strategy or timing for initiating vaccination after
treatment are not well established. The main data published
refers to the mRNA vaccines against COVID, with response rates
from 27 to 34% following primary vaccination (three doses)
among recipients of CD19 CAR [9, 10]. One study examined
responses to influenza vaccine in 26 recipients of CAR T-cell
therapy showing response rates of 35% [11].
Data on vaccine responses in patients receiving BCMA-targeted

therapies are limited to subsets in larger vaccine cohorts of
myeloma patients, where BCMA-directed therapies, mainly
bispecific antibody treatments, have been found to be predictors
of poor vaccine responses to COVID-19 mRNA vaccines [12–14].
Differences in immune defects resulting from CD19- and BCMA-
targeted therapy were elegantly illustrated by Walti et al. in a
study of 30 patients, where BCMA recipients were half as likely to
have preserved seroprotection rates against 12 common vaccine-
preventable infections post-CAR T-cell therapy compared with
CD19 CAR T-cell recipients [15]. However, when comparing

Received: 13 March 2025 Revised: 19 May 2025 Accepted: 17 June 2025

1Adult Bone Marrow Transplant Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY, USA. 2Department of Hematology, Sahlgrenska
University Hospital, Gothenburg, Sweden. 3Department of Epidemiology and Biostatistics, Memorial Sloan Kettering Cancer Center, New York, NY, USA. 4Department of Data &
Analytics, Memorial Sloan Kettering Cancer Center, New York, NY, USA. 5Cellular Therapy Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New York,
NY, USA. 6Department of Medicine, Weill Cornell Medical College, New York, NY, USA. 7Myeloma Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New
York, NY, USA. 8Lymphoma Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY, USA. 9Department of Medicine III, Hematology/Oncology,
LMU University Hospital, LMU Munich, Munich, Germany. 10Infectious Disease Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY, USA.
11These authors contributed equally: Gunjan Shah, Zainab Shahid. ✉email: shahidz@mskcc.org

www.nature.com/bcjBlood Cancer Journal

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-025-01321-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-025-01321-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-025-01321-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-025-01321-w&domain=pdf
http://orcid.org/0000-0003-4756-6805
http://orcid.org/0000-0003-4756-6805
http://orcid.org/0000-0003-4756-6805
http://orcid.org/0000-0003-4756-6805
http://orcid.org/0000-0003-4756-6805
http://orcid.org/0000-0002-6801-720X
http://orcid.org/0000-0002-6801-720X
http://orcid.org/0000-0002-6801-720X
http://orcid.org/0000-0002-6801-720X
http://orcid.org/0000-0002-6801-720X
http://orcid.org/0000-0002-0794-3226
http://orcid.org/0000-0002-0794-3226
http://orcid.org/0000-0002-0794-3226
http://orcid.org/0000-0002-0794-3226
http://orcid.org/0000-0002-0794-3226
http://orcid.org/0000-0003-1531-3838
http://orcid.org/0000-0003-1531-3838
http://orcid.org/0000-0003-1531-3838
http://orcid.org/0000-0003-1531-3838
http://orcid.org/0000-0003-1531-3838
http://orcid.org/0000-0003-1944-5053
http://orcid.org/0000-0003-1944-5053
http://orcid.org/0000-0003-1944-5053
http://orcid.org/0000-0003-1944-5053
http://orcid.org/0000-0003-1944-5053
http://orcid.org/0000-0002-3152-1189
http://orcid.org/0000-0002-3152-1189
http://orcid.org/0000-0002-3152-1189
http://orcid.org/0000-0002-3152-1189
http://orcid.org/0000-0002-3152-1189
http://orcid.org/0000-0001-9321-702X
http://orcid.org/0000-0001-9321-702X
http://orcid.org/0000-0001-9321-702X
http://orcid.org/0000-0001-9321-702X
http://orcid.org/0000-0001-9321-702X
http://orcid.org/0000-0002-0834-7880
http://orcid.org/0000-0002-0834-7880
http://orcid.org/0000-0002-0834-7880
http://orcid.org/0000-0002-0834-7880
http://orcid.org/0000-0002-0834-7880
http://orcid.org/0000-0001-8153-1820
http://orcid.org/0000-0001-8153-1820
http://orcid.org/0000-0001-8153-1820
http://orcid.org/0000-0001-8153-1820
http://orcid.org/0000-0001-8153-1820
http://orcid.org/0000-0002-2815-9561
http://orcid.org/0000-0002-2815-9561
http://orcid.org/0000-0002-2815-9561
http://orcid.org/0000-0002-2815-9561
http://orcid.org/0000-0002-2815-9561
http://orcid.org/0000-0001-5099-9156
http://orcid.org/0000-0001-5099-9156
http://orcid.org/0000-0001-5099-9156
http://orcid.org/0000-0001-5099-9156
http://orcid.org/0000-0001-5099-9156
http://orcid.org/0000-0002-2903-5130
http://orcid.org/0000-0002-2903-5130
http://orcid.org/0000-0002-2903-5130
http://orcid.org/0000-0002-2903-5130
http://orcid.org/0000-0002-2903-5130
http://orcid.org/0000-0002-9541-8666
http://orcid.org/0000-0002-9541-8666
http://orcid.org/0000-0002-9541-8666
http://orcid.org/0000-0002-9541-8666
http://orcid.org/0000-0002-9541-8666
http://orcid.org/0000-0003-3905-0251
http://orcid.org/0000-0003-3905-0251
http://orcid.org/0000-0003-3905-0251
http://orcid.org/0000-0003-3905-0251
http://orcid.org/0000-0003-3905-0251
http://orcid.org/0000-0001-9827-8032
http://orcid.org/0000-0001-9827-8032
http://orcid.org/0000-0001-9827-8032
http://orcid.org/0000-0001-9827-8032
http://orcid.org/0000-0001-9827-8032
http://orcid.org/0000-0002-5484-8731
http://orcid.org/0000-0002-5484-8731
http://orcid.org/0000-0002-5484-8731
http://orcid.org/0000-0002-5484-8731
http://orcid.org/0000-0002-5484-8731
http://orcid.org/0000-0002-5910-4571
http://orcid.org/0000-0002-5910-4571
http://orcid.org/0000-0002-5910-4571
http://orcid.org/0000-0002-5910-4571
http://orcid.org/0000-0002-5910-4571
http://orcid.org/0000-0002-9977-0456
http://orcid.org/0000-0002-9977-0456
http://orcid.org/0000-0002-9977-0456
http://orcid.org/0000-0002-9977-0456
http://orcid.org/0000-0002-9977-0456
http://orcid.org/0000-0002-6664-8243
http://orcid.org/0000-0002-6664-8243
http://orcid.org/0000-0002-6664-8243
http://orcid.org/0000-0002-6664-8243
http://orcid.org/0000-0002-6664-8243
https://doi.org/10.1038/s41408-025-01321-w
mailto:shahidz@mskcc.org


vaccine responses between CD19 and BCMA-targeted CAR T-cells
recipients, a recent study found superior COVID-19 mRNA-vaccine
response among recipients of BCMA-directed CAR T compared to
recipients of CD-19-directed CAR T [16].
While vaccinations have been recommended to reduce infec-

tion risk among CAR T-cell therapy recipients since the approval of
these therapies, few studies have systematically assessed immune
responses or evaluated the clinical efficacy of vaccination among
CAR T-recipients. A recent study found that 31% of infections post
BCMA CAR T-cell therapy are so called vaccine preventable [17],
highlighting the importance of studying vaccine responses
post CAR.
The aim of the current study was to investigate humoral

immunity and vaccine responses to 12 vaccine-preventable
infections in patients treated with CAR T-cell therapy.

METHODS
Patients and study design
All consecutive patients with lymphoma and myeloma treated with CAR
T-cell therapy at MSKCC from 2018 to 2024 were reviewed for study
inclusion. Patients eligible for this retrospective analysis included recipients
of a commercial CAR T product who had been vaccinated with one of the
vaccines of interest and had a pre-vaccine titer drawn. Patients who had
received intravenous immunoglobulin (IVIG) within eight weeks prior to
the pre- or post-vaccination titer were excluded. The pre-titer was drawn
prior to the first vaccine dose, no samples were available prior to CAR T.
All serological assessments included in this study were obtained as part of

routine clinical care. These results were retrospectively reviewed and
compiled for the purpose of the current analysis. As such, the number of
available samples varies between vaccine antigens, reflecting differences in
clinical testing practices, vaccine eligibility, and timing of patient follow-up.
Serological titers post vaccination were rechecked after the patient’s last

dose of each vaccine for a subgroup of patients. The vaccine schedule used
at MSKCC is shown in Supplementary Table 1. Permission to use clinical
and laboratory information was obtained from the Institutional
Review Board.

Vaccines and definitions of response
Institutional definitions of protective levels and thresholds for response are
defined in Supplemental Table 2 and are based on a combination of
published thresholds and manufacturer recommendations. All definitions
were set prior to study start and have been used in previous publications
[18–20] with minor modifications: removal of poliovirus 2 and since 2017,
and using 1.3 µg/mL, instead of 2.4 µg/mL, as the protective level against
serotypes of pneumococci.
The vaccination schedule used included three doses of pneumococcal

conjugate vaccines (13-valent, 15-valent, and or 20-valent), followed by a
booster dose 6-12 months after the primary series with either conjugate
vaccine or polysaccharide vaccine. Tetanus, diphtheria, pertussis (given as
Boostrix) three doses, vaccine against haemophilus influenza b (Hib) (three
doses), and three doses of inactivated polio vaccine (IPV). Patients were
also offered hepatitis B vaccines given as Twinrix (hepatitis A and B
combination) or hepatitis B recombinant vaccine, two doses, and
inactivated recombinant zoster-vaccine (Shingrix), two doses (Supplemen-
tal Table 1).
Commercially available serological tests from accredited laboratories

were implemented
and utilized at our institution, shown in Supplemental Table 3. For

analysis, patients were categorized as having a pneumococcal vaccine
response if they had a > 2-fold increase in over 70% of the shared
serotypes between the pneumococcal vaccines received. Baseline
seroprotection against pneumococci was based on reaching >1.3 mcg/
mL in 70% of the tested serotypes at baseline. The two different antibody
assays used to assess pneumococcal immunity, and an overview of what
serotypes are included in the different pneumococcal vaccines are shown
in Supplemental Table 4.
To facilitate analysis across the multiple vaccines administered to each

patient, we introduced a composite measure of vaccine response. Rather
than evaluating predictors of response to each antigen individually—
which would be limited by small sample sizes and multiple comparisons—
we categorized patients based on their overall pattern of serological
responses. Specifically, we defined global responders as patients who

mounted or retained immunity to all antigens tested, and non-responders
as those who failed to respond to two or more vaccines. Patients with
limited serological data (e.g., only one vaccine or incomplete data), or who
responded to all but one vaccine, were assigned a “no call” designation.
This classification allowed us to identify meaningful trends in immune
recovery without overinterpreting sparse or inconsistent data.

Immune parameters
Immune parameters were evaluated to characterize immune reconstitution
at the time of vaccination. We included values for total lymphocyte count
(ALC), CD4 + T cells, CD8 + T cells, CD19 + B cells, and IgA, G and M levels,
all of which were obtained as part of routine clinical care within the two
months prior to the first vaccine dose. If multiple measurements were
available within this window, we selected the one closest to the first
vaccination. These immune parameters were not derived from the same
blood samples used for vaccine serologies.

Statistics
Wilcoxon rank sum tests and Fisher’s exact tests were used to compare
BCMA and CD-19 groups in terms of patient characteristics, baseline
seroprotection, vaccine responses, geometric fold rise (GMFR), and post
geometric mean titers (GMTs). Wilcoxon signed rank tests and McNemar’s
tests were used to compare pre and post-GMTs, and binary results,
respectively. Wilcoxon rank sum tests and Fisher’s exact tests were used to
compare global responders vs. non –responders in terms of patient’s
characteristics.
Bonferroni correction was used for multiple testing. All analyses were

conducted using R version 4.4.2 with the tidyverse (v2.0.0) and gtsummary
(v2.0.4) packages 1-3.

RESULTS
Seroprotection pre-vaccination
Detailed patient characteristics of the 73 patients are shown in
Table 1. Pre-vaccination seroprotection rates were particularly low
for pertussis 20/68 (29%), haemophilus influenzae type b 16/69
(23%), and pneumococcal disease 0/66 (0%). Only 2/8 (25%) had
antibodies against measles, but titers were only performed in 8
patients. Pre-vaccination seroprotection was significantly better in
CD19 recipients compared to BCMA recipients for most antigens
tested, as shown in Fig. 1 and Table 2. In the BCMA group, 14/21
(67%) of patients were seroprotected against tetanus, 11/18 (61%)
against poliovirus type I, 12/18 (67%) against poliovirus type II, and
only 8/21 (38%) were seroprotected against diphtheria.

Vaccine responses to individual vaccines
Clinical characteristics of patients (n= 49) in whom before and
after titers are available were similar to the overall cohort
(Supplemental Table 5). Patients received a median of 3 (range
1–6) doses of vaccine between the pre- and post-titer, depending
on the antigen. Pre and post-vaccine titers are shown in Fig. 2. The
post titer was obtained at a median of 29 days (IQR 28–41) after
the last vaccine dose. Geometric mean titers (GMTs) were
significantly higher after vaccination compared to before, for
most tested antigens where GMT could be calculated (diphtheria,
haemophilus b, and pneumococcus) (Supplemental Table 6).
An overview of vaccine responses by antigen are shown in Table 3.
The range in number of vaccine doses received reflects

variation in clinical management, as some patients who remained
seronegative after the initial vaccine series received additional
booster doses. For each antigen, the post-vaccination titer was
based on the final serology obtained after the last documented
dose for each antigen.
The response rates among patients that were not protected

pre-vaccination varied between antigens, for polio: 20/20 (100%),
tetanus: 4/4 (100%), diphtheria: 9/12 (75%), pertussis: 11/23 (48%),
Haemophilus type b: 16/26 (62%), Pneumococcal: 7/21 (33%),
Hepatitis A: 4/7 (57%), Hepatitis B: 7/16 (44%) and varicella: 6/12
(50%). An overview of vaccine responses to different antigens is
shown in Fig. 3.
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Post-vaccination GMTs or the GMFR were not significantly
different between CD19 and BCMA patients, for any antigen
(Supplemental Table 7).
As multiple pneumococcal conjugate vaccines (PCV13, PCV15,

and PCV20) were administered over time—often in combination
within the same patient—vaccine response analyses were limited
to serotypes shared across the vaccines received, to allow for
consistent interpretation of serotype-specific antibody responses
across the cohort.

Global responses
Most patients evaluated for vaccine responses received vaccina-
tions against several different antigens. Patients were defined as
“global responders” if responding or having “retained immunity”
to all antigens tested (n= 18). Patients were defined as “non-
responders” if not responding to at least two of the vaccines
given (n= 17). Patients who received only one vaccine or did not
fit into the above groups (n= 14) were removed from the
comparison. No significant differences were observed in
responders (n= 18) vs non-responders (n= 17) in terms of age,
gender, CAR T-target, or months from CAR T to first vaccination.
For the immune reconstitution data, IgA-level prior to first
vaccination was significantly associated with vaccine responses
(p= 0.041). The absolute number of B-cells at baseline was
higher among responders compared to non-responders, but the
difference did not reach statistical significance after multiple
testing corrections (p= 0.054). CD4 counts at baseline were not
associated with vaccine responses. For an overview of immune
reconstitution in global responders vs. non-responders, see
Table 4.

DISCUSSION
We found higher seroprotection rates pre-vaccination among CD19-
directed CAR T-cell therapy recipients compared to those receiving
BCMA-targeted therapy, in accordance with previous studies [15].
However, vaccine response rates did not differ significantly between
CD19 and BCMA recipients. A substantial proportion of patients were
seroprotected pre-vaccination, complicating the assessment of
vaccine-induced responses. Most patients with pre-existing immunity
retained their immunity following vaccination. Among those non-
protected, humoral vaccines response rates varied considerably
between different antigens, but for some antigens (tetanus, hepatitis
A and B) the number of evaluable patients was relatively low. The
particularly low response rate to conjugate pneumococcal vaccines
(7/21= 33%) is concerning, as pneumococcal vaccination is a key
component of post-CAR T immunization strategies. While alternative
approaches, such as penicillin prophylaxis and IVIG exist, they have
distinct disadvantages, and their efficacy in this population remains
unproven.
Among the immune markers assessed, IgA was the only parameter

significantly associated with vaccine response status. Although
absolute B-cell counts were numerically higher among global
responders, this difference was not statistically significant. Notably,
most clinicians defer vaccination until patients reach a CD4+ count
above 200 cells/µL and IgG above 500mg/dL, which may have led to
a more selectively immunoreconstituted cohort at the time of
vaccination, potentially impacting the observed associations.
The significant association with IgA may reflect its role as a

marker of broader B-cell recovery and functional immune
reconstitution. Unlike serum IgG, which can be influenced by
passive immunoglobulin replacement, IgA is primarily produced

Table 1. Demographic and Clinical Characteristics of the participants.

Baseline characteristics All patients
(n= 73)

CD19
(n= 51)

BCMA
(n= 22)

P-value1

Age 66 (30–85) 65 (30–85) 68 (46–77) 0.80

Sex 0.44

Male 43 (59%) 32 (63%) 11 (50%)

Female 30 (41%) 19 (37%) 11 (50%)

Ethnicity 0.23

Not Hispanic or Latino 65 (96%) 46 (98%) 19 (90%)

Hispanic or Latino 3 (4%) 1 (2%) 2 (10%)

Missing 5 4 1

Disease

Non-Hodgkin lymphoma 51 (69%) 51 (100%) 0

Plasma cell disease2 22 (30%) 0 22 (100%)

Lymphodepletion regimen 0.078

Cyclophosphamide/Fludarabine 59 (81%) 41 (80%) 18 (82%)

Bendamustine 12 (16%) 10 (20%) 2 (9%)

Cyclophosphamide 2 (3%) 0 2 (9%)

Prior HCT 30 (41%) 9 (18%) 21 (95%)

Autologous/Allogeneic3 30/4 9/2 21/2

Vaccination prior to CAR4 20 (27%) 3 (6%) 17 (77%) < 0.01

Nr of treatment lines prior to apheresis 3 (1–11) 2 (1–7) 6 (3–11) < 0.01

Time from CAR to first vaccine dose (months) 13 (6–64) 15 (6–74) 9 (6–21) < 0.01

Treatment given post CAR-T5 17 (24%) 11 (22%) 6 (27%) >0.99

IVIG post CAR-T at any point6 22 (30%) 17 (33%) 5 (23%) 0.41
1By Wilcoxon or Fisher’s exact test, 2One patient with amyloidosis, remaining had multiple myeloma, 3Three patients had both auto-HCT and allo-HCT
preceding CAR-T, 4Defined as: documentation of at least two conjugate pneumococcal vaccine doses, two doses of Tdap and one dose of Hib. Influenza was
not included as it was often administered outside of MSKCC, 5Systemic treatment including chemotherapy or immunomodulatory drugs, 6Refers to any
immunoglobulin replacement therapy post CAR-T.
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by reconstituting plasma cells and may serve as a more dynamic
indicator of vaccine readiness. Notably, expert recommendations
have suggested using IgA levels to guide vaccination timing post-
CAR T [21], as the presence of IgA implies successful class

switching and B-cell maturation. Class switching from IgM to IgG
and IgA is a key feature of humoral recovery, indicating not only
B-cell presence but also functional differentiation, necessary for
vaccine responsiveness.

Table 2. Seroprotection pre-vaccination.

All patients CD19 BCMA P-value1

Diphtheria (n= 70)

Protected, n (%) 49 (70%) 41 (84%) 8 (38%) 0.003

Tetanus (n= 69)

Protected, n (%) 61 (88%) 47 (98%) 14 (67%) 0.006

Polio I (n= 64)

Protected, n (%) 56 (88%) 45 (98%) 11 (61%) 0.003

Polio 3 (n= 64)

Protected, n (%) 58 (91%) 46 (100%) 12 (67%) 0.002

Pertussis (68)

Protected, n (%) 20 (29%) 20 (43%) 0 (0%) 0.001

Pneumococcus (n= 66)

Protected, n (%) 0 (0%) 0 (0%) 0 (0%)

Haemophilus B (n= 63) 16 (23%) 14 (29%) 2 (10%) 0.071

Varicella (n= 64)

Protected, n (%) 43 (67%) 39 (85%) 4 (22%) <0.001

Hepatitis A (n= 64)

Protected, n (%) 31 (48%) 25 (56%) 6 (32%) >0.99

Hepatitis B (n= 63) 19 (30%) 15 (34%) 4 (21%) >0.99

Measles (n= 8)

Protected, n (%) 2 (25%) 2 (25%) ND

Mumps (n= 8)

Protected, n (%) 5 (62%) 5 (62%) ND

Rubella (n= 8)

Protected, n (%) 3 (38%) 3 (38%) ND
1By Fisher’s exact test. Bonferroni correction for multiple testing. ND; not done.

Fig. 1 Seroprotection at baseline pre-vaccination separated by CAR T target in n= 73 patients.
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No patient in the study was seroprotected against pneumococcus
pre-vaccination, despite some patients (n= 20) having received a full
vaccination schedule, including several pneumococcal conjugate
vaccine doses, following prior autologous hematopoietic cell
transplantation (auto-HCT). Since most of these patients had

myeloma and had been vaccinated before CAR T therapy, it is
conceivable that the lack of immunity may be specifically due to the
depletion of plasma cells by BCMA CAR T-treatment. However,
samples collected prior to CAR T-therapy, which were unfortunately
not available, could have provided further clarification on this issue.

Fig. 2 Antibody levels prior to and after vaccination in CD19 and BCMA-recipients.
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Another potential explanation for this observation may be the
immunoparesis observed in myeloma patients. Alternatively, the
specific types of previous treatment lines may contribute to the
disease-specific differences in seroprotection rates, as more myeloma
patients had received CD38-targeting antibodies, autologous HCT, or
BCMA/GPRC5D-directed bispecific antibodies.
As BCMA CAR T-recipients were less likely to be seroprotected

against most antigens prior to vaccination, earlier or more
intensive vaccination strategies may be justified in this population.
This consideration is particularly relevant for patients with travel
plans or in other settings with increased exposure risk, such as a
local outbreak of vaccine-preventable disease.
Given the lack of data, practices for vaccination post-CAR T vary

between centers, with some centers adapting the schedule from
the stem cell population, some centers awaiting immunological
milestones, some centers checking serology pre and post-
vaccination and some centers not offering basic immunization
[22]. Thus, different approaches to vaccination post-CAR T have
been proposed. According to the recent ASTCT guidelines, it is
recommended to assess serological responses both pre and post-
vaccination to tailor immunization strategies [23], while Reynolds
et al. propose an abbreviated vaccination schedule modeled on
that used following hematopoietic stem cell transplantation [21].
Both approaches offer distinct advantages and disadvantages,
with the former focusing on individualized monitoring and the
latter prioritizing a simplified implementation. The retrospective
nature of our study precludes us from providing definitive clinical
recommendations. However, the particularly low seroprotection
rates pre-vaccination in BCMA recipients, as well as in both groups
for pneumococcus, warrant clinical attention.
The timing of vaccination post-CAR T-cell therapy remains a

clinical challenge. On one hand, delaying vaccination until full
immune reconstitution may optimize vaccine responsiveness. On
the other hand, postponing immunization increases the period
during which patients remain vulnerable to severe infections. The
urgency of vaccination may also vary depending on the pathogen.
For infections such as tetanus, diphtheria, polio and pertussis
where the primary goal is long-term protection and herd
immunity provides an additional layer of defense, a more cautious
approach to vaccination timing may be justified. However, for
pathogens like Streptococcus pneumoniae, Influenza, SARS-CoV-2,
Respiratory syncytial virus (RSV) and Varicella-zoster, where the risk
of severe infection is high [24–26] and protection relies primarily
on individual immunity, it may be beneficial to vaccinate earlier,
even if responses are suboptimal. Striking a balance between
these factors is crucial, and identifying immune markers predictive
of vaccine responsiveness, such as IgA levels and the extent of
B-cell aplasia, could aid in determining the optimal timing of
vaccination.
The current study has some limitations. T-cell-mediated

immunity was not assessed, which may play an essential role in
vaccine responses, particularly in B-cell-depleted patients. Given
that humoral responses are often impaired following CAR T
therapy, T-cell immunity could provide an alternative mechanism
of protection. Previous studies have suggested that T-cell
responses may compensate for diminished antibody production
in immunocompromised individuals [9, 27]. However, evaluating
T-cell responses remains challenging due to the high cost, labor-
intensive nature, and lack of standardized assays for functional
T-cell testing. Further limitations of the present study were its
retrospective nature with relatively small patient numbers. The
study cohort only consisted of patients who were considered
eligible for vaccination by their treating clinician. Patients with
ongoing severe infections, relapse, immunomodulating therapy,
or those who had not achieved immunological milestones were

Table 3. Vaccine responses by vaccine and CAR-T target in patients
(total n= 49) where pre-and post-titers were available for at least one
antigen.

Vaccine Overall CD19 BMCA

Diphtheria (n= 29)

Number of vaccine doses1 3 (1–4) 3 (1–4) 3 (1–3)

Retained immunity2 16 (55%) 15 (75%) 1 (11%)

Responder3 9 (31%) 3 (15%) 6 (67%)

Non-responder4 4 (14%) 2 (10%) 2 (22%)

Haemophilus type B (n= 33)

Number of vaccine doses 3 (1–4) 3 (1–4) 3 (1–3)

Retained immunity 6 (18%) 6 (26%) 0

Responder 16 (49%) 11 (48%) 5 (50%)

Non-responder 11 (33%) 6 (26%) 5 (50%)

Pneumococcus (n= 21)

Number of vaccine doses 3 (1-6) 3 (1–6) 3 (1–3)

Retained immunity 0 0 0

Responder 7 (33%) 5 (38%) 2 (25%)

Non-responder 14 (67%) 8 (62%) 6 (75%)

Tetanus (n= 29)

Number of vaccine doses 3 (1–4) 3 (1–4) 3 (1–3)

Retained immunity 25 (86%) 20 (100%) 5 (56%)

Responder 4 (14%) 0 4 (44%)

Non-responder 0 0 0

Polio 1 and 3 (n= 30)

Number of vaccine doses 3 (1–4) 3 (1–4) 3 (1–3)

Retained immunity 10 (33%) 9 (41%) 1 (12%)

Responder 20 (67%) 13 (59%) 7 (88%)

Non-responder 0 0 0

Varicella (n= 40)

Number of vaccine doses 2 (1–2) 2 (1–2) 2 (1–2)

Retained immunity 27 (68%) 26 (90%) 1 (9%)

Responder 6 (15%) 1 (3%) 5 (45%)

Non-responder 7 (18%) 2 (7%) 5 (45%)

Pertussis (n= 32)

Number of vaccine doses 3 (1–4) 3 (1–4) 3 (1–3)

Retained immunity 8 (25%) 8 (35%) 0

Responder 11 (34%) 8 (35%) 3 (33%)

Non-responder 13 (41%) 7 (30%) 6 (67%)

Hepatitis A (n= 16)

Number of vaccine doses 2 (1–3) 3 (1–3) 2 (1–2)

Retained immunity 9 (56%) 9 (75%) 0

Responder 4 (25%) 2 (17%) 2 (50%)

Non-responder 3 (19%) 1 (8%) 2 (50%)

Hepatitis B (n= 22)

Number of vaccine doses 2 (1–5) 2 (1–5) 2 (1–2)

Retained immunity 6 (27%) 6 (43%) 0

Responder 7 (32%) 3 (21%) 4 (50%)

Non-responder 9 (41%) 5 (36%) 4 (50%)
1Between the pre- and post-titer, median (min-max), 2Immune both pre-
and post- vaccination, 3Non-immune pre-vaccination but immune post
vaccination, 4Non-immune both pre- and post-vaccination or lost
immunity: immune pre-vaccination but non-immune post-vaccination.
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often excluded from vaccination. Therefore, our data are most
applicable to CAR T recipients who are clinically stable and
progressing well.
Furthemore, the VZV serological testing was performed using

commercially available IgG assays commonly used in clinical
practice, which do not specifically measure glycoprotein E (gE)-
directed antibodies. As a result, the reported seroprotection rates
may reflect immunity from either prior infection or vaccination, as
the assay does not distinguish between the two.
To our knowledge, this is the first study to evaluate vaccine

responses post-CAR T beyond COVID-19 and influenza, providing
novel insights into immunity against a broader range of
pathogens. The availability of detailed immune reconstitution

parameters allowed for a comprehensive analysis of factors
influencing vaccine responses in this population.

CONCLUSIONS
Pre-vaccination seroprotection was higher among CD19 CAR
T-recipients for nearly all antigens; however, vaccine responses
did not differ significantly between BCMA and CD19 CAR
T-recipients. The timing of vaccination post-CAR T therapy was
not associated with response status; instead, immune recon-
stitution played a key role. Higher IgA levels were associated
with better vaccine responses, and B-cell counts trended higher
among responders (p= 0.054). Our findings highlight the

Table 4. Immune reconstitution data pre-vaccination in responders vs non-responders.

Immune variables Overall
(n= 35)

Global responder
(n= 18)

Global non-responder
(n= 17)

P-value1

Absolute lymphocyte count (cells/mm3) 799 (114–3029) 793 (467–3029) 799 (114–3000) 0.92

Absolute CD-4+ T-cell count (cells/mm3) 246 (94–1000) 175 (98–673) 238 (43–1062) 0.84

Absolute CD-8+ T-cell count (cells/mm3) 196 (9–1848) 205 (71–1848) 158 (9–1522) 0.64

CD-19+ B-cell count (cells/mm3) 97 (0–780) 143 (37–780) 7 (0–477) 0.054

Immunoglobulin A (mg/dL) 31 (9–323) 49 (12–323) 9 (9–78) 0.041

Immunoglobulin G (mg/dL) 559 (109–985) 593 (220–985) 523 (109–892) >0.99

Immunoglobulin M (mg/dL) 39 (16–78) 53 (8–174) 25 (5–234) 0.18
1Wilcoxon rank sum exact test with Bonferroni correction for multiple testing.

Fig. 3 Vaccine responses by CAR T target.
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importance of immune recovery in vaccine efficacy post-CAR T.
Further prospective studies are warranted, ideally incorporating
T-cell assays to better define cellular immune responses in this
population.

DATA AVAILABILITY
The datasets generated during the current study are available from the correspond-
ing author upon reasonable request.
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