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ABSTRACT
Recipients of chimeric antigen receptor-modified T 
(CAR-T) cell therapies for B cell malignancies have 
profound and prolonged immunodeficiencies and are 
at risk for serious infections, including respiratory 
virus infections. Vaccination may be important for 
infection prevention, but there are limited data 
on vaccine immunogenicity in this population. We 
conducted a prospective observational study of the 
humoral immunogenicity of commercially available 
2019–2020 inactivated influenza vaccines in adults 
immediately prior to or while in durable remission 
after CD19-, CD20-, or B cell maturation antigen-
targeted CAR-T-cell therapy, as well as controls. We 
tested for antibodies to all four vaccine strains using 
neutralization and hemagglutination inhibition (HAI) 
assays. Antibody responses were defined as at least 
fourfold titer increases from baseline. Seroprotection 
was defined as a HAI titer ≥40. Enrolled CAR-T-cell 
recipients were vaccinated 14–29 days prior to 
(n=5) or 13–57 months following therapy (n=13), 
and the majority had hypogammaglobulinemia and 
cellular immunodeficiencies prevaccination. Eight 
non-immunocompromised adults served as controls. 
Antibody responses to ≥1 vaccine strain occurred in 2 
(40%) individuals before CAR-T-cell therapy and in 4 
(31%) individuals vaccinated after CAR-T-cell therapy. 
An additional 1 (20%) and 6 (46%) individuals had at 
least twofold increases, respectively. One individual 
vaccinated prior to CAR-T-cell therapy maintained 
a response for >3 months following therapy. Across 
all tested vaccine strains, seroprotection was less 
frequent in CAR-T-cell recipients than in controls. 
There was evidence of immunogenicity even among 
individuals with low immunoglobulin, CD19+ B 
cell, and CD4+ T-cell counts. These data support 
consideration for vaccination before and after 
CAR-T-cell therapy for influenza and other relevant 
pathogens such as SARS-CoV-2, irrespective of 
hypogammaglobulinemia or B cell aplasia. However, 
relatively impaired humoral vaccine immunogenicity 
indicates the need for additional infection-prevention 

strategies. Larger studies are needed to refine our 
understanding of potential correlates of vaccine 
immunogenicity, and durability of immune responses, 
in CAR-T-cell therapy recipients.

BACKGROUND
Chimeric antigen receptor-modified T 
(CAR-T) cell therapies are increasingly used 
to treat B cell-lineage lymphoma, leukemia, 
and multiple myeloma. CAR-T-cell recipi-
ents are immunocompromised from their 
underlying malignancy and prior antitumor 
treatments, in addition to CAR-T-cell therapy 
related factors including lymphodepleting 
chemotherapy and ‘on-target/off-tumor’ 
depletion of non-malignant B-lineage cells 
expressing the CAR-T-cell targets.1 2

Strategies to prevent infections after CAR-T-
cell therapy are not well established. Vaccina-
tion is a potentially cost-effective and durable 
approach to preventing infection or severe 
disease from relevant pathogens, but data 
regarding vaccine immunogenicity in CAR-T-
cell therapy recipients are limited.3–5

Respiratory tract infections, particularly 
with viruses, are the most common infec-
tious complication after CAR-T-cell therapy, 
and influenza has been reported as a cause 
of death.2 6 7 Thus, there is an urgent need 
to understand the utility of influenza vacci-
nation prior to and after CAR-T cell therapy, 
and to inform the broader question of vaccine 
immunogenicity in these patients.

We report the results of a prospective 
observational study of the humoral immuno-
genicity of the inactivated influenza vaccine 
(IIV) among CAR-T-cell therapy recipients 
vaccinated before or after CAR-T-cell therapy 
compared with controls.
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METHODS
Study design and participants
We approached all adults  ≥18 years planning to receive 
a 2019–2020 season IIV before or after CD19-, CD20- or 
B cell maturation antigen (BCMA)-CAR-T-cell therapy at 
Fred Hutchinson Cancer Center (Fred Hutch). A control 
cohort included non-immunocompromised Fred Hutch 
employees. In the pre-CAR-T cohort, the IIV was admin-
istered after leukapheresis and  ≥2 weeks prior to CAR-
T-cell therapy. Exclusion criteria were immunoglobulin 
replacement therapy (IGRT) within 2 months prior to 
enrollment, bridging chemotherapy after vaccination, 
persistent or relapsed disease after CAR-T-cell therapy, 
or initiation of new antitumor therapies. All participants 
provided informed consent in accordance with the Decla-
ration of Helsinki.

Inactivated influenza vaccines
CAR-T-cell recipients received commercially available 
trivalent or quadrivalent 2019–2020 Northern Hemi-
sphere IIVs (as detailed in table  1 and online supple-
mental table S1). Controls received a quadrivalent IIV 
(Flucelvax, Seqirus).

Data and blood collection
Data were abstracted from medical records or directly 
obtained from controls. In the pre-CAR-T cohort, blood 
samples were obtained before vaccination (baseline), 
before lymphodepleting chemotherapy, and approx-
imately 30 days and 90 days after CAR-T-cell therapy 
(online supplemental figure S1). In the post-CAR-T 
cohort, samples were collected at baseline and once 
approximately 30–90 days after vaccination. In the control 
cohort, samples were obtained at baseline and 30 days, 60 
days, and 90 days after vaccination. Serum and periph-
eral blood mononuclear cells (PBMCs) were isolated and 
stored (online supplemental file 1).

Laboratory testing
We performed serum hemagglutination inhibition 
(HAI) assays for antibodies to all four vaccine strains. 
Postvaccine results for B(Yamagata) were excluded for 
individuals without confirmed receipt of a quadrivalent 
vaccine. The lower and upper limits of detection (LOD) 
were 10 and 1280, respectively. We also tested serum 
neutralizing antibody titers for H1 of the A(H1N1) 
strain.8 The lower and upper LOD ranged from 12.5 
to 25 and 2680 to 5369, respectively. We immunophe-
notyped B cells and T cells from PBMCs and measured 
total serum IgG, IgM, and IgA. Methods are detailed in 
the online supplemental file 1.

Outcomes
The primary outcome was an antibody response (sero-
conversion) to the respective vaccine strains at the first 
postvaccine time point, defined as an at least fourfold 
titer increase from baseline (or an HAI titer of ≥40 if the 
baseline titer was  <10).9 We also report the proportion 
of individuals with an at least twofold titer increase from 

baseline and HAI antibody titers ≥40, a threshold consid-
ered to correlate with seroprotection.10

Analyses
We compared baseline titers between cohorts using 
Kruskal-Wallis tests, and if significant, Dunn’s test was 
conducted for pairwise comparisons using the Holm step-
wise procedure to account for multiple comparisons. A 
value of half of the lower LOD was assigned for values 
below the LOD. We computed the proportion of indi-
viduals with an antibody response to  ≥1 vaccine strain 
with Wilson 95% CIs. We explored associations between 
baseline variables and responses in the post-CAR-T 
cohort using univariate Firth logistic regression models. 
Two-tailed p values were calculated and p values<0.05 
were considered statistically significant. Analyses were 
conducted using Stata V.16.0.

RESULTS
Baseline characteristics
Twenty-six adults received the IIV between October 2019 
and March 2020. Baseline characteristics, as well as CAR-T-
cell product and vaccine details, are in table 1 and online 
supplemental tables S1 and S2. The five adults in the 
pre-CAR-T cohort had relapsed or refractory B cell malig-
nancies and were vaccinated 14–29 days (median, 25) pre-
CAR-T-cell therapy. The 13 individuals in the post-CAR-T 
cohort were 13–57 months (median, 21) from CAR-T-cell 
therapy and had complete or very good partial remission. 
The eight controls were 25–62 years old (median, 43). 
Most individuals in both CAR-T cohorts had hypogamma-
globulinemia as well as low CD19+ B cell and CD4+ T-cell 
counts. The IIV was administered in the prior year to 12 
(92%) individuals in the post-CAR-T cohort and all indi-
viduals in the control cohort; data were not available for 
individuals in the pre-CAR-T cohort.

Baseline influenza antibody titers
Antibody titers to each vaccine strain are in figure  1 
and summarized in table 2. Baseline neutralizing anti-
body titers to A(H1N1) were similar in the pre-CAR-T 
and post-CAR-T cell cohorts but significantly higher in 
the control cohort. This was consistent with results from 
the HAI assay to A(H1N1), which additionally revealed 
baseline antibody titers above the LOD in only 1 (20%) 
individual in the pre-CAR-T and 3 (23%) individuals 
in the post-CAR-T cohorts compared with 7 (88%) in 
the control cohort. Baseline titers to A(H3N2) were low 
among all cohorts. Baseline titers to B(Victoria) or B(Ya-
magata) did not differ significantly between cohorts but 
tended to be lower in the CAR-T-cell cohorts. Corre-
spondingly, baseline HAI titers ≥40 to A(H1N1), B(Vic-
toria), and B(Yamagata), but not to A(H3N2), were 
less frequent among CAR-T-cell therapy recipients than 
controls.
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IIV immunogenicity and kinetics of influenza antibody 
responses
For each cohort, changes in titers by strain are summa-
rized in figure 1 and table 2; titer changes per individual 
are in figure 2.

Pre-CAR-T cohort
At the first postvaccine time point, a median of 14 days 
(range, 13–19) after IIV and before CAR-T-cell therapy, 

2 (40%; 95% CI 12% to 77%) individuals demonstrated 
responses to  ≥1 vaccine strain. After CAR-T-cell therapy, 
titers decreased, but neutralizing titers to A(H1N1) 
remained above baseline by day 30 post-CAR-T-cell therapy, 
and one individual maintained an antibody response 
through day 114. Among the remaining three (60%) indi-
viduals, one had  at least twofold increases in titers to two 
strains at the first time point after CAR-T-cell therapy.

Figure 1  Summary of longitudinal influenza antibody kinetics and geometric mean titers (GMTs). Individual titer results are 
plotted for each sample collection time point for the pre-CAR-T, post-CAR-T, and control cohort (from left to right in each panel). 
(A) Neutralization titers to A(H1N1) and (B) HAI titers to A(H1N1), (C) A(H3N2), (D) B(Victoria), and (E) B(Yamagata) are shown. A 
value of half of the lower limit of detection (LOD) was assigned for values below the LOD (LODs are detailed in the Methods). 
Data have been jittered to allow viewing of overlapping values. Horizontal bars represent GMT. Symbols on or above the dashed 
horizontal line represent HAI titers ≥40. Baseline titers to A(H1N1) were significantly lower in the CAR-T cohorts when compared 
with the control cohort (neutralization assay: pre-CAR-T vs controls, p=0.01; post-CAR-T vs controls, p=0.02. HAI assay: 
pre-CAR-T vs controls, p=0.02; post-CAR-T vs controls, p=0.004; based on Dunn’s test with the Holm stepwise procedure 
for multiple comparisons). There were no significant differences in baseline titers between cohorts based on the HAI assay to 
A(H3N2), B(Victoria), or B(Yamagata) (Kruskal-Wallis, p=0.21, p=0.17 and p=0.36, respectively). CAR-T-cell, chimeric antigen 
receptor-modified T cell; HAI, hemagglutination inhibition.
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Post-CAR-T cohort
The median time between vaccination and postvaccine 
sample collection was 37 days (range, 20–99). Responses 
to  ≥1 vaccine strain occurred in 4 (31%; 95% CI 13% 
to 58%) individuals. An additional six (46%) individ-
uals had an at least twofold increase to  ≥1 strain each. 
Three (23%) individuals received IGRT 62, 66, and 95 
days prior to the baseline sample, but their baseline titers 
were similar to those who did not receive IGRT. Two of 
these individuals received subsequent IGRT prior to the 
postvaccine sample but none met criteria for a response 
(online supplemental table S2).

Control cohort
The first postvaccine time point was a median of 29 
days from vaccination (range, 27–37). Responses to  ≥1 
vaccine strain occurred in 3 (38%) individuals, all for the 
A(H3N2) strain, and were maintained through 90 days 
after vaccination. Three (38%) additional individuals had 
an at least twofold increase to ≥1 strain.

Summary of influenza antibody kinetics
Among both CAR-T cohorts, there was a modest increase 
in the geometric mean titer (GMT) at the first postvaccine 
time point (figure 1). The pre-CAR-T cohort had a rela-
tively rapid decrease in GMTs over time to a level below 
the baseline by the 90-day time point. Some individuals in 
the post-CAR-T cohort generated antibody titers higher 
than the controls. The IIV for the 2019–2020 season had 
relatively low immunogenicity in the controls aside from 
strain A(H3N2), to which no controls had a prevaccine 
HAI titer  ≥40. Baseline and postvaccine HAI titers ≥40 
were more frequent among controls than in either CAR-T 
cohort (table 2).

Predictors of IIV immunogenicity
To explore possible predictors of IIV immunogenicity, 
we depict titer fold changes by key clinical and immu-
nologic characteristics (online supplemental figure S2). 
There was evidence of immunogenicity across most vari-
ables, and responses were observed in individuals with 
very low or no detectable CD19+ B cells and individuals 

Table 2  Antibody titers and antibody responses at baseline and at the first postvaccine time point

Antigen
Pre-CAR-T cohort
(n=5)

Post-CAR-T cohort
(n=13)

Control cohort
(n=8)

 �  Days from vaccination to first 
postvaccine time point, median (range)

14 (13–19) 37 (20–99) 29 (27–37)

Neutralization assay

A(H1N1) Baseline GMT (range) 20.7 (6.3–92.0) 43.8 (12.5–847.5) 228.8 (23.5–2680.2)

Antibody response*, n (%) 2 (40) 2 (15) 0

Hemagglutination inhibition assay

A(H1N1) Baseline GMT (range) 6.2 (5–15) 6.5 (5–40) 28.3 (5–320)

Antibody response*, n (%) 1 (20) 1 (8) 0

Baseline titer ≥40, n (%) 0 1 (8) 4 (50)

Postvaccine titer ≥40, n (%) 1 (20) 2 (15) 4 (50)

A(H3N2) Baseline GMT (range) 15.5 (10–30) 9.8 (5–40) 8.8 (5–20)

Antibody response, n (%) 1 (20) 1 (8) 3 (38)

Baseline titer ≥40, n (%) 0 1 (8) 0

Post-vaccine titer ≥40, n (%) 1 (20) 1 (8) 4 (50)

B(Victoria)
 �
 �
 �

Baseline GMT (range) 10.0 (5–20) 17.2 (5–1280) 21.8 (10–40)

Antibody response, n (%) 1 (20) 0 0

Baseline titer ≥40, n (%) 0 2 (15) 3 (38)

Post-titer ≥40, n (%) 1 (20) 2 (15) 5 (63)

B(Yamagata)†
 �
 �
 �

Baseline GMT (range) 14.3 (5–40) 24.2 (5–480) 31.3 (10–80)

Antibody response, n (%) 0 1 (10) 0

Baseline titer ≥40, n (%) 1 (20) 4 (31) 5 (63)

Postvaccine titer ≥40, n (%) 1 (20) 6 (60) 5 (63)

*Antibody response is defined as a fourfold rise in neutralization or hemagglutination inhibition (HAI) titer or a HAI titer of ≥40 postvaccine 
if the baseline HAI titer was <10.
†B/Phuket/3073/2013 (Yamagata) is included in quadrivalent vaccines only; postvaccine results from individuals without confirmed 
quadrivalent vaccine were excluded from postvaccine summaries; remaining N were 5 in the pre-CAR-T cohort, 10 in the post-CAR-T 
cohort, and 8 in the control cohort.
CAR-T, chimeric antigen receptor-modified T cell; GMT, geometric mean titer.
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with severe hypogammaglobulinemia. Most responders 
had IgA and IgM levels below the lower limit of normal. 
Univariate logistic regression analyses in the post-CAR-T 
cohort did not identify any associations between an anti-
body response and variables of age, sex, underlying malig-
nancy, time from CAR-T-cell therapy, IgG level, CD19+ B 
cell count, or CD4+ T-cell count (data not shown).

DISCUSSION
CAR-T-cell therapy recipients are immunocompromised 
prior to and for months following therapy, rendering 
them at high risk for infections.1 6 7 11 Vaccination may be 
an effective strategy to prevent the acquisition and severity 
of infections, but there are limited data about vaccine 
immunogenicity, or predictors of vaccine responses, in 

this population.3–5 In this prospective study of IIV admin-
istered before or after CAR-T-cell therapy, we demon-
strated robust antibody responses to ≥1 vaccine strain in 
31%–40% of individuals and partial antibody responses 
in 60%–77%, despite substantial humoral and cellular 
immunodeficiencies. Our findings support administra-
tion of relevant vaccines before CAR-T-cell therapy and 
for (re)vaccination, as indicated, of individuals in remis-
sion, irrespective of serum IgG level and total B cell 
count. Nevertheless, these data underscore the need for 
additional preventive measures in CAR-T-cell therapy 
recipients.

Immunity to influenza prior to vaccination reflects 
an individual’s history of vaccination and infection.
The 2019/2020 H1N1 vaccine strain was similar to the 

Figure 2  Kinetics of influenza antibody titers by individual. Line plots demonstrating neutralization titers to A(H1N1) and 
hemagglutination inhibition (HAI) titers to A(H1N1), A(H3N2), B(Victoria), and B(Yamagata) for (A) the pre-CAR-T cohort, (B) the 
post-CAR-T cohort, and (C) the control cohort. Each line connects results from one individual over time. Individuals with 
antibody responses at the first postvaccine time point are indicated with an arrow and their study ID. Symbols on or above 
the dashed horizontal line represent HAI titers ≥40. For the pre-CAR-T cohort, day 0 was set at the day of CAR-T-cell therapy, 
vaccines were administered between 0 and 8 days after baseline sample collection (median, 0), and time between vaccine 
and sample collection prior to CAR-T-cell therapy ranged from 13 to 19 days (median, 14). For the post-CAR-T cohort and 
the control cohort, day 0 was set at the day of vaccination. individuals without confirmed receipt of a quadrivalent vaccine are 
excluded from the plots showing HAI titers to B(Yamagata). CAR-T, chimeric antigen receptor-modified T cell.
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2018/2019 formulation, and cross-reactive antibodies may 
explain the high baseline antibody titers to A(H1N1) in 
controls.12 13 In contrast, a high proportion of individuals 
pre-CAR-T-cell therapy had undetectable baseline titers to 
A(H1N1), which may be due to lack of prior vaccination, 
poor prior responses, or loss of pre-existing immunity. 
Among individuals in remission after CAR-T-cell therapy, 
baseline titers to A(H1N1) were also significantly lower 
than in controls despite a similarly high frequency of 
prior-year vaccination, suggesting either poor responses 
and/or rapid waning.14 Baseline antibody titers to the 
A(H3N2) vaccine strain were low among all cohorts, 
likely due to a new strain in the 2019/2020 vaccine formu-
lation. Both B strains were unchanged from the previous 
year, and there was a trend towards lower baseline titers 
in the CAR-T-cell cohorts. Overall, a higher proportion of 
controls had detectable influenza-specific antibodies and 
HAI titers ≥40 at baseline and following vaccination, indi-
cating that CAR-T-cell therapy recipients have higher risk 
for morbidity from influenza infection.15 16

After receiving the IIV, 31%–40% of individuals in 
all cohorts had   at least fourfold increases in antibody 
titers for  ≥1 vaccine strain, and 60%–77% had   at least 
twofold increases. The limited responses to A(H1N1) 
and B strains among controls may reflect pre-existing 
immunity, as individuals with repeated annual IIV have 
minimal immune responses to the same or similar strains 
after re-exposure.13 Peak titers generally occurred at the 
first postvaccine time point. In the pre-CAR-T-cell cohort, 
we observed relatively rapid antibody decay after CAR-T-
cell therapy. Given that the two individuals with antibody 
responses received plasma cell targeted BCMA-CAR-T-
cells, this observation may be related to destruction of 
newly generated influenza-specific antibody-secreting 
plasma cells by the CAR-T-cells.17 However, antibody titers 
generally persisted above baseline for at least 30 days 
and up to 4 months after CAR-T-cell therapy, which may 
provide immunity during the highest-risk time frame.7 15 
Given the safety of the IIV, these data demonstrate suffi-
cient immunogenicity to consider recommending 
vaccination.

These observations are relatively consistent with a study 
including 14 CAR-T-cell therapy recipients receiving a 
two-dose SARS-CoV-2 mRNA vaccine series, in which 5 
(36%) developed a positive antibody titer and 6 of 12 
tested patients had a T cell response, although absolute 
titers were relatively low.5 In two other studies including 
14 and 3 post-CAR-T-cell therapy recipients receiving 
SARS-CoV-2 mRNA vaccines, only 11% and 3% had 
antibody responses, and there were no clear predictors 
of response.3 4 Comparisons are limited by differences 
in vaccines, pre-existing immunity, assays, and response 
definition.

An important observation was the lack of clear correla-
tions between clinical or immunologic characteristics and 
antibody responses. Key observations included vaccine 
immunogenicity in individuals with low peripheral CD19+ 
B cell counts and low serum IgG, IgA and IgM levels. 

Although some guidelines and clinical heuristics would 
suggest not vaccinating the majority of individuals in our 
CAR-T-cohorts, we nonetheless demonstrate clinically 
relevant immunogenicity of the IIV. This could be due 
to persistence or recovery of B cells in lymphoid tissue or 
the bone marrow. Whether responses originated from de 
novo naïve B cells or boosted memory B cells is unclear. 
Due to different expression patterns of the CAR-T-cell 
targets on B-lineage cells, CD19- and CD20-targeting 
CAR-T-cells may lead to greater depletion of pathogen-
specific memory B cells, whereas BCMA-targeting CAR-T-
cells may affect the generation of new antibody-producing 
plasma cells.

This is one of the first reports of vaccine immunogenicity 
after CAR-T-cell therapy and the first to explore pre-CAR-
T-cell therapy vaccine immunogenicity. The prospec-
tive study design and inclusion of a control comparator 
group are additional strengths. Our data support consid-
eration for administration of non-live vaccines before 
CAR-T-cell therapy for influenza, and by extrapolation, 
to other relevant pathogens in this clinical context (eg, 
SARS-CoV-2, pneumococcus). Additionally, vaccinations 
should be considered in patients in remission after CAR-
T-cell therapy. The primary limitation is the small sample 
size, and observations pertaining to predictors of vaccine 
response are limited by small numbers and patient 
heterogeneity. All participants in the pre-CAR-T cohort 
had a refractory hematologic malignancy, but heteroge-
neity in the underlying diseases and prior treatments may 
have influenced responses. These issues were less relevant 
in the post-CAR-T cohort, as all individuals were in remis-
sion for >12 months and received CD19-targeted thera-
pies, except one. Although different CAR-T-cell products 
with potentially variable kinetics were used, we demon-
strated that most individuals shared cellular and humoral 
deficits. Administration of the IIV was at the discretion 
of clinical providers, which may have introduced bias, 
and vaccine types varied. Additionally, timing of sample 
collection varied based on clinical follow-up; short-lasting 
responses might have been missed in the post-CAR-T 
cohort, which had the longest interval between vaccina-
tion and postvaccine sample collection. Additional data 
are needed to determine immunogenicity within the first 
year after CAR-T-cell therapy. Nevertheless, persistent 
immunodeficiency is a key concern for the long-term care 
of CAR-T-cell recipients, adding relevance to our observa-
tions. Although HAI titers ≥40 generally correspond to a 
50% reduction in the incidence of infection,10 this is not 
established in immunocompromised individuals. Cellular 
responses are another critical component of immunity 
to influenza and other infections;18 T cell responses may 
demonstrate additional utility of vaccination in this popu-
lation with impaired B cell immunity.5

In summary, despite the small sample size, these data 
support consideration for vaccination for influenza and 
other pathogens before and after CAR-T-cell therapy, 
irrespective of hypogammaglobulinemia or B cell aplasia. 
Larger studies are clearly needed to determine optimal 
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timing of vaccination and better define predictors of 
vaccine immunogenicity and durability. Additional strate-
gies to prevent infections, like vaccination of close contacts 
and standard precautions, should remain the backbone 
of infection prevention in these high-risk individuals.

Author affiliations
1Vaccine and Infectious Disease Division, Fred Hutchinson Cancer Research Center, 
Seattle, Washington, USA
2Basic Sciences Division and Computational Biology Program, Fred Hutchinson 
Cancer Research Center, Seattle, Washington, USA
3Howard Hughes Medical Institute, Seattle, Washington, USA
4Department of Medicine, University of Washington, Seattle, Washington, USA
5Division of Hematology-Oncology, Seattle Children's Hospital, Seattle, Washington, 
USA
6Department of Pediatrics, University of Washington, Seattle, Washington, USA
7Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, 
Washington, USA
8Vaccine and Infectious Disease Division, and Clinical Research Division, Fred 
Hutchinson Cancer Research Center, Seattle, Washington, USA
9Basic Sciences Division, Computational Biology Program, and Public Health 
Sciences Division, Fred Hutchinson Cancer Research Center, Seattle, Washington, 
USA

Twitter Carla S Walti @CarlaWalti

Acknowledgements  The authors thank the study participants, the participants’ 
local provider for assistance with sample collection and medical records, in addition 
to Naomi Wilcox (statistician, University of Washington, Seattle, WA), Cassandra 
Job (BS, Fred Hutchinson Cancer Research Center, Seattle, WA), Jessica Hirianto 
(undergraduate student, Fred Hutchinson Cancer Research Center, Seattle, WA), 
Joyce Maalouf (clinical research manager, Fred Hutchinson Cancer Research 
Center, Seattle, WA), Jessica Morris (data management analyst, Fred Hutchinson 
Cancer Research Center, Seattle, WA), and Atif Bhatti (BS, Fred Hutchinson Cancer 
Research Center, Seattle, WA) for assistance with sample processing and data 
management.

Contributors  JAH, CSW, and SAP designed the study; CSW, JK-C, JAH, and TL 
collected the data; ANL and JDB performed the neutralization assay; KS, CRW, and 
HYC performed the HAI assay; JB and JJT performed the flow cytometry analyses; 
CSW, EMK, ANL, KS, JB, and JAH analyzed the data; EMK, CSW, KS, and JAH 
created the figures; CSW, ANL, KS, EMK, JB, SAP, HYC, JDB, and JAH interpreted the 
data; CSW, EMK and JAH drafted the initial manuscript. All authors contributed to 
the writing and revision of the manuscript and approved the final version.

Funding  This work was supported by grants from the Swiss National Science 
Foundation (P2BSP3 188 162 to CSW), the National Institutes of Health National 
Cancer Institute (NIH/NCI; U01CA247548 to JAH and P01CA018029 to DJG 
and CJT), the NIH/NCI Cancer Center Support Grants (P30CA0087-48 and 
P30CA015704-44), the American Society for Transplantation and Cellular Therapy 
(to JB), a Washington Vaccine Alliance Pilot Grant (to SAP), and Juno Therapeutics 
(a Bristol-Myers Squibb company). JDB is an Investigator of the Howard Hughes 
Medical Institute.

Disclaimer  The content is solely the responsibility of the authors and does not 
necessarily represent the official views of the funding institutions.

Competing interests  JJT received research funding from Vir Biotechnology for 
research unrelated to this study. RAG received consulting fees from Novartis, served 
on ad hoc advisory boards for Janssen and Pfizer and has patents licensed to Juno 
Therapeutics. DJG has received research funding, has served as an advisor and has 
received royalties from Juno Therapeutics, a Bristol-Myers Squibb (BMS) company; 
has served as an advisor and received research funding from Seattle Genetics; 
has served as an advisor to GlaxoSmithKline, Celgene, Janssen Biotech, Bristol-
Myers Squibb, Neoleukin Therapeutics and Legend Biotech; and has received 
research funding from SpringWorks Therapeutics, Sanofi and Cellectar Biosciences. 
AJC received research funding from Janssen, Sanofi, BMS, Harpoon, Nektar; 
and received consulting fees from Janssen, Cellectar, Sanofi, GlaxoSmithKline, 
and Abbvie. DGM has served as a consultant for A2 Biotherapeutics, Amgen, 
Bioline Rx, BMS, Celgene a BMS company, Genentech, Gilead, Janssen, Juno 
Therapeutics a BMS company, Kite Pharma, Legend Biotech, MorphoSys, Novartis, 
and Pharmacyclics; has received research funding paid directly to the institution, 
including salary support, from Kite Pharma, Juno Therapeutics/BMS, and 

Celgene/BMS and has patents with Juno Therapeutics/BMS (pending, not issued, 
licensed, no royalties, no licenses); and has stock options in A2 Biotherapeutics. 
CJT received research funding from Juno Therapeutics, Nektar Therapeutics, 
AstraZeneca, TCR2 Therapeutics; is a member of scientific advisory boards for 
Precision Biosciences, Eureka Therapeutics, Caribou Biosciences, T-CURX, Myeloid 
Therapeutics, ArsenalBio, and Century Therapeutics; has served on ad hoc advisory 
boards for Nektar Therapeutics, Allogene, Asher Biotherapeutics, PACT Pharma, 
Astra Zeneca; has stock options for Precision Biosciences, Eureka Therapeutics, 
Caribou Biosciences, Myeloid Therapeutics, ArsenalBio; and has patents licensed 
or optioned to Juno Therapeutics. SAP received research support from Global Life 
Technologies, Inc., and participated in research trials with Chimerix, Inc and Merck 
& Co. He also participated in a clinical trial sponsored by the National Institute of 
Allergy and Infectious Diseases (U01-AI132004); influenza vaccines for this trial 
are provided by Sanofi-Aventis. HYC reported consulting with Ellume, Pfizer, The 
Bill and Melinda Gates Foundation, Glaxo Smith Kline, and Merck. She has received 
research funding from Gates Ventures, Sanofi Pasteur, and support and reagents 
from Ellume and Cepheid outside of the submitted work. JDB is on the scientific 
advisory board of Oncorus and has performed consulting for Moderna. JAH received 
consulting fees or honoraria from Gilead Sciences, Amplyx, Allovir, Allogene 
therapeutics, CRISPR therapeutics, CSL Behring, OptumHealth, Octapharma, and 
Takeda and research funding from Takeda, Allovir, Karius, and Gilead Sciences.

Patient consent for publication  Not applicable.

Ethics approval  This study was approved by the Fred Hutch Institutional Review 
Board.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available upon reasonable request.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See http://​creativecommons.​org/​licenses/​by-​nc/​4.​0/.

ORCID iDs
Carla S Walti http://​orcid.​org/​0000-​0002-​0750-​2543
Kiel Shuey http://​orcid.​org/​0000-​0002-​2525-​1610
Joshua A Hill http://​orcid.​org/​0000-​0002-​7665-​7100

REFERENCES
	 1	 Baird JH, Epstein DJ, Tamaresis JS, et al. Immune reconstitution and 

infectious complications following axicabtagene ciloleucel therapy 
for large B-cell lymphoma. Blood Adv 2021;5:143–55.

	 2	 Logue JM, Zucchetti E, Bachmeier CA. Immune reconstitution and 
associated infections following axicabtagene ciloleucel in relapsed or 
refractory large B-cell lymphoma. Haematologica 2020;106:978–86.

	 3	 Dhakal B, Abedin SM, Fenske TS. Response to SARS-CoV-2 
vaccination in patients after hematopoietic cell transplantation and 
CAR-T cell therapy. Blood.

	 4	 Thakkar A, Gonzalez-Lugo JD, Goradia N, et al. Seroconversion rates 
following COVID-19 vaccination among patients with cancer. Cancer 
Cell 2021;39:1081–90.

	 5	 Ram R, Hagin D, Kikozashvilli N, et al. Safety and immunogenicity of 
the BNT162b2 mRNA COVID-19 vaccine in patients after allogeneic 
hCT or CD19-based CART therapy-A single-center prospective 
cohort study. Transplant Cell Ther 2021;27:788–94.

	 6	 Wudhikarn K, Palomba ML, Pennisi M, et al. Infection during the first 
year in patients treated with CD19 CAR T cells for diffuse large B cell 
lymphoma. Blood Cancer J 2020;10:79.

	 7	 Hill JA, Li D, Hay KA, et al. Infectious complications of CD19-
targeted chimeric antigen receptor-modified T-cell immunotherapy. 
Blood 2018;131:121–30.

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003428 on 26 O

ctober 2021. D
ow

nloaded from
 

https://twitter.com/CarlaWalti
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-0750-2543
http://orcid.org/0000-0002-2525-1610
http://orcid.org/0000-0002-7665-7100
http://dx.doi.org/10.1182/bloodadvances.2020002732
http://dx.doi.org/10.3324/haematol.2019.238634
http://dx.doi.org/10.1182/blood.2021012769
http://dx.doi.org/10.1016/j.ccell.2021.06.002
http://dx.doi.org/10.1016/j.ccell.2021.06.002
http://dx.doi.org/10.1016/j.jtct.2021.06.024
http://dx.doi.org/10.1038/s41408-020-00346-7
http://dx.doi.org/10.1182/blood-2017-07-793760
http://jitc.bmj.com/


9Walti CS, et al. J Immunother Cancer 2021;9:e003428. doi:10.1136/jitc-2021-003428

Open access

	 8	 Doud MB, Hensley SE, Bloom JD. Complete mapping of viral escape 
from neutralizing antibodies. PLoS Pathog 2017;13:e1006271.

	 9	 FDA. Clinical data needed to support the licensure of seasonal 
inactivated influenza vaccines. Available: https://www.​fda.​gov/​
regulatory-​information/​search-​fda-​guidance-​documents/​clinical-​
data-​needed-​support-​licensure-​seasonal-​inactivated-​influenza-​
vaccines [Accessed 22 Sep 2021].

	10	 Domnich A, Manini I, Panatto D, et al. Immunogenicity measures of 
influenza vaccines: a study of 1164 registered clinical trials. Vaccines 
2020;8. doi:10.3390/vaccines8020325. [Epub ahead of print: 19 Jun 
2020].

	11	 Vora SB, Waghmare A, Englund JA, et al. Infectious complications 
following CD19 chimeric antigen receptor T-cell therapy for 
children, adolescents, and young adults. Open Forum Infect Dis 
2020;7:ofaa121.

	12	 FDA. Influenza vaccine for the 2019-2020 season. Available: https://
www.​fda.​gov/​vaccines-​blood-​biologics/​lot-​release/​influenza-​
vaccine-​2019-​2020-​season [Accessed 22 Sep 2021].

	13	 Sasaki S, He X-S, Holmes TH, et al. Influence of prior influenza 
vaccination on antibody and B-cell responses. PLoS One 
2008;3:e2975.

	14	 Halliley JL, Tipton CM, Liesveld J, et al. Long-Lived Plasma Cells Are 
Contained within the CD19(-)CD38(hi)CD138(+) Subset in Human 
Bone Marrow. Immunity 2015;43:132–45.

	15	 Coudeville L, Bailleux F, Riche B, et al. Relationship between 
haemagglutination-inhibiting antibody titres and clinical protection 
against influenza: development and application of a Bayesian 
random-effects model. BMC Med Res Methodol 2010;10:18.

	16	 Plotkin SA. Updates on immunologic correlates of vaccine-induced 
protection. Vaccine 2020;38:2250–7.

	17	 Carpenter RO, Evbuomwan MO, Pittaluga S, et al. B-cell maturation 
antigen is a promising target for adoptive T-cell therapy of multiple 
myeloma. Clin Cancer Res 2013;19:2048–60.

	18	 McElhaney JE, Xie D, Hager WD, et al. T cell responses are 
better correlates of vaccine protection in the elderly. J Immunol 
2006;176:6333–9.

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003428 on 26 O

ctober 2021. D
ow

nloaded from
 

http://dx.doi.org/10.1371/journal.ppat.1006271
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/clinical-data-needed-support-licensure-seasonal-inactivated-influenza-vaccines
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/clinical-data-needed-support-licensure-seasonal-inactivated-influenza-vaccines
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/clinical-data-needed-support-licensure-seasonal-inactivated-influenza-vaccines
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/clinical-data-needed-support-licensure-seasonal-inactivated-influenza-vaccines
http://dx.doi.org/10.3390/vaccines8020325
http://dx.doi.org/10.1093/ofid/ofaa121
https://www.fda.gov/vaccines-blood-biologics/lot-release/influenza-vaccine-2019-2020-season
https://www.fda.gov/vaccines-blood-biologics/lot-release/influenza-vaccine-2019-2020-season
https://www.fda.gov/vaccines-blood-biologics/lot-release/influenza-vaccine-2019-2020-season
http://dx.doi.org/10.1371/journal.pone.0002975
http://dx.doi.org/10.1016/j.immuni.2015.06.016
http://dx.doi.org/10.1186/1471-2288-10-18
http://dx.doi.org/10.1016/j.vaccine.2019.10.046
http://dx.doi.org/10.1158/1078-0432.CCR-12-2422
http://dx.doi.org/10.4049/jimmunol.176.10.6333
http://jitc.bmj.com/


1 

 

SUPPLEMENTAL DATA TO 

 Humoral immunogenicity of the seasonal influenza vaccine 

before and after CAR-T-cell therapy: a prospective observational study 

TABLE OF CONTENTS 

SUPPLEMENTAL METHODS .................................................................................................... 2 

Specimens ............................................................................................................................. 2 

Laboratory testing ................................................................................................................... 2 

Neutralization assay ............................................................................................................ 2 

Hemagglutination inhibition (HAI) assay .............................................................................. 3 

Flow cytometry for B- and T-cells ........................................................................................ 4 

Total immunoglobulins ........................................................................................................ 5 

Supplemental Analyses .......................................................................................................... 5 

SUPPLEMENTAL RESULTS ..................................................................................................... 6 

Correlation between the neutralization and the HAI assay ...................................................... 6 

SUPPLEMENTAL FIGURES ...................................................................................................... 7 

Supplemental Figure 1. Vaccine administration and sample collection timelines. ................... 7 

Supplemental Figure 2. Antibody titer fold-changes by baseline variables .............................. 8 

SUPPLEMENTAL TABLES ........................................................................................................ 9 

Supplemental Table 1. Additional baseline demographics and clinical characteristics of the 

pre- and post-CAR-T-cell therapy cohorts .............................................................................. 9 

Supplemental Table 2. Baseline laboratory values and most recent IGRT administration for 

the pre- and post-CAR-T-cell therapy cohorts ........................................................................11 

REFERENCES .........................................................................................................................12 

 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003428:e003428. 9 2021;J Immunother Cancer, et al. Walti CS



2 

 

SUPPLEMENTAL METHODS 

Specimens 

Serum was isolated from whole blood collected in clot activator red top vacutainers and 

stored at -80°C. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll Histopaque 

centrifugation from whole blood collected in acid citrate dextrose vacutainers, washed twice with 

phosphate-buffered saline, resuspended in a mixture of 90% fetal bovine serum and 10% 

dimethyl sulfoxide (DMSO), cooled at a controlled rate and stored in liquid nitrogen. 

 

Laboratory testing 

Laboratory work was blinded to clinical characteristics. 

 

Neutralization assay 

We used previously described fluorescent-based neutralization assays to measure 

neutralization against virus containing the H1 sequence derived from the A/Brisbane/2/2018 

H1N1pdm09 virus strain.[1–3] To generate the viruses, a co-culture of 293T-PB1 cells and 

MDCK-SIAT1-TMPRSS2-PB1 cells were transfected with reverse-genetics plasmids which 

encoded the viral genomic segments, including a modified segment which included green 

fluorescent protein(GFP) in place of PB1 (encoded in a pHH-PB1flank-GFP plasmid), and a 

protein expression plasmid encoding TMPRSS2. We used the H1 protein sequence derived from 

the A/Brisbane/02/2018 (H1N1) virus strain (GISAID Accession EPI1671767, thanks to WHO 

Collaborating Centre for Reference and Research on Influenza). Other viral genes (PB2, PA, 

NP, NS, M, and NA) were derived from the A/WSN/1933 strain (kindly provided by Robert 

Webster of St. Jude Children’s Research Hospital). The virus containing culture supernatants 

were clarified, aliquoted and frozen at -80°C. Prior to running neutralization assays, sera were 

treated with receptor-destroying enzyme (RDE) to prevent virus from binding to residual sialic 
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acids present in the serum. To do this, a vial of lyophilized RDE II (Seiken, Cat No. 370013) was 

resuspended in 20 mL PBS, then serum was diluted 1:4 into RDE solution, incubated at 37°C for 

2.5 hr, and then heat-inactivated by incubating at 55°C for 30 min. In replicate dilution columns 

for each serum, RDE-treated sera were diluted down the columns of 96-well plate in 

neutralization assay medium (Medium 199 supplemented with 0.01% heat-inactivated FBS, 

0.3% BSA, 100 U of penicillin/ml, 100 μg of streptomycin/ml, 100 μg of calcium chloride/ml, and 

25 mM HEPES). Plates were incubated at 37˚C for 1 hour to allow virus-antibody binding. Then, 

5 × 104 MDCK-SIAT1-CMV-PB1 cells were added to each well. The cells enabled the virus to 

express GFP upon infection. Wells without added serum were used to measure maximal 

infectivity in the absence of neutralization. Wells without cells were used to measure background 

fluorescence in viral supernatants. After 16-20 hours incubation at 37˚C, GFP fluorescence 

intensity was measured using an excitation wavelength of 485 nm and an emission wavelength 

of 515 nm (12-nm slit widths). Percent of maximal infectivity was calculated by subtracting 

background fluorescence signal from all wells and dividing the signal from serum-containing 

wells by the signal from corresponding wells without serum. Average infectivity over duplicate 

measurements were calculated. Curves of fluorescence intensity were plotted and the half 

maximal inhibitory concentrations (IC50) were calculated using the neutcurve Python package 

(https://jbloomlab.github.io/neutcurve/, 0.3.1). The IC50 is defined as the dilution of serum 

needed to inhibit infectivity of virus by 50% of its maximum infectivity as measured when no 

antibodies are present. We reported the reciprocal of the IC50 as the neutralization titer. 

 

Hemagglutination inhibition (HAI) assay 

HAI assays were performed to all four vaccine strains (FR-1665, FR-1666, FR-1667, FR-

1669, International Reagent Resource, Manassas, VA). Serum samples were treated with RDE 

(VWR, Radnor, PE: MSPP370013) overnight at 37° and subsequently heated at 56°C for 30 
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minutes to remove nonspecific inhibitors. Serum was then adsorbed with red blood cells to 

remove nonspecific agglutinins. We prepared two replicate serial 2-fold dilutions (starting from 

1:10) of 50µL of each treated sample on a 96-well microtiter plate, added 25µL standardized 

concentrations of vaccine antigen, and incubated at room temperature for 15 minutes. We added 

50µL standardized turkey red blood cells to all wells and allowed to settle at room temperature 

for 30 minutes prior to result assessment. All runs included antisera and positive and negative 

controls. We reported the reciprocal of the highest dilution of serum that caused complete 

inhibition of hemagglutination as the HAI titer. 

 

Flow cytometry for B- and T-cells  

B-cells and T-cells were quantified using a research flow cytometry panel. Peripheral 

blood mononuclear cells (PBMCs) were incubated for 30 minutes on ice with antibodies 

contained in 100 µL of FACS buffer that consisted of 1x DPBS containing 1% newborn calf 

serum (Life Technologies). Cells were then washed and analysed on a FACSymphony (BD 

Bioscience). The following antibodies were included for cell labelling: fixable viability dye (FV), 

anti-CD45 BV510 (HI30, BD), anti-CD3 BV605 (UCHT1, BioLegend), anti-CD4 Alexa Fluor 488 

(OKT4, BioLegend), anti-CD8 APC-H7 (SK1, BD), anti-CD16 BV711 (3G8, BD), anti-CD14 

BV711 (M0P-9, BD), anti-CD38 BUV661 (HIT2, BD), anti-IgD BUV737 (IA6-2, BD), anti-IgM 

PerCP- Cy5.5 (G20-127, BD), anti-CD20 BUV395 (2H7, BD), anti-CD19 BV421 (HIB19, BD), 

anti-CD27 PE-Cy7 (LG.7F9, Thermo Fisher), and anti-EGFR APC (cetuximab, R&D Systems). 

Naïve B-cells (CD19+CD27-CD38-IgD+) and switched memory B-cells (CD19+CD27+IgD-) were 

delineated within the lymphocyte population. Analyses were performed using FlowJo™ Software 

version 10.7.1 (Ashland, OR). Proportions from flow cytometry were multiplied with absolute 

lymphocyte counts from complete blood cell count results to calculate absolute B- and T-cell 

counts.   
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Total immunoglobulins  

Total serum IgA, IgM, and IgA were measured using turbidometry (University of 

Washington Immunology Laboratory, Seattle, WA). In individuals with IgG MM, total functional 

IgG was estimated by subtracting the monoclonal component from the gamma region of serum 

protein electrophoresis 

 

Supplemental Analyses 

We used Spearman’s correlation to determine the correlation between the neutralization and the 

HAI assays for the H1N1 vaccine strain.   
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SUPPLEMENTAL RESULTS 

Correlation between the neutralization and the HAI assay 

There was a good correlation between antibody titers for the neutralization assay and the 

HAI assay to A(H1N1) (baseline, r=0.85; first post-vaccine time point, r=0.92; fold-changes 

between baseline and the first post-vaccine time point, r=0.64). The neutralization assay was 

more sensitive with fewer titers below the limit of detection. 
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SUPPLEMENTAL FIGURES 

 

 

 

Supplemental Figure 1. Vaccine administration and sample collection timelines. 

Timelines demonstrating blood sample collection, inactivated influenza vaccine (IIV) administration, and CAR-

T-cell therapy (CAR-Tx) for the (A) pre-CAR-T cohort, (B) post-CAR-T cohort, and (C) control cohort. 

Lymphodepletion indicates lymphodepleting chemotherapy. 
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Supplemental Figure 2. Antibody titer fold-changes by baseline variables 

Antibody titer fold-changes from baseline to the first post-vaccine time point are depicted by baseline variables 

of interest in the pre-CAR-T cohort (panels in the left column, n=5) and the post-CAR-T cohort (panels in the 

right column, n=13). Baseline variables are: (A, B) Age, (C, D) immunoglobulin G (lower limit of normal [LON], 

610 mg/dL), (E, F) CD19+ B-cell count (lower LON, 100 cells/µL), (G, H) CD4+ T-cell count (lower LON, 500 

cells/μL), and (I) months after CAR-T-cell therapy (CAR-Tx) in the post-CAR-T cohort only. For each individual, 

results from each vaccine strain and test type are presented and indicated in the figure legend. NA indicates 

neutralization assay; other results are based on HAI assays. A fold-change of 1 (solid horizontal line) indicates 

no change in antibody titer from baseline. Symbols on or above the upper dashed horizontal line represent ≥4 
fold-changes.  
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SUPPLEMENTAL TABLES 

Supplemental Table 1. Additional baseline demographics and clinical characteristics of the pre- and post-CAR-T-cell therapy cohorts 

 
Pre-CAR-T cohort CAR-T-cell therapy Pre-CAR-T cohort 

Post-CAR-T 

cohortd 
Vaccine 

Study ID Treatment 

lines 

before 

CAR-Tx, n 

Last treatment line 

before CAR-Tx 

Days from 

last 

treatment to 

vaccine 

CAR-Tx 

product or 

study 

protocol 

numbera 

Co-

stimulatory 

domain 

Treatment for 

immune related 

adverse eventsb 

Disease 

status 90d 

post CAR-

Tx 

Treatments in 

the 6 months 

prior to 

vaccination 

Vaccine 

name, 

manufacturer 

Vaccine type 

Pre-CAR-T cohort 

  Individuals with an antibody response to ≥1 vaccine strain 

    Pre-4 6 

Daratumumab, 

pomalidomide, 

dexamethasone 

35 NCT03338972 4-1BB 
Corticosteroids, 

tocilizumab 
VGPR  Fluarix, GSK split 

    Pre-5 9 

Daratumumab, 

bortezomib, 

dexamethasone 

112 NCT03338972 4-1BB Corticosteroids VGPR  Fluarix, GSK split 

  Individuals without antibody responses 

    Pre-1 2 Blinatumomab 35 NCT03103971 4-1BB 
Corticosteroids, 

tocilizumab 
CRc  Fluarix, GSK split 

    Pre-2 8 Lenalidomide 50 NCT03277729 
CD28 and  

4-1BB 
 Persistent  Fluarix, GSK split 

    Pre-3 11 

Carfilzomib, 

cyclophosphamide, 

thalidomide, 

dexamethasone 

35 NCT03502577 4-1BB  Progressivec  Fluarix, GSK split 

Post-CAR-T cohort 

  Individuals with an antibody response to ≥1 vaccine strain 

    Post-1 8   NCT02028455 4-1BB    
Fluzone, 

Sanofi 
split 

    Post-4 5   NCT01865617 4-1BB    
Flucelvax, 

Seqirus 

Surface antigen/ 

cell based 

    Post-11 3   NCT01865617 4-1BB    
Flucelvax, 

Seqirus 

Surface antigen/ 

cell based 

    Post-13 14   NCT03338972 4-1BB    Fluad, Seqirus 
Subunit/ 

adjuvant 

Individuals without antibody responses 

    Post-2 7   NCT02028455 4-1BB    
Flucelvax, 

Seqirus 

Surface antigen/ 

cell based 

    Post-3 7   NCT01865617 4-1BB   
Ruxolitinib for 

GvHD 
NK NK 

    Post-5 7   NCT01865617 4-1BB    FluLaval, GSK split 
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    Post-6 5   NCT01865617 4-1BB   Ibrutinibe 
Fluzone, high 

dose, Sanofi 
split 

    Post-7 3   

Axicabtagene 

ciloleucel 

NCT03105336 

CD28    Fluarix, GSK split 

    Post-8 2   
Axicabtagene 

ciloleucel 
CD28    

Fluzone, 

Sanofi 
split 

    Post-9 4   NCT01865617 4-1BB    FluLaval, GSK split 

    Post-10 5   

Lisocabtagene 

maraleucel 

NCT02631044 

4-1BB    
Fluzone, 

Sanofi 
split 

    Post-12 3   
Axicabtagene 

ciloleucel 
CD28    NK NK 

Blank fields indicate not applicable. NK indicates not known. Baseline is defined as the day of the baseline blood sample prior to vaccination. 

CAR-Tx indicates CAR-T-cell therapy; GSK, GlaxoSmithKline; GvHD, graft versus host disease; NK, not known. 
aAll individuals received a standard lymphodepleting regimen with cyclophosphamide and fludarabine. 
bIncludes cytokine release syndrome and immune effector cell-associated neurotoxicity syndrome. 
c’Pre-1’ had an allogeneic HCT prior to day 90 for consolidation; ‘Pre-3’ died prior to the 90 day time point. 
dAll individuals had remission or very good partial remission of the underlying disease at time of vaccination without initiation of new therapies after CAR-T-cell therapy. 
eMaintenance therapy started before CAR-T-cell therapy. 
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Supplemental Table 2. Baseline laboratory values and most recent IGRT administration for the pre- and post-CAR-T-cell therapy cohorts 

Study-ID CD8+ T-cells/µL % naïve of all 
CD19+ B-cellsa 

% switched 
memory of all 
CD19+ B-cellsa 

IgA, mg/dLb IgM, mg/dLb Days from last 
IGRT to 

baselinec 

Days from last 
IGRT to post 

vaccine 
timepointc 

Pre-CAR-T cohort 

  Individuals with an antibody response to ≥1 vaccine strain 

    Pre-4 359 41 33 5 <10   

    Pre-5 801 52 8 21 24   

  Individuals without antibody responses 

    Pre-1 224   38 <10   

    Pre-2 399   67 27   

    Pre-3 217 29 4 <2 <10   

Post-CAR-T cohort 

  Individuals with an antibody response to ≥1 vaccine strain 

    Post-1 759 47 2 7 126   

    Post-4 262   3 21   

    Post-11 138   14 10   

    Post-13 189 63 2 59 223   

  Individuals without antibody responses 

    Post-2 147   2 10 66 71 

    Post-3 104   3 10 95 43 

    Post-5 223   3 10   

    Post-6 401   34 10   

    Post-7 531   37 19   

    Post-8 247   33 10 62  

    Post-9 346 64 2 2 34   

    Post-10 181 79 1 53 18   

    Post-12 167   37 10   

IGRT indicated IgG replacement therapy. 

a No values are missing. Percentage of B-cell subpopulations are only displayed among individuals with ≥20 CD19+ B-cells/µL. 

b Lower limits of normal; IgA, 84 mg/dL; IgM, 40 mg/dL. 
cIGRT within 4 months (≥4 half-lives of circulating IgG) before any of the study sample collections is displayed. IGRT within 2 months prior to baseline was an 
exclusion criteria. 
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