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Abstract 

Background:  Patients receiving hematopoietic stem cell transplantation (HSCT) or chimeric antigen receptor T 
cell (CAR T-cell) therapy are immunocompromised and at high risk of viral infection, including SAR2-CoV-2 infection. 
However, the effectiveness and safety of COVID-19 vaccines in these recipients is not well characterized. The present 
meta-analysis evaluated the serologic response and safety of COVID-19 vaccines in these population.

Methods:  Literature databases (MEDLINE, EMBASE, Web of Science, MedRvix and BioRvix) were searched for original 
studies with serologic response post COVID-19 vaccination in HSCT or CAR T-cell recipients published until July 14, 
2022. The analysis included 27 observational studies with a total of 2899 patients receiving allogeneic HSCT (2506), 
autologous HSCT (286) or CAR T-cell therapy (107), and 683 healthy participants with serologic response data. Ran-
dom effects models were used to pool the rate of serologic response to COVID-19 vaccination in HSCT or CAR T-cell 
recipients and odds ratio comparing with healthy controls.

Results:  The pooled seropositivity rates in HSCT and CAR T-cell recipients were 0.624 [0.506–0.729] for one dose, 
0.745 [0.712–0.776] for two doses. The rates were significantly lower than those in healthy controls (nearly 100%). In 
subgroup analysis, CAR T-cell recipients exhibited an even lower seroconversion rate (one dose: 0.204 [0.094–0.386]; 
two doses: 0.277 [0.190–0.386]) than HSCT counterparts (one dose: 0.779 [0.666–0.862]; two doses: 0.793 [0.762–
0.821]). The rates were comparable between autologous and allogeneic HSCT recipients. Other possible impact 
factors related to seropositivity were time interval between therapy and vaccination, use of immunosuppressive 
drugs and immune cell counts. Most vaccine-related adverse effects were mild and resolvable, comparable to general 
population.

Conclusions:  This analysis revealed a diminished response to COVID-19 vaccines in HSCT or CAR T-cell recipients. Our 
findings may inform regular COVID-19 vaccination at appropriate intervals after HSCT or CAR T-cell therapy.
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Introduction
Since the outbreak of the human coronavirus disease 
2019 (COVID-19), the pandemic has posed tremen-
dous challenges to the globe, with many new variants 
emerging. According to the World Health Organization 
(WHO), as of July 15, 2022, the cumulative number of 
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confirmed COVID-19 cases worldwide reached over 557 
million and the cumulative number of deaths reached 
over 6.35 million [1]. In response, many countries have 
adopted mass COVID-19 vaccination and booster shot 
programs [2, 3]. The COVID-19 vaccines have been vali-
dated in large-scale clinical trials and real-world settings 
to be protective and well-tolerable in general populations 
[4, 5]. However, the effectiveness and safety of COVID-
19 vaccines in specific populations, such as immunosup-
pressed patients and patients with cancer, have not been 
well characterized, given that they were usually excluded 
from registrational clinical trials or defined as “warnings 
and precautions” groups in the labels [6, 7].

Hematopoietic stem cell transplantation (HSCT) and 
chimeric antigen receptor T cell (CAR T-cell) have been 
standard-of-care or emerging treatment options for mul-
tiple diseases, such as hematological malignancies and 
autoimmune diseases, which are featured by dysfunc-
tion of hematopoietic or immune system [8–10]. Basi-
cally, HSCT involves depleting recipients’ dysfunctional 
hematopoietic and immune system and infusing autolo-
gous or allogeneic stem cells to achieve immune recon-
stitution, so-called autologous HSCT (auto-HSCT) or 
allogeneic HSCT (allo-HSCT), respectively [11–13]. For 
CAR T-cell therapy, either autologous or allogeneic T 
cells separated from peripheral blood are manufactured 
to target specific antigens and transfused back to patients 
after the ablative chemotherapy. Globally, as of April 
2022, five allogeneic CD19-directed CAR T-cell [14] and 
two allogeneic B-cell maturation antigen (BMCA)-ori-
ented CAR T-cell products have been approved for B-cell 
malignancies and multiple myeloma, respectively [15]. 
HSCT or CAR T-cell recipients are generally immuno-
compromised and vulnerable to infection post-transplan-
tation due to underlying diseases, depletive conditioning 
regimens, multiple immunosuppressive treatments, or 
long-term application of immunosuppressants post-
therapy [16, 17]. Once infected with SARS-CoV-2, they 
are prone to developing severe or fatal symptoms, asso-
ciated with higher rates of hospitalization and mortality 
[18, 19]. On this basis, the European and US transplant 
guidelines consider that the benefits of COVID-19 vacci-
nation may overweigh risks for patients receiving HSCT 
or CAR T-cell and recommend COVID-19 vaccination as 
early as three months after transplantation or cell therapy 
[20, 21]. These recommendations were based on limited 
evidence from individual studies on COVID-19 vaccines 
with small sample size and previous clinical experience 
with infections caused by other pathogens. Therefore, it 
is imperative to integrate findings across studies to gain 
a better understanding into the effectiveness of COVID-
19 vaccines in this population. In this study, we system-
atically evaluated the serologic responses and safety after 

COVID-19 vaccination in patients receiving HSCT or 
CAR T-cell therapy and aimed at providing insights on 
COVID-19 vaccination programs for this population.

Methods
This meta-analysis was conducted according to the 
preferred reporting items for systematic reviews and 
meta-analyses (PRISMA) guidelines, and the PRISMA 
checklist is available in Additional file  1: Table  S1. This 
study was registered at the International Prospective 
Register of Systematic Reviews (PROSPERO) website 
(CRD42022295587).

Eligibility criteria
All original studies reporting the immunological 
response of COVID-19 vaccination in patients adminis-
tered with HSCT or CAR T-cell therapy were considered 
for inclusion. There were no restrictions regarding lan-
guage, country, and patient demographic information of 
the included studies due to the small volume of studies 
on this topic.

Search strategy
We searched in MEDLINE, EMBASE and Web of Science 
for peer-reviewed articles published until July 14, 2022, 
with mainly the following terms: COVID-19, SARS-
CoV-2, vaccination, immunization, CAR T and HSCT. 
A similar search was performed for preprint articles in 
MedRvix and BioRvix. The search flowchart is presented 
in Fig. 1 and detailed search strategies are listed in Addi-
tional file 1: Table S2.

Study selection and data extraction
Two reviewers (CG and GL) independently conducted 
literature search for potentially eligible studies, and dif-
ferences in opinion were resolved by consensus among 
the authors. Two authors (CG and KD) independently 
screened the titles and abstracts to exclude studies that 
did not meet the inclusion criteria and resolved differ-
ences by consensus among a third author (GL). Crite-
ria for inclusion included: (1) patients of hematologic 
disorders receiving HSCT or CAR T-cell therapies 
(For studies that did not report underlying diseases of 
patients, authors had to be affiliated with hematologic 
related institutions); (2) immunological response and/
or safety outcomes were assessed post COVID-19 vac-
cination; and (3) results reported from original stud-
ies, other than secondary analyses. Exclusion criteria 
included: (1) reviews and comments; (2) the primary 
population in the articles  were not patients receiv-
ing  HSCT or CAR T-cell therapy; (3) underlying dis-
eases were not hematologic diseases; (4) quantitative 
data were not available or duplicated with other studies. 
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All key data from each included study were indepen-
dently extracted by CG, KD and ML according to a 
pre-determined proforma and validated by GL. Data 
on study characteristics were extracted, including the 
first author’s name, study location, year of publication, 
sample size, underlying diseases or conditions, types of 
therapies, age and gender of patients, type and dose of 
vaccines, time to vaccination post-HSCT or CAR T-cell 
therapy, outcome of immunological response, safety 
evaluation and possible impact factors of seropositivity. 
Types of therapies were divided  into three categories, 
including allo-HSCT, auto-HSCT and CAR T-cell.

Outcomes
The primary outcome of this meta-analysis was sero-
positivity rate after COVID-19 vaccination, defined as 
the proportion of participants with positive serologic 
anti-SARS-CoV-2 antibodies. Quantitative IgG antibod-
ies against SARS-CoV-2 spike protein (either RBD or S1) 
were tested to measure seropositivity in all included stud-
ies. The seropositivity was determined with reference to 
the criteria stated in each study, which varied across stud-
ies due to the differences in methodology. The second-
ary outcome involved adverse events or reactions after 
COVID-19 vaccination in HSCT or CAR T-cell recipients.

Records identified from:
PubMed/MEDLINE (n=2992)
EMBASE (n=2387)
Web of Science (n=584)
MedRxiv and BioRxiv (n=122)

Records removed before 
screening:

Duplicate records removed
(n=1092)

Records screened
(n=4993)

Records excluded after 
screening for title and abstract
(n=4674)

Reports sought for retrieval
(n=319)

Reports not retrieved
(n=55)

Reports assessed for eligibility
(n=264)

Reports excluded:
• Reviews and comments (n=82)
• Data were not related to HSCT 
or CAR T-cell therapy. (n=76)
• Underlying diseases of HSCT or 
CAR T-cell recipients were not
hematologic diseases. (n=19)
• Quantitative data on serologic 
response were not available.
(n=54)
• Data duplicate with other 
included articles. (n=6)Studies included in review

(n=27)

Identification of studies via databases
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Fig. 1  PRISMA flow diagram summarizing the process for study identification. 4993 articles were identified through the literature search. 4966 were 
excluded after the screening. 27 articles met eligibility criteria and were included for the analysis. HSCT: hematopoietic stem cell transplantation; 
CAR T-cell therapy: chimeric antigen receptor T-cell therapy
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Statistical analysis
This meta-analysis was performed with the Comprehen-
sive Meta-Analysis Software (version 3). Random effects 
models were used to pool the rate of serologic response 
to COVID-19 vaccination among allo-HSCT, auto-
HSCT, CAR T-cell therapy patients and odds ratio com-
paring with healthy controls. Q, I2 and P values were used 
to assess heterogeneity between studies. I2 value of < 25% 
was considered for low heterogeneity and > 75% for high 
heterogeneity, and p value < 0.05 for significance. Egger’s 
and Begg’s tests were performed to assess publication 
bias. Sensitivity analysis was performed by one study-
removed analyses to assess the stability of the study.

Risk of bias assessment
Given the included studies were all non-randomized 
observational studies, the risk of bias assessment was car-
ried out using ROBINS-I (risk of bias in non-randomized 
studies of interventions) tool as previously described [22]. 
Briefly, studies were assessed the certainty of evidence 
from seven domains, including confounding, selection of 
participants into the study, classification of interventions, 
deviations from intended interventions, missing data, 
measurement of outcomes and selection of the reported 
results. Two reviewers (CG and ML) assessed each study 
independently, and all discrepancies were resolved by the 
involvement of a third reviewer (KD) in the assessment 
and discussion.

Results
Study characteristics
We identified 4993 articles through the literature search 
and excluded 4966 after screening. 27 articles met eli-
gibility criteria and were included in this meta-analysis. 
The detailed process of literature screening is shown in 
Fig.  1. Among the 27 included studies, 14 were peer-
reviewed full-text articles [23–36], 12 were letters or 
correspondences [37–48], and one was preprint [49]. In 
terms of vaccine types, all 27 studies involved patients 
administered with mRNA vaccines (BNT162b2 from 
Pfizer-BioNTech and mRNA-1273 from Moderna), of 
which five studies also contained patients with adenoviral 
vector vaccines (Ad26.COV2.S from Johnson & Johnson 
and ChAdOx1 from AstraZeneca) [24, 25, 34, 42, 47], 
as detailed in Table 1. A total of 2506 allo-HSCT recipi-
ents, 286 auto-HSCT, 107 CAR T-cell recipients, and 683 
healthy participants with serologic data were included 
in this meta-analysis. All patients with reported medi-
cal history had reported a prior diagnosis of hematologic 
malignancies, including leukemia, lymphoma, myeloma, 
and myelodysplastic syndrome. Majority of the included 
studies did not report the number of patients with spe-
cific underlying diseases.

Risk of bias assessment
According to the ROBINS-I tool, the risk of bias was 
rated as low in three studies, moderate in 23 studies and 
serious in one study (Additional file  1: Table  S3). The 
main source of bias was confounding, which was difficult 
to control due to the ever-changing pandemic of COVID-
19. Unknown history of SARS-CoV-2 exposure, no 
matching variables such as age and underlying diseases 
contributed to bias in confounding and selection of par-
ticipants into the study. Differences in antibody detection 
methods and differences in the criteria for determining 
seropositivity were also factors that contribute to bias in 
measurement of outcomes.

Serologic response after one dose of COVID‑19 vaccine
In the analysis of serologic response rates to the first dose 
of COVID-19 vaccination, eight cohorts from six of the 
included studies were available for assessment. All the six 
studies assessed serologic response 2 weeks to 3 months 
after a single dose of vaccination. As shown in Fig.  2A, 
the pooled proportion of HSCT or CAR T-cell recipients 
achieving a seropositive response was 0.624 (95% [CI] 
0.506–0.729, I2 = 92.15). The seropositive proportion for 
patients with prior allo-HSCT, auto-HSCT or CAR T-cell 
therapeutics was 0.587 (95% [CI] 0.368–0.776, I2 = 93.17), 
0.869 (95% [CI] 0.759–0.933, I2 = 0), and 0.204 (95% 
[CI] 0.094–0.386, I2 = 0), respectively. The seropositivity 
rate of combined allo-HSCT and auto-HSCT recipients 
was 0.779 (95% [CI] 0.666–0.862, I2 = 93.16). The funnel 
plot symmetry examination showed no publication bias 
(Begg’s test P = 0.62, Egger’s test P = 0.63) (Additional 
file  1: Fig.  S1A). Sensitivity analyses demonstrated that 
there were no significant changes after removing any of 
the studies, with overall seroconversion rates ranging 
from 0.488 to 0.610 (Additional file 1: Fig. S2A).

Serologic response after two or three doses of COVID‑19 
vaccine
Twenty-one of the included studies analyzed serologic 
responses to two doses of COVID-19 vaccine in patients 
receiving HSCT or CAR T-cell therapy (Fig.  2B). The 
vast majority of studies assessed serologic response 
2–12 weeks after the second dose (Table 1). The overall 
proportion of seropositive response was 0.745 (95% [CI] 
0.712–0.776, I2 = 79.47). The seropositive proportion for 
patients who previously received allo-HSCT, auto-HSCT 
or CAR T-cell therapy was 0.792 (95% [CI] 0.760–0.820, 
I2 = 55.37), 0.819 (95% [CI] 0.643–0.919, I2 = 79.77) and 
0.277 (95% [CI] 0.190–0.386, I2 = 0), respectively. The 
overall seropositivity rate of allo-HSCT and auto-HSCT 
recipients was 0.793 (95% [CI] 0.762–0.821, I2 = 60.56) 
after two doses of COVID-19 vaccines. No evident pub-
lication bias was observed based on the visual symmetry 
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(See figure on next page.)
Fig. 2  Serologic response after COVID-19 vaccination. The seroconversion rates after one dose (A), two doses (B) or three doses (C) of COVID-19 
vaccine were plotted. The solid circles indicates the seropositivity rates, and the horizontal lines mean the 95% confidence interval (CI). The 
diamonds indicate the pooled estimate, and the lateral tips of the diamonds mean the 95% CIs. The event rate, lower limit, upper limit and relative 
weight were analyzed using the random effects models. The heterogenicity of each subgroup was represented by Q, I2 and P values as described in 
Methods

of funnel plot (Begg’s test P = 0.21, Egger’s test P = 0.10) 
(Additional file  1: Fig.  S1B). Sensitivity analyses showed 
that there was no significant change after removing indi-
vidual studies (Additional file  1: Fig.  S2B), which vali-
dated the stability and reliability of the results.

As shown in Fig. 1C, only five included studies reported 
the serologic response after three doses of vaccine. Four 
studies involved HSCT recipients and two involved CAR 
T-cell recipients. The overall proportion of seropositive 
response was 0.688 (95% [CI] 0.561–0.791, I2 = 80.91). 
Publication bias was assessed using funnel plot (Begg’s 
test P = 0.10, Egger’s test P = 0.56) (Additional file  1: 
Fig. S1C). Sensitivity analyses excluding any of the stud-
ies showed similar estimates of seropositivity (Additional 
file 1: Fig. S2C).

Serologic response compared with healthy controls
In 13 of the included studies involving healthy controls 
(four for one dose, ten for two doses and one for three 
doses), the serologic response rates of healthy people 
were all nearly 100%. The overall seropositive rate of 
HSCT and CAR T-cell recipients was significantly lower 
compared with that of healthy controls after one dose 
of vaccine (OR: 0.013, 95% [CI] 0.003–0.047, p < 0.001, 
I2 = 0) (Fig.  3A). Similar patterns were observed in the 
pooled analyses of serologic response after two (OR: 
0.036, 95% [CI] 0.017–0.077, p < 0.001, I2 = 0) (Fig. 3B) or 
three (OR: 0.148, 95% [CI] 0.008–2.628, p = 0.193, I2 = 0) 
(Fig.  3C) doses of vaccines. The funnel plot showed no 
obvious publication bias for the first two settings (one 
dose: Begg’s test P = 0.14, Egger’s test P = 0.08; two doses: 
Begg’s test P = 0.09, Egger’s test P = 0.26) (Additional 
file  1: Fig.  S1D, E). Sensitivity analysis showed that the 
odds ratio was not obviously altered by deselecting any 
studies (Additional file 1: Fig. 3A, B).

Impact factors on seroconversion in HSCT or CAR T‑cell 
recipients
Due to insufficient quantitative information, meta-
regression could not be performed to assess impact fac-
tors of seroconversion rate. We therefore systematically 
reviewed each factor separately based on available data, 
with most of the conclusion on impact factors of sero-
conversion being derived from articles that included the 
HSCT recipients and few articles examined the impact 
factors of seroconversion in CAR T-cell recipients. 

(Detailed in Additional file  1: Table  S5 and Fig.  S4). 
Firstly, time interval from HSCT or CAR T to vaccina-
tion was shown to be an impactor factors on seropositiv-
ity rate in 14 included studies [25, 26, 28–33, 36, 37, 43, 
45, 46, 49], and no significant correlation in 6 included 
studies [23, 24, 34, 38, 47, 48]. Subgroup analysis also 
showed a possibly positive effect of time interval on sero-
positivity rate (Fig.  4). More than 6-month time inter-
val indicated a better seroconversion than that less than 
6  months (0.660 [0.222–0.930] vs 0.306 [0.075–0.706]), 
and more than 12  months also indicated a better sero-
conversion (0.784 [0.658–0.872] vs 0.248 [0.101–0.494]). 
Furthermore, the use of immunosuppressants pre-HSCT 
or post-HSCT was found to have a negative impact on 
antibody response in 13 studies [24, 25, 27–29, 31–34, 37, 
43, 45, 46], but found no evident correlation in other 4 
studies [23, 36, 47, 48]. The number of lymphocytes was 
also demonstrated to be correlated with seroconversion 
in 14 included studies [24–29, 32, 33, 36, 37, 41, 43, 45, 
46], especially CD4+ T cells, CD19+ T cells and B cells, 
and no significant correlation in 5 studies [23, 31, 34, 47, 
48]. The presence of chronic graft-versus-host disease 
(cGVHD) could also be a contributing factor for serocon-
version in only 4 included studies [26, 29, 31, 49].

Safety evaluation after COVID‑19 vaccination in HSCT 
or CAR T‑cell recipients
14 of the included studies reported adverse events 
or reactions after COVID-19 vaccination in patients 
receiving HSCT or CAR T-cell therapy (Additional 
file 1: Table S4). Common (incidence rates higher than 
10%) local reactions at injection site included pain, 
swelling and redness, and common systemic adverse 
reactions included fever, chills, fatigue, myalgias and 
arthralgias, which were reported in at least four stud-
ies [23, 28, 32, 38]. Most adverse reactions were mild 
(grade 1 or 2) and could be resolved within a few days 
[23, 25, 28, 32, 38, 46]. Two studies found the pres-
ence of vaccine-related hematologic adverse reac-
tions, including cytopenia exacerbation (12.5%) and 
GVHD exacerbation (4.5%), and the reactions were 
also resolved quickly [24, 36]. No grade 3 or 4 adverse 
event was reported. Overall, the COVID-19 mRNA 
vaccination was relatively safe for HSCT and CAR 
T-cell recipients.
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A

B

C

Fig. 2  (See legend on previous page.)

Discussion
Patients with hematologic diseases receiving HSCT 
or CAR T-cell therapy are at an increased risk of mor-
bidity and mortality associated with COVID-19 [18, 
50]. Whether and when these patients should receive 

COVID-19 vaccines has become a critical issue. To 
our knowledge, the present study is the first system-
atic review and meta-analysis to examine the serologic 
response and safety of COVID-19 vaccines in patients 
who have undergone HSCT or CAR T-cell therapy. 
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Our findings suggested that these patients exhibited an 
impaired serologic response to COVID-19 vaccination, 
in reference to the approaching 100% response of the 
healthy controls included in the studies. The seroconver-
sion rate might increase after repeated inoculations. Our 
analysis found a seemingly increasing trend in seroposi-
tivity with repeated shots, ranging from 0.624 (95% [CI] 
0.506–0.729) after one dose to 0.745 (95% [CI] 0.712–
0.776) after two doses and 0.688 (95% [CI] 0.561–0.791) 
after three doses. Overall, our findings suggest that 

HSCT or CAR T-cell recipients are encouraged to receive 
a full course of COVID-19 vaccination and booster shots. 
Non-pharmaceutical interventions like wearing masks 
and maintaining social distance have also been identified 
as effective measures to interrupt virus transmission [51], 
which are even more important for HSCT or CAR T-cell 
recipients due to the weakened vaccine protection.

When looking at different types of therapies, we dem-
onstrated that patients receiving CAR T-cell garnered 
a substantially lower serologic response compared to 

Odds ratio (95% CI)Subgroup Study
Odds
ratio

Lower 
limit

Upper 
limit Controls

Relative 
weight

Allo-HSCT p = 0.193, heterogenicity: I2 = 0, Q = 0, P = 1 
Overall p = 0.193, heterogenicity: I2 = 0, Q = 0, P = 1

A

B

C

Overall

Amandine Le Bourgeois-2 [44]Allo-HSCT 71 / 80 25 / 25 100.000.148

0.148

0.008

0.008

2.628

2.628

0.01 0.1 1 10

Odds ratio (95% CI)Subgroup Study
Odds
ratio

Lower 
limit

Upper 
limit HSCT or CAR T Controls

Relative 
weight

Seropositive/Total

Allo-HSCT p < 0.001, heterogenicity: I2 = 0, Q = 0.055, P = 0.815 
Auto-HSCT p = 0.035, heterogenicity: I2 = 0, Q = 0, P = 1
CAR T p < 0.001, heterogenicity: I2 = 0, Q = 0.02, P = 0.88
Overall p < 0.001, heterogenicity: I2 = 0, Q = 2.1, P = 0.716

Odds ratio (95% CI)Subgroup Study
Odds
ratio

Lower 
limit

Upper 
limit Controls

Relative 
weight

Allo-HSCT p < 0.001, heterogenicity: I2 = 0, Q = 1.73, P = 0.885
CAR T p < 0.001, heterogenicity: I2 = 0, Q = 1.85, P = 0.603
Overall p < 0.001, heterogenicity: I2 = 0, Q = 6.01, P = 0.74

0.01 0.1 1

Overall 0.013 0.003 0.047

20 / 37 40 / 40 49.32Allo-HSCT 0.014 0.001 0.253Lorenzo Canti  [26]
62 / 112 26 / 26 50.680.023 0.001 0.393Patrice Chevallier [32]

53 / 61 69 / 69 100.00Auto-HSCT 0.045 0.003 0.802Roni Tamari [33]

2 / 7 69 / 69 47.11CAR T 0.003 0.000 0.077Roni Tamari [33]
4 / 23 25 / 25 52.890.005 0.000 0.089Thomas Gastinne [38]

0.018 0.002 0.137Subtotal

0.045 0.003 0.802Subtotal

0.004 0.000 0.034Subtotal

0.01 0.1 1 10

Overall 0.036 0.017 0.077

58 / 69 82 / 82 8.88Allo-HSCT 0.031 0.002 0.534Katie Healy [35]
32 / 37 40 / 40 8.400.073 0.004 1.368Lorenzo Canti [26]
19 / 25 18 / 19 14.740.176 0.019 1.608Marika Watanabe [28]

80 / 117 35 / 35 9.090.030 0.002 0.506Monika Lindemann [30]
118 / 152 269 / 272 50.100.039 0.012 0.129Noga Shem-Tov [31]

61 / 70 78 / 78 8.800.041 0.002 0.722Peter Bergman [49]

5 / 12 8 / 8 29.02CAR T 0.043 0.002 0.917Kalpana Parvathaneni [41]
0 / 2 78 / 78 16.000.001 0.000 0.078Peter Bergman [49]
1 / 13 4 / 4 23.780.013 0.000 0.390Saurabh Dahiya [40]
6 / 20 25 / 25 31.210.009 0.000 0.168Thomas Gastinne [38]

0.049 0.021 0.115Subtotal

0.011 0.002 0.059Subtotal

HSCT or CAR T

Seropositive/Total

HSCT or CAR T

Seropositive/Total

Fig. 3  Comparison of seropositive rates between patients receiving HSCT or CAR T-cell therapy and healthy controls. The comparison of 
seropositive rates between HSCT or CAR T-cell recipients and healthy controls after one dose (A), two doses (B) or three doses (C) of COVID-19 
vaccine were plotted. The solid circles indicates the odds ratio, and the horizontal lines mean the 95% CIs. The diamonds indicate the pooled 
estimate, and the lateral tips of the diamonds mean the 95% CIs. The event rate, lower limit, upper limit and relative weight were analyzed using the 
random effects models. The heterogenicity of each subgroup was represented by Q, I2 and P values as described in Methods
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those receiving HSCT (one dose: 0.204 [0.094–0.386] vs 
0.779 [0.666–0.862]); two doses: 0.277 [0.190–0.386] vs 
0.792 [0.761–0.819]), suggesting that CAR T-cell therapy 
might lead to a poorer response to COVID-19 vaccina-
tion. CAR T-cell recipients usually have a background 
of B-cell related malignancies, such as refractory large 
B-cell lymphoma and B-cell lymphocytic leukemia [52, 
53]. These patients are prone to exhibit sustained low or 
even nondetectable circulating B cells after CAR T-cell 
cell infusion [54], which might explain the particularly 
low seroconversion rate. Indeed, impaired seroprotect-
ing for vaccine-preventable infections was reported in 
CAR T-cell recipients, especially in BCMA-targeted CAR 
T-cell cell recipients [55]. Another possible interpretation 
lies in the patients included in this meta-analysis had a 
variety of hematologic disorders with varying disease 
states. Previous studies have demonstrated that patients 
with hematologic disorders react to COVID-19 vaccina-
tion in a variable manner, depending on type and activity 
level of the disorder [56–58]. However, the information 
of specific diagnosis for individual patients were lack-
ing for most studies. In addition, HSCT and CAR T-cell 
recipients may receive different immunosuppressive 

treatments and conditioning regimens which might also 
introduce bias in the assessment of seropositive rate.

Possible factors affecting seropositive rate were ana-
lyzed in this study, including therapy-vaccination time 
interval, immunosuppressive treatment and immune 
cell counts. European and US transplant guidelines sug-
gested that COVID-19 vaccination for HSCT or CAR 
T-cell recipients can be initiated 3  months after treat-
ment, which is rational in regions with severe outbreaks 
to minimize infection chance. The consensus guidelines 
recommend receiving vaccines for other pathogens 
6 months after HSCT to obtain a better seroconversion 
[59, 60], and similar results were notified in this system-
atic review. In summary, the adoption of an appropriate 
interval (more than 6 months) between vaccination and 
the HSCT or CAR T-cell therapy may provide a higher 
serologic response rate. Consistent with our findings, 
previous studies have demonstrated that the prior use of 
immunosuppressants and low number of lymphocytes 
were associated with attenuated serologic response to 
COVID-19 vaccination in patients with immune-medi-
ated inflammatory diseases addressed in a meta-analysis 
[61]. However, given a lack of quantitative information, 

Seropositive rate (95% CI)Subgroup Study
Event 
rate

Lower 
limit

Upper 
limit Total

Relative 
weight

<6 months heterogenicity: I2 = 54.76, Q = 2.21, P = 0.137 
>6 months heterogenicity: I2 = 93.85, Q = 16.261, P < 0.001
<12 months heterogenicity: I2 = 74.59, Q = 11.81, P = 0.008
>12 months heterogenicity: I2 = 84.33, Q = 19.15, P < 0.001
Overall heterogenicity: I2 = 89.68 , Q = 106.61, P < 0.001

<6 months

>6 months

<12 months

>12 months

Subtotal

Subtotal

Subtotal

Subtotal

Anne-Claire Mamez (2 doses)
Sandra Easdale (1 dose)

Anne-Claire Mamez (2 doses)
Sandra Easdale (1 dose)

Amandine Le Bourgeois (1 dose)
Amandine Le Bourgeois (2 doses)
Noga Shem-Tov (2 doses)
Patrice Chevallier (1 dose)

Amandine Le Bourgeois (1 dose)
Amandine Le Bourgeois (2 doses)
Noga Shem-Tov (2 doses)
Patrice Chevallier (1 dose)

6 / 13
1 / 8

42 / 50
20 / 47

4 / 29
15 / 29

1 / 5
5 / 29

59 / 88
82 / 88

117 / 147
57 / 83

62.98
37.02

49.19
50.81

26.73
30.84
14.51
27.92

26.54
20.04
27.20
26.23

Overall

0.462
0.125
0.306
0.840
0.426
0.660
0.138
0.517
0.200
0.172
0.248
0.670
0.932
0.796
0.687
0.784
0.633

0.224
0.017
0.075
0.711
0.294
0.222
0.053
0.341
0.027
0.074
0.101
0.566
0.856
0.723
0.580
0.658
0.511

0.718
0.537
0.706
0.918
0.569
0.930
0.315
0.689
0.691
0.353
0.494
0.760
0.969
0.853
0.777
0.872
0.740

0.00 0.50 1.00

Fig. 4  Effect of time interval between therapy to vaccination on seroconversion rate. The studies were categorized into different subgroups based 
on time interval between HSCT and the vaccination, referring to the classification of the time interval in the original studies. The studies included 
in this figure contained individuals with one or two doses vaccines and were annotated in the figure. Two studies set 6 months as the cut-off 
(< 6 months and > 6 months) while three studies set 12 months as the cut-off (< 12 months and > 12 months). The event rate, lower limit, upper limit 
and relative weight were analyzed using the random effects models. The heterogenicity of each subgroup was represented by Q, I2 and P values as 
described in Methods
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meta-regression of impact factors on seroconversion 
was not conducted and hard to draw a solid conclusion. 
and larger prospective studies are needed to confirm the 
association.

Furthermore, vaccination with COVID-19 vac-
cines was generally tolerated in HSCT or CAR T-cell 
recipients, with the majority of adverse reactions being 
mild and transient, comparable to those in the gen-
eral population [62]. Nevertheless, considering the 
limited patient pool included, certain important but 
possibly rare safety alarms might not be captured in 
these retrospective studies. Therefore, active moni-
toring is required after vaccination and cautions must 
be paid on some hematologic events given the under-
lying hematologic disorders of HSCT or CAR T-cell 
recipients.

This study has some limitations. First, the included 
studies were limited in patient number and showed high 
heterogeneity. Reasons for high statistical heterogene-
ity in this meta-analysis included differences in base-
line characteristics of included patients, such as age, 
underlying diseases and serologic testing method. Mul-
tiple COVID-19 antibody testing kits were applied in 
different studies, and the criteria for defining serocon-
version positivity varied among institutions. Second, 
meta-regression could not be conducted due to insuf-
ficient information. Another limitation came from lack 
of evidence for long-term effectiveness and safety of the 
vaccines. Due to the urgency of vaccine development, 
most of the included studies were only followed up to 
3 months post-vaccination. Longer follow-up is needed 
to determine whether the level of neutralizing antibod-
ies can be maintained over time and whether there are 
late-onset adverse reactions after vaccination. In addi-
tion, the response to COVID-19 vaccination was only 
analyzed by positive humoral response, while the cellu-
lar immunity was not presented. An additional limita-
tion arises from that the vast majority of vaccine types 
included in the studies were mRNA vaccines, or serolog-
ical data for different vaccines were not differentiated in 
some individual studies. The data on other types (inac-
tivated vaccine, viral vector vaccine and protein subunit 
vaccine) of vaccines were lacking. Finally, only serocon-
version rates were discussed in this study, and data on 
vaccine efficacy in real-world were lacking, although 
vaccine efficacy was thought to be correlated with sero-
conversion [63].

Conclusion
Our meta-analysis reported an impaired humoral 
response to COVID-19 vaccines in HSCT recipients, and 
the response might be even lower in CAR T-cell recipi-
ents. Better seropositivity rate might be achieved when 

the interval between therapy and vaccination exceeds 
6  months. Regularly repeated COVID-19 vaccination at 
appropriate intervals after HSCT or CAR T-cell therapy 
is probably beneficial for these patients. Further studies 
assessing the responses and protection to the fourth dose 
and other types of vaccines are warranted.
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