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N o G ke W

Abstract: Solid organ transplant recipients were demonstrated to have reduced antibody response to
the first and second doses of the COVID-19 mRNA vaccine. This review evaluated published data on
the efficacy and safety of the third dose among solid organ transplant recipients. We performed a
systematic search of PubMed, EMBASE, and Web of Science to retrieve studies evaluating the efficacy
of the third dose of anti-SARS-CoV-2 vaccines in adult solid organ transplant recipients. Serologic
response after the third vaccine was pooled using inverse variance and generalized linear mixed and
random-effects models. Seven studies met our inclusion criteria. A total of 853 patients received
the third dose. Except for one randomized controlled trial, all studies were retrospective in design.
Following the third COVID-19 vaccine dose, antibody response occurred in 6.4-69.2% of patients.
The pooled proportion of antibody response rate after the third vaccine was 50.3% (95% confidence
interval (CI): 37.1-63.5, I> = 90%). Five papers reported the safety profile. No severe adverse events
were observed after the third vaccine dose. In conclusion, a third dose of the SARS-CoV-2 mRNA
vaccine in solid organ transplant recipients is associated with improved immunogenicity and appears
to be safe. Nevertheless, a significant portion of patients remain seronegative.

Keywords: COVID-19; vaccines; third dose; solid organ transplant recipients

1. Background

The ongoing coronavirus disease 2019 (COVID-19) pandemic caused by SARS-CoV-2
has affected billions of lives throughout the world. Solid organ transplant recipients are
at a greater risk of severe disease and death following COVID-19. One study reported a
mortality rate of more than 20% among solid organ recipients hospitalized with COVID-
19 [1]. The increased risk is mainly attributed to the patients” higher burden of comorbidities
and older age rather than immunosuppression intensity-related measures [1,2].

Efforts to overcome the spread of COVID-19 have focused on the development and
distribution of anti-SARS-CoV-2 vaccines. The efficacy and safety of mRNA COVID-19
vaccines have been well demonstrated in both large-scale phase III trials and real-world
data. The high effectiveness of the mRNA-based vaccines shown by these studies has led to
mass vaccination campaigns against COVID-19 [3-6]. However, solid organ recipients were
excluded from phase III trials; therefore, there is no evidence to show the efficacy and safety
of the vaccines in this immunocompromised population. Recent reports show a reduced
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antibody response among solid organ transplant recipients after the first and second mRNA
vaccine doses [7-11]. Boyarsky et al. reported that most solid organ transplant recipients
did not respond with an appreciable anti-spike antibody level following the first dose [8].
A successive study by Boyarsky et al. demonstrated that most solid organ transplant recipi-
ents had a detectable antibody response after the second dose. However, the antibody levels
measured were below the observed levels in immunocompetent vaccinated individuals [7].
Grupper et al. analyzed the humoral response in 136 kidney transplant recipients and
compared it to 25 controls following vaccination with the BNT162b2 (Pfizer/BioNTech). A
positive antibody response developed in only 51 of 136 transplant recipients (37.5%), while
100% of controls had positive serology [9]. The rate of side effects was similar between
these groups [9].

The disappointing immunologic response of solid organ transplant recipients follow-
ing two vaccine doses led to the authorization of a third dose in several countries, such as
France, Israel, and Germany [12-18].

This review evaluated published data on the efficacy and safety of the third dose
among solid organ transplant recipients.

2. Patients and Methods
2.1. Study Design

A systematic review and a meta-analysis were conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis guidelines (PRISMA) [19].
Before commencing the study, the protocol was registered with PROSPERO, a prospective
international register of systematic reviews (CRD42021284154).

2.2. Inclusion Criteria and Search Strategy

Studies evaluating the efficacy of a third dose of anti-SARS-CoV-2 vaccines in solid
organ transplant recipients over 18 years of age were included. Studies of patients with
previous COVID-19 infection or positive serology prior to first vaccination were excluded.

A systematic literature search was performed using PubMed, EMBASE, and Web of
Science on 26 September 2021. Search keywords included (“three doses” or “third dose” or
“booster” or “third-dose” or “third COVID-19 vaccine” or “3rd dose” or “3 doses” or “prime-
boost vaccination” or “three-dose” or “third doses” or “third shot” or “third shots”) AND
(“solid-organ transplant recipients” or “immunosuppressed” or “transplant recipients” or
“organ-transplant recipients”) AND (“COVID-19 Vaccine” or “messenger RNA vaccine”
or “mRNA vaccine” or “Pfizer” or “mRNA-1273" or “BNT162b2” or “COVID-19 mRNA
vaccine” or “SARS-CoV-2 Vaccine” or “BioNTech” or “mRNA vaccination” or “messenger
RNA-based vaccines” or “anti-SARS-CoV-2"). The complete search strategies can be found
in Supplementary Document S1. Randomized controlled trials (RCTs) and observational
studies were included, while case reports, reviews, and expert opinions were excluded.
Only English language papers were included.

2.3. Study Selection

Two authors (S.S. and R.A.) independently screened each article title and abstract
for inclusion and exclusion criteria. The full-text article was reviewed when meeting
the inclusion criteria or encountering any uncertainty. A third reviewer (O.E.) resolved
disagreements. Finally, references of included articles were further screened to identify
additional relevant studies. For serial studies, we included the most updated publication
to avoid repeated inclusion of the same patients.

2.4. Data Extraction

Two reviewers (5.S. and R.A.) extracted data using a standardized data extraction sheet.
Data included the following information: first author, date of publication, study design,
study period, data source, study location, the total number of participants, demographic
information including age and sex, inclusion and exclusion criteria, the status of previous
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COVID-19 diagnosis, the type of vaccine used, the time between second and third vaccine
dose, serologic response before the third vaccine, type of organ transplant, time from
transplantation, immunosuppression maintenance therapy, percentage of patients with
serological response to the third vaccine dose, type of tests used for outcome evaluation,
the time between the third dose to outcome evaluation, and other relevant outcomes when
available. Statistical analysis methods and adjustment for confounders were noted.

2.5. Outcomes

The primary outcome was vaccine effectiveness, defined as a serologic response
after the third vaccine. The response was determined for each study according to the
manufacturer thresholds. Seroprevalence was defined in each original study via a threshold
of SARS-CoV-2-specific antibodies, according to specific manufacturer recommendations.

2.6. Assessment of Study Quality

The evidence quality of included studies was assessed according to the Grading
of Recommendations, Assessment, Development, and Evaluation (GRADE) criteria [20].
GRADE expresses the degree of confidence in the quality of evidence and strength of
recommendation [20]. In addition, the Risk of Bias in Nonrandomized Studies of Interven-
tions (ROBINS-I) tool was used to assess the risk of bias [21]. Two authors (S.S. and R.A.)
independently evaluated each study using the GRADE and ROBINS-I framework, and
non-consensus was resolved by a third author (OE).

2.7. Statistical Analysis

A random-effects meta-analysis synthesized a pooled proportion with a 95% CI. A logit
transformation was performed as suggested by Warton and Hui [22]. The pooled results
were based on the inverse variance method, with a sensitivity analysis conducted using the
generalized linear mixed models (GLMM), which was reported to be superior in the analysis
of small sample sizes [23]. For the inverse-probability method, the DerSimonian-Laird
estimator was used to estimate the between-study variance. For the GLMM methods, the
maximum-likelihood estimator was utilized. Heterogeneity between studies was defined
as low (I? = 0-25%), moderate (I? = 26-75%), and high (IZ > 75%). Funnel plots and the
Egger test were considered for the assessment of publication bias. Statistical analysis was
conducted using the metaprop package in R 4.1.1 software (Comprehensive R Archive
Network, http:/ /cran.r-project.org/ (accessed on 30 October 2021)).

3. Results
3.1. Bibliographic Search and Study Selection

The literature search identified 125 potential publications. After excluding duplicates
and ineligible studies by title or abstract screening, 15 studies underwent full-text review.
A final seven studies were included in the quantitative meta-analysis (Figure 1). We did
not include the study by Kamar et al. [24] since the same data were used in a subsequent
report by Del Bello et al. [24].
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Figure 1. Flow diagram of retrieval of studies from the literature review. WOS, Web of Science.

3.2. Characteristics of the Included Studies

Details of included studies (1 = 7) are presented in Table 1. All seven studies were pub-
lished in the second half of 2021. Most (1 = 4, 57%) were conducted in France [13,15,16,25].
One study by Hall et al. was a randomized control trial study [18]. The other studies were
retrospective single-arm cohort studies in design. The distribution between the mRNA-
1273 vaccine (Moderna) (n = 3, 42%) and mRNA-BNT162b2 vaccine (Pfizer—-BioNTech)
(n =3, 42%) was balanced. In one study, three vaccines were used: 50% of the participants
received the Ad26.COV2.S vaccine (J&J/Janssen), 30% received the mRNA-1273 vaccine,
and 20% received the 162b2 vaccine [14]. Between the second dose and the third dose of
vaccine administration, the time ranged from 50 to 70 days.
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Table 1. Characteristics of included studies.

Author . - No. of Age Organ . T—i—;rr?sepflf;::za- Third Vaccine Time from 2nd Antibody Titer
(Month Year) Country Design Participants Participants Males (%) N(IIe{:;ilagne/}\S/I]e)a)n Transplanted Immunosuppression tion (gle)dian, Dose to 3rd Dose be%);ese?’rd
IQR
o Steroids (83.3%),
Iﬁ:;gt ((}é(,f) ;’ calcineurin inhibitor
Solid-organ - oA (98.3%),
Hall (Sep2021)  Canada RCT transplant 120 617%  66.6(633-71.4)  Kidney Q0% nviE/mycophenolate 316 (171-612)  mRNA-1273 Two months 1170%
L pancreas, . o, years (Moderna)
recipients Kidnev—pancreas sodium (73.3%),
ney-p . azathioprine (13.3%),
(15%), liver (4%) sirolimus (10%)
4 Calcineurin inhibitor
Kidney (85.8%), mTOR inhibitor mRNA-
Maszsgél(A“g France  Retrospective transplant 136 63.20% 63.7 (£11.7) Kidney (100%) 9%) 105 (+8.5) BNT162b2 50 days 49.70%
) recipients antimetabolite (75.4%), y (Pfizer /BioNTech)
steroids (32.1%)
Kidney
transplant 403% (0
Benotmane g Retrospecti reciptents with 159 61.60%  57.6(49.6-661)  Kidney (100% MMF, MDA+ Saoid 5.3 (19-11.1) mRNA-1273 51days (IR, patients were
(Jul 2021) rance etrospective rmrume‘xl .60% .6 (49.6-66.1) idney ( o) o+ steroids years (Moderna) 48-59 days) considered
serologic (52.8%) ositive)
response to P
two doses
Belatacept- Belatacept + MPA (71%), MRNA
Chavarot (Aug . treated kidney o R . mTOR inhibitor (13%), 47.5 (25.3-79) N 69.5 days (IQR o
2021) France Retrospective transplant 62 58% 63.5 (51-72) Kidney (100%) azathioprine (5%), months (Pfifg;ré?ozlz'zfech) 40-84) 0.00%
recipients steroids (100%)
Kidney (69.9%), Calcineurin inhibitor
. liver (14.2%), (86.1%),
Solid organ o mRNA- 41.4% (95% (I,
Pelfian 0" France  Retospective transplant 3% 65% ME1 hea(rg gcr’/ol)ung mTOR inhibitor (36.7%), _BNT162b2 > iay}fngR 36.5% to
recipients pancreas (1,.5%), belatacept (6.3%), (Pfizer/BioNTech) 46.3%
combined (2.5%) steroids (82.0%)
Kilqney((lﬁ./?);/o), Tacrlolimu§ or Ad26.COV2. S
Solid orean iver o), cyclosporine (50%)(J&]J /Janssen),
Werbel (Sep i 8 0 heart (6.6%), + MPA (83.3%), 45 mRNA-1273 67 days (IQR, .
2021) USA Retrospective transplant 30 43% 57 (44-62) pancreas (3.3%), steroids (80%), (23-105) years  (30%) (Moderna), 54 to 81) 20%
recipients lung (3.3%), sirolimus (3.3%), 162b2 (20%)
combined (3.3%) belatacept (3.3%) (Pfizer/BioNTech)
Calcineurin inhibitor
: 80.0%)
Kidney ( 9, 415
Westhoff (5P Germany  Retrospective  transplant 10 80% 60(515675)  Kidney (100%) o rop miitor Ho0%),  (2175-89.25) mRNA1273 10(10-10) 0
recipients belatacept (10.0%), months
steroids (100.0%)

No.—number; SD—standard deviation; IQR—interquartile range; RCT—randomized controlled trial, MMF/MPA—mycophenolic acid; mTOR—mammalian target of rapamycin.
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3.3. Patient Characteristics

A total of 913 patients were included in the final review. Of them, 853 patients received
the third dose, and 60 patients received a placebo as part of a randomized controlled trial by
Hall et al. [18]. The largest studies were by Del Bello et al. and Benotmane et al., comprising
396 and 159 patients, respectively. Across all studies, 43% to 80% of patients were male.
Four studies evaluated patients exclusively after kidney transplant, while three evaluated
patients after kidney or other organ transplants, including lung, heart, liver, and pancreas.
All studies reported the rate of seropositivity following COVID-19 vaccination as a primary
outcome. The prevalence of patients with a serologic response before receiving the third
vaccine dose varied between 0% and 49.7%. The median time from transplantation to the
third vaccine was between 3.16 and 10.5 years. All reports included patients concomitantly
treated with calcineurin inhibitor treatment and steroid treatment. One study focused on
patients treated with belatacept.

3.4. Primary Endpoint Measurement

In four reports (57%), the serology response measurements were performed using
an electrochemiluminescence anti-SARS-CoV-2 immunoassay (Roche Elecsys® (Roche,
Mannheim, Germany and Roche Diagnostics, Basel, Switzerland ). In three reports
(n =3, 42%), measurements were performed using the chemiluminescent microparticle
immunoassay (Abbott Architect® (Abbott Laboratories, Illinois, United States) (Table 2).
The time between the third dose vaccine administration and the serology test ranged from
2 to 4 weeks.
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Table 2. Efficacy and safety of the third dose of COVID-19 vaccine among solid organ transplant recipients.

Author (Month Primary Time from 3rd Vaccine Primary Outcome Measuring Seropositive Secondary Outcome Factors Associated with
Year) Outcome to Outcome Measuring Technique Rate (%) Secondary Outcome Results Reduced Response Safety
1. 71%
1. The median percent 2. The median Local and systemic events were
Serologic Electrochemiluminescence o ;/irus neutraliSation 3 SARS-CoV-2-specific slightly more common after the
response immunoassay (Roche Elecsys . The polyfunctiona - L :
Hall (Sep 2021) S One month . v (Roche Elecsys® 55% 2. The polyfunctional T-cell counts were greater, third dose of mMRNA-1273. No
Tocoll response with a minimal grade 3 or 4 events and no cases
P polyfunctional CD8* of acute rejection occurred.
T-cell response
Chemiluminescent microparticle
immunoassay (Abbott
Architect}égg or L body 1. Lymphocyte csount <
) ¢ ¢ . . ow antibody titers 1500/ mm
Masset (Aug 2021) f:gg’fslg One month . mﬁ‘ﬂﬂ“ﬁ;g;y%ﬁgfgsns 69.2% Antibody fiter (median 209, IQR (20-409) 2. Impairment of allograft
Atellica®), or AU/mL) function
electrochemiluminescence 3. Female recipients
immunoassay (Roche Elecsys®)
1. Patients without an
Benot (ul Serologi Chemiluminescent microparticle Zag;l‘é’izﬁzlsrresc%?\?isrfg N g .
enotmane (Ju erologic . ; o - o severe adverse events were
response 28 days (IQR, 27-33) 1mmunoa5§ay éAbett 49% tacrolimus, observed after the third dose.
Architect®) mycophenolate, and
steroids
. Chemiluminescent microparticle .
Chavarot (Aug Serologic 28 days (IQR, 28-33) immunoassay (Abbott 6.4% No patient presented severe
2021) response Architect®) systemic events.
1. Older patients
2. Patients receiving
Serologi Enzyme-linked immunosorbent mycophenolic acid, No serious adverse event or
Del Bello (Jul 2021) rgéooongsl g Four weeks assay (Beijing Wantai Biological 67.9% belatacept acute rejection episode was
P Pharmacy Enterprise) 3. Patients receiving at observed.
least a triple
immunosuppression
No patient presented severe
systemic events.
Serologi 14 days (IQR X Electrochemi(lll_.{lm?e]szclence ® One hea};t transplant recipient
erologic , immunoassay (Roche Elecsys o ; . ; ~
Werbel (Sep 2021) response 14-17) or Quanfitative ELISA 46.6% had qblopsx proven, antibody-
(EUROIMMUN) mediated rejection seven days
after the third dose in the setting
of acute volume overload.
1. Median antibody titer
concentration of 542 (IQR,
478-923) U/mL
. 1. Antibody titer 2.A substan)tial/ifllcrease
Westhoff (Sep Serologic Two weeks Electrochemiluminescence 60% concentration in the magnitude of
2021) response immunoassay (Roche Elecsys®) 2. Re;aecsg\;erzl ;l"ecells SARS-CoV-2 spike (S)

protein-reactive T-cell
immunity in 90% of
subjects
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3.5. Safety

Five papers reported the safety profile of the third vaccine dose [13-15,18,25]. In all
studies, no severe adverse events were noted (Table 2).

3.6. Quality of Evidence and Risk of Bias Assessments

The quality of evidence assessment and risk of bias of included studies are summarized
in Table 3 and Supplementary Table S1. According to the GRADE criteria, the quality of
evidence was “low” in three studies [14,17,25], “moderate” in three study [13,15,16], and
“high” in one study [18]. According to the ROBINS-I tool, the risk of bias was “moderate”
in five studies [14-17,25] and “serious” in one study [13]. The article by Hall et al. was not
evaluated by ROBINS-I as this tool is not applicable for randomized control trials.

Table 3. Quality assessments of included studies.

Certainty of the Evidence Risk of Bias Assessment
Author (Month Year) (GRADE) 20 * (ROBINS.-I) 21#
Hall (Sep. 2021) High N/A
Moderate
Masset (Aug. 2021) Due to the risk of bias Moderate
Moderate
Benotmane (Jul. 2021) Due to the risk of bias Moderate
Low
Chavarot (Aug. 2021) Due to risk of bias and Moderate
inconsistency
Moderate :
Del Bello (Jul. 2021) Due to the risk of bias Serious
Low
Werbel (Sep. 2021) Due to the risk of bias and Moderate
imprecision
Low
Westhoff (Sep. 2021) Due to the risk of bias and Moderate
imprecision

* Grade certainty meanings: very low = the true effect is probably markedly different from the estimated effect;
low = the true effect might be markedly different from the estimated effect; moderate = the authors believe that the
true effect is probably close to the estimated effect; high = the authors have a lot of confidence that the true effect
is similar to the estimated effect. # Detailed grading of ROBINS-I can be found in the Supplementary Materials.

3.7. Antibody Response Following a Third Dose

Antibody response following the third COVID-19 vaccine dose occurred in 6.4-69.2%
of patients across included studies. In a meta-analysis of seven studies comprising of
853 immunocompromised patients, the pooled rate of antibody response after the third
vaccine was 50.3% (95% CI: 37.1-63.5, 1? = 90%) (Figure 2). A sensitivity analysis using the
GLLM produced similar proportion estimates (Supplementary Figure S1). In the GLLM
meta-analysis (studies = 7, patients = 853), the pooled rate of antibody response following
a third dose of the vaccine was 48.4% (95% CI: 29.9-67.4, 1> = 90%). Publication bias
assessment using funnel plots and Egger tests was not feasible due to the small number of
studies included in the pooled analyses.
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Study

Hall 2021
Masset 2021
Benotmane 2021
Chavarot 2021
Del-Bello 2021
Werbel 2021
Westhoff 2021

Total (95% CI)
Heterogeneity: Tau? = 0.4282; Chi® = 60.86, df = 6 (P < 0.01); I = 90% |

Events Total Weight IV, Random, 95% CI

IV, Random, 95% CI

33 60 15.5% 0.550[0.416; 0.679] ——
94 136 16.6% 0.691[0.606; 0.768] B
78 159 16.9% 0.491[0411;0571] B

4 62 11.0% 0.065[0.018;0.157] l— 5
269 396 17.4% 0.679[0.631:0.725] R
14 30 13.6% 0.467 [0.283; 0.657] —B

6 10 9.1% 0.600[0.262; 0.878] S

853 100.0% 0.503 [0.371; 0.635] ——

T T T T 1
0 0.2 04 0.6 0.8 1
Proportion

Figure 2. Proportion of antibody response after the third COVID-19 vaccine dose among solid organ
transplant recipients. CI, confidence interval; IV, inverse variance.

3.8. Seroconversion Rate between the Second and Third Vaccine Doses

The pooled proportion of patients that were seronegative after the second dose and
transitioned to seropositivity after the third dose was 22.6% (95% CI: 14-34%; I? = 87%,
p < 0.01) (Figure 3).

Weight Weight

Study Events Total (common) (random) IV, Fixed + Random, 95% CI IV, Fixed + Random, 95% CI
Hall 2021 26 60 10.7% 15.9% 0.433 [0.306; 0.568] : —a—

Masset 2021 26 136 15.3% 16.5% 0.191 [0.129; 0.267] —IT

Benotmane 2021 14 159 9.3% 15.5% 0.088 [0.049; 0.143] - :

Chavarot 2021 4 62 27%  11.6% 0.065 [0.018; 0.157] -

Del-Bello 2021 105 396 56.0% 17.7% 0.265 [0.222; 0.312] -

Werbel 2021 8 30 4.3% 13.3% 0.267 [0.123; 0.459] —'r-—

Westhoff 2021 6 10 1.7% 9.6% 0.600 [0.262; 0.878]

Total (fixed effect, 95% Cl) 853 100.0% - 0.241 [0.212; 0.273] *

Total (random effects, 95% Cl) -—  100.0% 0.226 [0.142; 0.341] ~—

Heterogeneity: Tau® = 0.4675; Chi® = 47.19, df = 6 (P < 0.01); I* = 87%

0 0.2 0.4 0.6 0.8 1
Proportion

Figure 3. Proportion of seroconversion between the second and third doses of COVID-19 vaccine in
solid organ transplant recipients. CI, confidence interval; IV, inverse variance.

4. Discussion

Recent studies showed a substantially decreased antibody response of solid organ
transplant recipients to the first two doses of the SARS-CoV-2 mRNA [7-10]. A second
vaccine dose was demonstrated to have an improved response in anti-spike antibodies
in transplant recipients compared with the first dose [7]. However, it was regarded as
suboptimal, raising hope for an additional benefit of a third dose in this population. France,
Israel, and Germany were some of the first countries to authorize solid organ transplant
recipients to receive a third dose of the SARS-CoV-2 mRNA vaccine [12]. Nevertheless, some
patients were reported to receive the third dose of their own accord in other countries [26].
With the accumulating data regarding the potential benefit of a third dose, in August
2021, the United States Food and Drug Administration (FDA) issued an emergency use
authorization for the third dose of the mRNA-based vaccine for immunocompromised
patients, including solid organ transplant recipients [27].

This meta-analysis showed that solid organ transplant recipients had an improved
immunogenic response to the third dose of the COVID-19 vaccine. Nevertheless, this
response appears to be reduced when compared to the reported response of the average
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population. No severe or life-threatening events were reported among transplant recipients
after receiving the third vaccine dose.

Seven studies were included in this review. In a randomized controlled trial by
Hall et al., 120 organ-transplant recipients received the third dose of the mRNA-1273
(Moderna) vaccine or a placebo [18]. Positive antibody response was significantly more
prevalent in the mRNA-1273 group compared to the placebo (55% versus 18% respectively).
In a large retrospective study from France of 396 solid organ transplant recipients, after
receiving the third dose, the positive anti-SARS-CoV-2 antibody prevalence increased from
41.4% to 67.9% [13]. In addition, 45.3% of the seronegative patients turned positive after
the third dose. Other retrospective studies affirmed these results with increased serologic
response rates after the third dose [14-17].

Less encouraging results were demonstrated in a study conducted by Chavarot et al.,
which evaluated the response of 64 seronegative kidney transplant recipients treated with
belatacept [25]. The seropositivity rate did not improve significantly after receiving the
third dose of BNT162b2-mRNA (Pfizer/BioNTech) vaccine, with only 6.4% developing low
anti-SARS-CoV-2 antibody titers following the third dose.

Factors associated with reduced serologic response and lower seroconversion rates
after the third mRNA vaccine comprised older age, a lymphocyte count lower than
1500/ mm3, impairment of the allograft function, and treatment with mycophenolic acid,
belatacept, or at least a triple immunosuppression regime [13,15,16]. One study indicated
that male recipients were more likely to respond [16]. The other studies did not demon-
strate an association between gender and vaccine response. Two of the included studies
evaluated the cellular response following the third vaccine dose. Hall et al. showed a
greater increase in SARS-CoV-2-specific T-cell counts after the third mRNA-1273 vaccine
dose when compared to placebo [18]. Another study showed a substantial increase in
SARS-CoV-2 spike protein-reactive T-cell immunity in 90% of the patients receiving the
third dose, as well as increased frequencies of cytokine-producing T cells and follicular T
helper cells. This suggests improved antiviral functionality [17].

The results of the studies included in this meta-analysis were coherent. Most studies
demonstrated a substantial benefit of the third dose of SARS-CoV-2 mRNA vaccine in solid
organ transplant recipients. An exception to this finding was described in a study that
included only belatacept-treated patients. We also showed that a significant proportion of
seroconversion followed the third vaccine dose.

The safety profile assessed in the various studies showed consistent results. No anaphy-
lactoid reactions were observed, and no life-threatening events were noted [13,14,17,18,25].
Common adverse events included mild to moderate local reactions and mild or moderate
fatigue. Reactions such as severe arm pain, severe headache, and severe myalgia were
also noted [14]. One heart transplant recipient had an acute volume overload 7 days after
her third dose, representing biopsy-proven antibody-mediated rejection. However, her
heart function was preserved, and she did not require immunosuppressive intensification.
Moreover, the patient’s COVID-19 antibody titer profile was not increased, and no clear
link to the third dose vaccine can be made [14].

This meta-analysis had some limitations. First, the small cohort included in each study
reduced its statistical power. Second, there was heterogeneity between studies regarding
the vaccine type, timing of serological tests before and after the third dose, and definition
of antibody positivity. It should be noted that there is currently no universal defined cutoff
value for a positive antibody response. In addition, the role of the serologic response in the
immunity and protection from COVID-19 has not been fully established, and recent studies
have suggested that T-cell response may have a higher contribution to controlling severe
COVID-19 [28,29]. Nevertheless, some studies evaluated the cellular response after the
third dose and showed similar results. Lastly, the short follow-up and the lack of COVID-19
incidence rates following the third dose limit our conclusions.
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5. Conclusions

In solid organ transplant recipients, a third dose of the SARS-CoV-2 mRNA vaccine is
associated with improved immunogenicity and appears to be safe. Nevertheless, a signifi-
cant proportion of solid organ transplant recipients remain seronegative after receiving the
third vaccine dose.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vaccines10010095/s1: Document S1. Systematic review search
terms for PubMed (MEDLINE), EMBASE and Web of Science databases. Figure S1. A sensitivity
analysis conducted using the generalized linear mixed models (GLMM) showing the rate of antibody
response after the third vaccine among solid organ transplant recipients; Table S1. The risk of bias in
non-randomized studies of interventions (ROBINS-I) assessment tool, including the grading of the
individual eight domains.

Author Contributions: Conceptualization, O.E. and S.S.; Data curation, O.E. and S.S.; Formal analysis,
R.A.; Investigation, O.E., M.H., EM., EK. and S.S.; Methodology, R.A.; Project administration, O.E.
and S.S.; Software, R.A.; Supervision, O.E. and S.S; Writing—original draft, O.E., M.H. and S.S;
Writing—review & editing, E.M. and E.K. All authors have read and agreed to the published version
of the manuscript.

Funding: The authors received no financial support for the research, authorship, and/or publication
of this article.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

FDA The United States Food and Drug Administration

GLMM Generalized linear mixed models

GRADE Grading of Recommendations, Assessment, Development, and Evaluation
IOR Interquartile range

MMEF/MPA  Mycophenolic acid

mTOR Mammalian target of rapamycin

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analysis guidelines
PROSPERO  Prospective International Register of Systematic Reviews

RCT Randomized controlled trial

ROBINS-I Risk of Bias in Nonrandomized Studies of Intervention

SD Standard deviation

1. Kates, O.S.; Haydel, B.M.; Florman, S.S.; Rana, M.M.; Chaudhry, Z.S.; Ramesh, M.S,; Safa, K.; Kotton, C.N.; Blumberg, E.A;
Besharatian, B.D.; et al. COVID-19 in solid organ transplant: A multi-center cohort study. Clin. Infect. Dis. 2020, 73, e4090-e4099.

[CrossRef] [PubMed]

2. Caillard, S.; Chavarot, N.; Francois, H.; Matignon, M.; Greze, C.; Kamar, N.; Gatault, P; Thaunat, O.; Legris, T.; Frimat, L.; et al.
Is COVID-19 infection more severe in kidney transplant recipients? Arab. Archaeol. Epigr. 2021, 21, 1295-1303. [CrossRef]

3. Dagan, N.; Barda, N.; Kepten, E.; Miron, O.; Perchik, S.; Katz, M.A.; Hernan, M. A ; Lipsitch, M.; Reis, B.; Balicer, R.D. BNT162b2
mRNA Covid-19 Vaccine in a Nationwide Mass Vaccination Setting. N. Engl. |. Med. 2021, 384, 1412-1423. [CrossRef] [PubMed]

4. Baden, L.R;; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, B.; et al.
Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N. Engl. ]. Med. 2021, 384, 403-416. [CrossRef] [PubMed]

5. Sadoff, J.; Gray, G.; Vandebosch, A.; Cardenas, V.; Shukarev, G.; Grinsztejn, B.; Goepfert, PA.; Truyers, C.; Fennema, H.;
Spiessens, B.; et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against Covid-19. N. Engl. |. Med. 2021, 384,

2187-2201. [CrossRef]

6.  Polack, EP; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, ].L.; Marc, G.P.; Moreira, E.D.; Zerbini, C.; et al.
Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N. Engl. ]. Med. 2020, 283, 2603-2615. [CrossRef]


https://www.mdpi.com/article/10.3390/vaccines10010095/s1
https://www.mdpi.com/article/10.3390/vaccines10010095/s1
http://doi.org/10.1093/cid/ciaa1097
http://www.ncbi.nlm.nih.gov/pubmed/32766815
http://doi.org/10.1111/ajt.16424
http://doi.org/10.1056/NEJMoa2101765
http://www.ncbi.nlm.nih.gov/pubmed/33626250
http://doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
http://doi.org/10.1056/NEJMoa2101544
http://doi.org/10.1056/NEJMoa2034577

Vaccines 2022, 10, 95 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Boyarsky, B.].; Werbel, W.A.; Avery, R.K.; Tobian, A.A.; Massie, A.B.; Segev, D.L.; Garonzik-Wang, ].M. Antibody response to
2-dose SARS-CoV-2 mRNA vaccine series in solid organ transplant recipients. JAMA 2021, 325, 2204-2206. [CrossRef]
Boyarsky, B.].; Werbel, W.A.; Avery, RK; Tobian, A.A.; Massie, A.B.; Segev, D.L.; Garonzik-Wang, ] M. Inmunogenicity of a
single dose of SARS-CoV-2 messenger RNA vaccine in solid organ transplant recipients. JAMA 2021, 325, 1784-1786. [CrossRef]
[PubMed]

Grupper, A.; Rabinowich, L.; Schwartz, D.; Schwartz, I.E; Ben-Yehoyada, M.; Shashar, M.; Katchman, E.; Halperin, T.; Turner, D.;
Goykhman, Y.; et al. Reduced humoral response to mRNA SARS-CoV-2 BNT162b2 vaccine in kidney transplant recipients
without prior exposure to the virus. Arab. Archaeol. Epigr. 2021, 21, 2719-2726. [CrossRef]

Shostak, Y.; Shafran, N.; Heching, M.; Rosengarten, D.; Shtraichman, O.; Shitenberg, D.; Amor, S.M.; Yahav, D.; Ben Zvi, H,;
Pertzov, B.; et al. Early humoral response among lung transplant recipients vaccinated with BNT162b2 vaccine. Lancet Respir.
Med. 2021, 9, e52—e53. [CrossRef]

Marion, O.; Del Bello, A.; Abravanel, E; Couat, C.; Faguer, S.; Esposito, L.; Hebral, A.L.; Izopet, J.; Kamar, N. Safety and
Immunogenicity of Anti-SARS-CoV-2 Messenger RNA Vaccines in Recipients of Solid Organ Transplants. Ann. Intern. Med. 2021,
174, 1336-1338. [CrossRef]

Kar-gupta, S.; Copley, C. Ignoring WHO Call, Major Nations Stick to Vaccine Booster Plans. Available online: https:/ /www.reuters.
com/world/europe/french-president-macron-third-covid-vaccine-doses-likely-elderly-vulnerable-2021-08-05/ (accessed on 5
August 2021).

Del Bello, A.; Abravanel, F;; Marion, O.; Couat, C.; Esposito, L.; Lavayssiere, L.; Izopet, ].; Kamar, N. Efficiency of a boost with a
third dose of anti-SARS-CoV-2 messenger RN A-based vaccines in solid organ transplant recipients. Am. J. Transplant. 2021, 22,
322-323. [CrossRef] [PubMed]

Werbel, W.A.; Boyarsky, B.J.; Ou, M.T.; Massie, A.B.; Tobian, A.A.; Garonzik-Wang, ].M.; Segev, D.L. Safety and Immunogenicity of
a Third Dose of SARS-CoV-2 Vaccine in Solid Organ Transplant Recipients: A Case Series. Ann. Intern. Med. 2021, 174, 1330-1332.
[CrossRef]

Benotmane, I.; Gautier, G.; Perrin, P.; Olagne, J.; Cognard, N.; Fafi-Kremer, S.; Caillard, S. Antibody Response After a Third Dose
of the mRNA-1273 SARS-CoV-2 Vaccine in Kidney Transplant Recipients With Minimal Serologic Response to 2 Doses. JAMA
2021, 326, 1063. [CrossRef] [PubMed]

Masset, C.; Kerleau, C.; Garandeau, C.; Ville, S.; Cantarovich, D.; Hourmant, M.; Kervella, D.; Houzet, A.; Guillot-Gueguen, C.;
Guihard, I; et al. A third injection of the BNT162b2 mRNA COVID-19 vaccine in kidney transplant recipients improves the
humoral immune response. Kidney Int. 2021, 100, 1132-1135. [CrossRef]

Westhoff, T.H.; Seibert, ES.; Anft, M.; Blazquez-Navarro, A.; Skrzypczyk, S.; Zgoura, P.; Meister, T.L.; Pfaender, S.; Stumpf, J.;
Hugo, C.; et al. third vaccine dose substantially improves humoral and cellular SARS-CoV-2 immunity in renal transplant
recipients with primary humoral nonresponse. Kidney Int. 2021, 100, 1135-1136. [CrossRef]

Hall, V.G.; Ferreira, VH.; Ku, T.; Ierullo, M.; Majchrzak-Kita, B.; Chaparro, C.; Selzner, N.; Schiff, J.; McDonald, M.; Tomlinson, G.;
et al. Randomized Trial of a Third Dose of mRNA-1273 Vaccine in Transplant Recipients. N. Engl. . Med. 2021, 385, 1244-1246.
[CrossRef] [PubMed]

Moher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G.; The PRISMA Group. Preferred Reporting Items for Systematic Reviews and
Meta-Analyses: The PRISMA Statement. J. Clin. Epidemiol. 2009, 62, 1006-1012. [CrossRef]

Guyatt, G.H.; Oxman, A.D,; Vist, G.E.; Kunz, R.; Falck-Ytter, Y.; Alonso-Coello, P.; Schiinemann, H.]. GRADE: An emerging
consensus on rating quality of evidence and strength of recommendations. BM]J 2008, 336, 924-926. [CrossRef]

Sterne, J.A.C.; Hernan, M.A.; Reeves, B.C.; Savovi¢, J.; Berkman, N.D.; Viswanathan, M.; Henry, D.; Altman, D.G.; Ansari, M.T,;
Boutron, I.; et al. ROBINS-I: A tool for assessing risk of bias in non-randomised studies of interventions. BM] 2016, 355, i4919.
[CrossRef]

Warton, D.I.; Hui, EK.C. The arcsine is asinine: The analysis of proportions in ecology. Ecology 2011, 92, 3-10. [CrossRef]
[PubMed]

Lin, L.; Xu, C.; Chu, H. Empirical Comparisons of 12 Meta-analysis Methods for Synthesizing Proportions of Binary Outcomes.
J. Gen. Intern. Med. 2021, 1-10. [CrossRef] [PubMed]

Kamar, N.; Abravanel, F.; Marion, O.; Couat, C.; Izopet, J.; Del Bello, A. Three Doses of an mRNA Covid-19 Vaccine in Solid-Organ
Transplant Recipients. N. Engl. ]. Med. 2021, 385, 661-662. [CrossRef]

Chavarot, N.; Morel, A.; Leruez-Ville, M,; Villain, E.; Divard, G.; Burger, C.; Serris, A.; Sberro-Soussan, R.; Martinez, F.; Amrouche,
L.; et al. Weak antibody response to three doses of mRNA vaccine in kidney transplant recipients treated with belatacept. Arab.
Archaeol. Epigr. 2021, 21, 4043-4051. [CrossRef] [PubMed]

Couzin-Frankel, J. “This Gives Hope”: A Third COVID-19 Vaccine Dose Can Boost Protection for Organ Transplant Recipients.
Available online: https://www.science.org/content/article/gives-hope-third-covid-19-vaccine-dose-can-boost-protection-
organ-transplant-recipients (accessed on 14 June 2021).

Coronavirus (COVID-19) Update: FDA Authorizes Additional Vaccine Dose for Certain Immunocompromised Individuals.
Available online: https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-
additional-vaccine-dose-certain-immunocompromised (accessed on 12 August 2021).


http://doi.org/10.1001/jama.2021.7489
http://doi.org/10.1001/jama.2021.4385
http://www.ncbi.nlm.nih.gov/pubmed/33720292
http://doi.org/10.1111/ajt.16615
http://doi.org/10.1016/S2213-2600(21)00184-3
http://doi.org/10.7326/M21-1341
https://www.reuters.com/world/europe/french-president-macron-third-covid-vaccine-doses-likely-elderly-vulnerable-2021-08-05/
https://www.reuters.com/world/europe/french-president-macron-third-covid-vaccine-doses-likely-elderly-vulnerable-2021-08-05/
http://doi.org/10.1111/ajt.16775
http://www.ncbi.nlm.nih.gov/pubmed/34331842
http://doi.org/10.7326/L21-0282
http://doi.org/10.1001/jama.2021.12339
http://www.ncbi.nlm.nih.gov/pubmed/34297036
http://doi.org/10.1016/j.kint.2021.08.017
http://doi.org/10.1016/j.kint.2021.09.001
http://doi.org/10.1056/NEJMc2111462
http://www.ncbi.nlm.nih.gov/pubmed/34379917
http://doi.org/10.1016/j.jclinepi.2009.06.005
http://doi.org/10.1136/bmj.39489.470347.AD
http://doi.org/10.1136/bmj.i4919
http://doi.org/10.1890/10-0340.1
http://www.ncbi.nlm.nih.gov/pubmed/21560670
http://doi.org/10.1007/s11606-021-07098-5
http://www.ncbi.nlm.nih.gov/pubmed/34505983
http://doi.org/10.1056/NEJMc2108861
http://doi.org/10.1111/ajt.16814
http://www.ncbi.nlm.nih.gov/pubmed/34431207
https://www.science.org/content/article/gives-hope-third-covid-19-vaccine-dose-can-boost-protection-organ-transplant-recipients
https://www.science.org/content/article/gives-hope-third-covid-19-vaccine-dose-can-boost-protection-organ-transplant-recipients
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-vaccine-dose-certain-immunocompromised
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-vaccine-dose-certain-immunocompromised

Vaccines 2022, 10, 95 13 of 13

28. Interim Clinical Considerations for Use of COVID-19 Vaccines Currently Approved or Authorized in the United States. Available
online: https:/ /www.cdc.gov/vaccines/covid-19/clinical-considerations/covid-19-vaccines-us.html?CDC_AA _refVal=https%
3A%2F%2Fwww.cdc.gov%2Fvaccines%2Fcovid-19%2Finfo-by-product%2Fclinical-considerations.html#pfizer-booster (accessed
on 27 September 2021).

29. Moderbacher, C.R.;; Ramirez, S.I.; Dan, ].M.; Grifoni, A.; Hastie, K.M.; Weiskopf, D.; Belanger, S.; Abbott, R.K.; Kim, C.; Choi, ].;
et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease Severity.
Cell 2020, 19, 996-1012. [CrossRef] [PubMed]


https://www.cdc.gov/vaccines/covid-19/clinical-considerations/covid-19-vaccines-us.html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fvaccines%2Fcovid-19%2Finfo-by-product%2Fclinical-considerations.html#pfizer-booster
https://www.cdc.gov/vaccines/covid-19/clinical-considerations/covid-19-vaccines-us.html?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fvaccines%2Fcovid-19%2Finfo-by-product%2Fclinical-considerations.html#pfizer-booster
http://doi.org/10.1016/j.cell.2020.09.038
http://www.ncbi.nlm.nih.gov/pubmed/33010815

	Background 
	Patients and Methods 
	Study Design 
	Inclusion Criteria and Search Strategy 
	Study Selection 
	Data Extraction 
	Outcomes 
	Assessment of Study Quality 
	Statistical Analysis 

	Results 
	Bibliographic Search and Study Selection 
	Characteristics of the Included Studies 
	Patient Characteristics 
	Primary Endpoint Measurement 
	Safety 
	Quality of Evidence and Risk of Bias Assessments 
	Antibody Response Following a Third Dose 
	Seroconversion Rate between the Second and Third Vaccine Doses 

	Discussion 
	Conclusions 
	References

