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Background: COVID-19 is more severe in transplant recipi-
ents. Variants of concern have supplanted wild-type virus. In
transplant recipients, data are limited on 2-dose or 3-dose
vaccine immunogenicity against variant viruses.

Objective: To assess neutralizing antibody responses against
SARS-CoV-2 variants in transplant recipients after 2 and 3 vaccine
doses.

Design: Secondary analysis of a randomized, double-blind,
controlled trial of a third dose of mRNA-1273 vaccine versus
placebo. (ClinicalTrials.gov: NCT04885907)

Setting: Single-center transplant program.

Patients:Organ transplant recipients.

Intervention: Third dose of mRNA-1273 vaccine versus
placebo.

Measurements: Sera were analyzed for neutralization against
wild-type virus and the Alpha, Beta, and Delta variants using a
surrogate virus neutralization assay and a spike-pseudotyped
lentivirus assay.

Results: A total of 117 transplant recipients were analyzed
(60 in the mRNA-1273 group and 57 in the placebo group).
Sera were obtained before and 4 to 6 weeks after the third

dose. After 2 doses, the proportion of patients with positive
neutralization for all 3 variants was small compared with
wild-type virus. After the third dose of mRNA-1273 vaccine,
the proportion with a positive neutralization response versus
placebo was improved for all 3 variants as measured by
both assays. Based on the pseudovirus neutralization assay
against the Delta variant, 33 of 60 (55%) patients were positive
in the mRNA-1273 group versus 10 of 57 (18%) in the placebo
group (difference, 37 [95% CI, 19 to 53] percentage points).
The differences were 36 (CI, 17 to 51) percentage points for the
Alpha variant and 31 (CI, 15 to 46) percentage points for the
Beta variant. In the mRNA-1273 group, lower neutralization val-
ues were observed for variants compared with wild-type virus,
especially the Beta variant.

Limitations: There is no clear correlate of protection for
neutralizing antibody. This was a secondary analysis.

Conclusion: In organ transplant recipients, a third dose of
mRNA vaccine increases neutralizing antibody response
against SARS-CoV-2 variants compared with placebo.

Primary Funding Source: Ajmera Transplant Centre.
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SARS-CoV-2 infection has been associated with increased
morbidity and mortality in patients who are immunocom-

promised. Organ transplant recipients usually receive life-
long immunosuppression and have been shown to have
a high rate of hospitalization and an approximate 2- to
5-fold increased mortality after SARS-CoV-2 infection (1).
Preventive strategies are therefore critically important in
this population. Two doses of mRNA vaccine have shown
excellent immunogenicity in the general population (2);
however, transplant recipients have very poor immunoge-
nicity to 2 doses of mRNA vaccine, as demonstrated inmul-
tiple studies (3–5). In addition, breakthrough infections after
2 doses of mRNA vaccine have been commonly reported
in transplant recipients, with significant resultant morbidity
and mortality compared with breakthrough infections in
the general population, which tend to bemild (6).

More recently, studies have shown that a third dose of
mRNA vaccine improves immunogenicity in transplant
recipients (7–9). We previously reported a randomized trial
comparing a third dose of the mRNA-1273 vaccine
(Moderna) versus placebo in organ transplant recipients
who had completed the standard 2-dose vaccine series (7).
Compared with placebo, the third dose resulted in signifi-
cantly increased antibody titers as measured by anti–SARS-

CoV-2 receptor-binding domain (RBD) antibodies. In addi-
tion, neutralization against wild-type virus and SARS-CoV-
2–specific CD4+ T-cell responses were improved in the
mRNA-1273 group. However, SARS-CoV-2 variants of con-
cern (VOCs), especially the Delta variant, have rapidly sup-
planted wild-type virus as the dominant circulating strains
in the community (10). In immunocompetent persons, stud-
ies have shown lower vaccine-induced virus neutralization
ability against VOCs (11, 12). In addition, studies in the gen-
eral population have shown decreased real-world efficacy
of mRNA vaccines for prevention of SARS-CoV-2 VOC
infection, although they seem to still be highly protective
against severe disease requiring hospitalization (13, 14).
However, in transplant recipients, there are limited data on
either 2-dose or 3-dose vaccine immunogenicity as it
relates to variant viruses.
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Using sera obtained from the randomized placebo-
controlled trial of a third dose of mRNA-1273 vaccine in
organ transplant recipients, we performed neutralization
assays against wild-type virus and the Alpha, Beta, and
Delta SARS-CoV-2 variants after 2 and 3 doses of mRNA-
1273 vaccine compared with third-dose placebo.

METHODS

Design Overview, Setting, and Participants
In the primary trial (ClinicalTrials.gov: NCT04885907),

120 organ transplant recipients from a single center received
2 doses of mRNA-1273 vaccine (Spikevax [Moderna]) at the
standard dosing interval (0 and 1 month). They were subse-
quently randomly assigned to either saline placebo or a third
vaccine dose 2months later. The primary hypothesis was that
a third-dose booster would result in increased vaccine immu-
nogenicity compared with placebo. The primary outcome of
the original trial was the antibody response to the receptor-
binding domain (anti-RBD). Primary trial details have been
published previously (7). Inclusion criteria were adult patients
(aged ≥18 years) who had received an organ transplant and
had a functioning allograft. Exclusion criteria included previ-
ous SARS-CoV-2 infection, active cytomegalovirus infection,
receipt of rituximab in the previous 6 months, treatment for
acute rejection in the previous 30 days, and allergic reaction
to a previous mRNA-1273 vaccination. Absence of previous
diagnosis of COVID-19 was confirmed by testing for antinu-
cleocapsid protein antibody (Abbott Laboratories) as per the
manufacturer's instructions. The study was approved by the
local institutional review board (CAPCR #21-5324), and all
patients provided informed consent.

For the current study, sera were analyzed after the sec-
ond vaccine dose and 4 to 6 weeks after the third dose
(vaccine or placebo) for neutralization against the Alpha,
Beta, and Delta variants compared with vaccine-homolo-
gous wild-type virus using the methods described later in
this article. Laboratory personnel were blinded to treat-
ment assignment.

Outcomes
Assessment of neutralizing antibody to wild-type vi-

rus and variants in the placebo and third-dose mRNA-
1273 groups was a prespecified secondary outcome in
the statistical analysis plan (version 2.0, June 2021; see
the Supplement, available at Annals.org). Of note, the
statistical analysis plan did not specifically mention var-
iants. Comparison of neutralization titers between wild-
type virus and variants after the third dose in the mRNA-
1273 group was considered a post hoc analysis.

Neutralization Antibody Assessment
Surrogate Virus Neutralization Test

Neutralization assays were performed using 2 methods.
The first was a commercially available surrogate virus neutrali-
zation test (cPass SARS-CoV-2 Neutralization Antibody
Detection Kit [GenScript]) that was granted emergency use
authorization by the U.S. Food and Drug Administration
(FDA). The surrogate virus neutralization assay has been used
in several previous studies and has been shown to have high
sensitivity and specificity (with a recommended positive

threshold of 30%), with excellent correlation with plaque
reduction neutralization testing (15–17). Commercially avail-
able recombinant proteins for the Alpha, Beta, and Delta var-
iants (GenScript) were used for the current study. The assay
detects functional antibodies that neutralize the interaction
between the spike protein receptor-binding domain (spike-
RBD) and human angiotensin-converting enzyme 2 (ACE2).
The assay was performed according to the manufacturer's
specifications. Briefly, microplate wells were precoated with
recombinant ACE2 and subsequently incubated with a mix-
ture containing patient serum and horseradish peroxidase
(HRP)–conjugated recombinant spike-RBD protein. The pres-
ence of neutralizing antibodies in sera prevents the binding of
RBD to ACE2, which is resolved using a colorimetric enzyme-
linked immunosorbent assay (ELISA) reaction. Percentage
neutralization was calculated as (1 � optical density sample /
optical density background)�100. A cutoff of 30% or greater
was used todefine apositive test result per themanufacturer's
instructions. This cutoff is based on manufacturer validation
using a panel of confirmed COVID-19 patient sera, healthy
control sera, and data from plaque reduction neutralization
assays.

The conventional surrogate virus neutralization assay
was modified to assess percentage neutralization against
VOCs. The modified assay is not covered under the FDA
emergency use authorization. No deviations were made
from the original protocol (Supplement), except for use of
alternateHRP-conjugated spike-RBDproteins corresponding
to currently circulating VOCs; all reagents were purchased
through GenScript. HRP-conjugated spike-RBDs corre-
sponding to VOCs were diluted at 1:1000 in HRP dilution
buffer, the same dilution used for the wild-type spike-RBD
packaged with the kit. Recombinant spike-RBD proteins
were produced to express key mutations corresponding to
the Alpha (B.1.1.7), Beta (B.1.351), and Delta (B.1.617.2) var-
iants. Alpha HRP-RBD expressed the N501Y mutation; Beta
expressed N501Y, along with the K417N and E484K muta-
tions; and Delta expressed the L452R and T478K mutations.
All recombinant RBD proteins were validated for binding
with human ACE2 protein in functional ELISA experiments.
All recombinant proteins were expressed in mammalian cell
lines. The variant constructs are commercially available but
have not received FDA approval.

Spike-Pseudotyped Lentivirus Neutralization Assay
The pseudovirus neutralization assay was performed

as described previously, with minor modifications (18).
Pseudotyped lentivirus particles were generated from
cotransfection of the viral packaging (psPAX2 [Addgene]),
the ZsGreen and luciferase reporters (pHAGE-CMV-Luc2-
IRES-ZsGreen-W), and the spike protein constructs (wild-
type SARS-CoV-2 and the Alpha, Beta, and Delta variants)
into HEK293TN cells (System Biosciences [LV900A-1]). Viral
supernatants were harvested, clarified, and filtered through
0.45-μm filters before storage at �80 �C. A viral titer assay
was performed using HEK293T-ACE2/TMPRSS2 cells, and
a virus dilution resulting in more than 1000 relative lucifer-
ase units over the control was used in the neutralization
assay (1:20 to 1:250 dilution of virus stock, depending on
the virus titers of each variant). For the neutralization assay,
diluted patient sera samples (1:22.5) were first prepared
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and serially diluted 3-fold over 7 dilutions, followed by incu-
bation with diluted virus at a 1:1 ratio for 1 hour at 37 �C
before addition to HEK293T-ACE2/TMPRSS2 cells. The
infected cells were lysed after 48 hours using the Bright-Glo
Luciferase Assay System (Promega), and the luminescence
signals were detected using a PerkinElmer EnVision instru-
ment. The 50% neutralization titers (ID50s) were calculated in
GraphPad Prism 9 using a nonlinear regression algorithm
(log[inhibitor] versus normalized response� variable slope).
Both the HEK293TN and HEK293T-ACE2/TMPRSS2 cells
were maintained at 85% confluency for no more than 25
passages.

Statistical Analysis
The analysis was performed on the per protocol sample,

defined as patients who had provided blood samples at 4 to
6weeks after the intervention (third dose ofmRNA-1273 vac-
cine or placebo) (Figure 1). Descriptive statistics were used
to outline the baseline characteristics of the cohort. For the
surrogate virus neutralization titer, a neutralization cutoff of
30% or higher was prespecified for defining a positive test
result as per themanufacturer's instructions. For the pseudo-
virus neutralization assay, the ID50 (inhibitory dilution with
50% virus neutralization) was converted to a log10 scale. In
patients with an absence of 50% neutralization with undi-
luted serum, this equated to a log10 ID50 of zero (100 = a
dilution of 1:1) andwas considered the threshold for positive
versus negative. After 2 and 3 doses, the proportion of

patients meeting the positive threshold was determined for
wild-type virus and each variant. For each variant, compari-
sons between mRNA-1273 vaccine and placebo after the
third dose used the Yates-corrected x2 test for the propor-
tion exceeding the positive threshold for surrogate virus
neutralization and pseudovirus neutralization. Confidence
intervals for thedifference between themRNA-1273 andpla-
cebo groups in the proportion of patients exceeding the
positive neutralization threshold were calculated using the
normal-based approximation. This was considered a sec-
ondary end point analysis. The threshold for significance was
set at P= 0.01. In the mRNA-1273 group, the median per-
centage neutralization after the third dose (surrogate virus
neutralization) and the log10 ID50 (pseudovirus neutraliza-
tion) were determined. Because this latter assessment was
considered a post hoc analysis, no formal statistical compari-
sons of neutralization between variants were performed. All
analyses were done using R, version 4.03 (R Foundation for
Statistical Computing), andGraphPad Prism 9.

Role of the Funding Source
The study was funded by the Ajmera Transplant

Centre, University Health Network, the University of
Toronto, and the University Health Network Foundation.
The funding sources had no role in the design, conduct,
analysis, or other aspects of the study. Vaccine was pro-
vided by the University Health Network pharmacy.
Moderna had no role in any aspect of the study.

Figure 1.CONSORT (Consolidated Standards of Reporting Trials) diagram.
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The figure shows the flow of the primary trial, indicating samples collected for determination of neutralizing antibody in the current study (n= 117).
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RESULTS

Patient Characteristics
We randomly assigned 120 solid organ transplant

recipients to receive either a third dose of mRNA-1273
vaccine or placebo. This analysis was performed in the
117 patients in whom serum samples were available 4 to
6 weeks after the third dose (Figure 1). All patients
received 2 doses of mRNA-1273 vaccine at the standard
interval of 0 and 1 month. Two months later, patients
received either a third dose of mRNA-1273 vaccine (n=
60) or saline placebo (n= 57) in a randomized and dou-
ble-blinded manner. Baseline demographic characteris-
tics are shown in Table 1. Median age was 66.7 years
(interquartile range, 63.6 to 71.4 years), and the type of
transplants included kidney (n= 29), liver (n= 19), lung
(n= 27), heart (n= 18), and pancreas (including kidney-
pancreas) (n= 24). Median time from transplant was 3.2
years (interquartile range, 1.7 to 6.2 years). Although, by
chance, minor differences in transplant types were pres-
ent between the groups, they were well balanced in
terms of type, dosages, and blood levels of immunosup-
pressive medications and baseline lymphocyte count.
No adjustments to immunosuppression were made at
the time of the third dose. No patient had a previous di-
agnosis of COVID-19; this was confirmed with SARS-
CoV-2 antinucleocapsid protein antibody testing after
the third dose for the whole cohort, which showed only a
single low-level positive result in 1 patient in the placebo
group. This patient was included among the 57 patients
who received placebo and are analyzed here.

Neutralization Response Using Surrogate Virus
Neutralization Test

After 2 vaccine doses, the proportions of patients with
positive neutralization for wild-type virus and the Alpha,

Beta, and Delta variants were 40 of 117 (34%), 17 of 117
(15%), 15 of 117 (13%), and 21 of 117 (18%), respectively
(Figure 2, top). The proportion of patients with a positive
neutralization result was lower for all 3 variants versus wild-
type virus (differences in proportions above the threshold
compared with wild-type virus: Alpha, �19 [95% CI, �8
to�31] percentage points; Beta,�21 [CI,�10 to�32] per-
centage points; Delta, �16 [CI, �4 to �28] percentage
points). The smallest proportion of positivity was observed
for the Beta variant. After the third dose ofmRNA-1273 vac-
cine, the proportions above the positive threshold for wild-
type virus and the Alpha, Beta, and Delta variants were 36
of 60 (60%), 34 of 60 (57%), 30 of 60 (50%), and 33 of 60
(55%), respectively (Figure 2, bottom). Compared with pla-
cebo, the response to mRNA-1273 vaccine was greater for
each variant: The differences in the proportion above the
threshold were 45 (CI, 28 to 61) percentage points for
the Alpha variant, 38 (CI, 21 to 55) percentage points
for the Beta variant, and 37 (CI, 20 to 55) percentage points
for the Delta variant (P< 0.001 for all comparisons) (Figure
2, bottom). In the third-dose mRNA-1273 group (n= 60),
the median percentage neutralizations after vaccination for
wild-type virus and the Alpha, Beta, and Delta variants were
71%, 55%, 34%, and 43%, respectively (Figure 2, bottom).

Neutralization Response Using Pseudovirus
Neutralization Assay

Neutralization responses were further assessed
using a pseudotyped lentivirus neutralization assay for
wild-type virus and the Alpha, Beta, and Delta variants.
Results are expressed as the log10 ID50 and are shown
in Figure 3. After the third dose of mRNA-1273 vaccine,
detectable neutralizing antibody response (sufficient for
50% neutralization) against wild-type virus and the
Alpha, Beta, and Delta variants was present in 35 of 60

Table 1. Patient Characteristics in the Per Protocol Sample (n = 117)

Characteristic Placebo (n = 57) mRNA-1273 (n = 60)

Median age (IQR), y 66.1 (63.0–70.6) 66.9 (64.0–71.8)
Male, n (%) 39 (68) 37 (62)
Median time from transplant to intervention (IQR), y 2.27 (1.50–5.80) 3.57 (1.99–6.75)
Rejection within preceding 3 mo, n (%) 0 (0) 1 (2)
Type of transplant
Thoracic, n (%) 24 (42) 21 (35)

Lung, n 16 11
Heart, n 8 10

Abdominal, n (%) 33 (58) 39 (65)
Kidney, n 9 20
Pancreas and kidney-pancreas, n 9 15
Liver, n 15 4

Immunosuppression
Prednisone, n (%) 39 (68) 50 (83)
Median prednisone dose (IQR), mg/d 5 (5–7.5) 5 (5–5)
Calcineurin inhibitor, n (%) 56 (98) 59 (98)

Tacrolimus, n (%) 45 (79) 47 (78)
Median tacrolimus trough level (IQR), ng/mL 6.9 (5.6–8.7) 7.6 (5.9–9.8)
Cyclosporine, n (%) 11 (19) 12 (20)

Mycophenolate mofetil/mycophenolate sodium, n (%) 43 (75) 44 (73)
Median mycophenolate dose (IQR), mg/d 720 (720–1440) 1080 (720–1440)
Azathioprine, n (%) 4 (7) 8 (13)
Sirolimus, n (%) 5 (9) 6 (10)
Median lymphocyte count at time of intervention (IQR), � 109 cells/L 1.3 (0.80–1.65) 1.15 (0.90–1.60)

IQR = interquartile range.
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(58%), 34 of 60 (57%), 23 of 60 (38%), and 33 of 60 (55%)
patients, respectively. The proportion with detectable
neutralizing antibodies was larger in the mRNA-1273
group than the placebo group for each variant.
Differences in the proportions for mRNA-1273 vaccine
versus placebo were 35 (CI, 17 to 51) percentage points
for wild-type virus, 36 (CI, 17 to 51) percentage points for
the Alpha variant, 31 (CI, 15 to 46) percentage points for
the Beta variant, and 37 (CI, 19 to 53) percentage points
for the Delta variant (P< 0.001 for all comparisons). In
the mRNA-1273 group (n= 60), the median neutraliza-
tion titer (log10 ID50 value) was 2.13 log10 for wild-type
virus, 1.98 log10 for the Alpha variant, undetectable for

the Beta variant, and 1.72 log10 for the Delta variant
(Figure 3).

Safety Analysis
The third vaccine dose was well tolerated (Table 2).

No grade 3 or 4 adverse events were observed. The
most common adverse event was pain at the injection
site, followed by fatigue and myalgia. No biopsy-proven
or clinically treated acute rejection events were observed
in either group at 1 and 3 months after the third-dose
intervention. Graft function, as measured by routine
organ-specific parameters (such as serum creatinine in
kidney transplant recipients and pulmonary function in

Figure 2.Dot plots showing surrogate virus neutralization assay for wild-type and variant viruses.
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Each circle represents an individual patient. The dotted lines represent the cutoff of 30% for assay positivity, and the dotted areas represent
negative neutralization results. The numbers above each column indicate the proportion of patients with a positive assay result (≥30% neutrali-
zation). Top. Percentage neutralization against wild-type virus and the Alpha, Beta, and Delta variants after 2 doses of mRNA-1273 vaccine in
organ transplant recipients (n= 117). The proportion of patients with a positive neutralization result was lower for all 3 variants versus wild-type
virus (differences in the proportion above the threshold compared with wild-type virus: Alpha, �19 [95% CI, �8 to �31] percentage points;
Beta, �21 [CI, �10 to �32] percentage points; Delta, �16 [CI, �4 to �28] percentage points). Bottom. Percentage neutralization after placebo
(n= 57) or the third dose of mRNA-1273 vaccine (n= 60) for wild-type virus and the Alpha, Beta, and Delta variants. The horizontal lines repre-
sent median values. The differences in the proportion above the threshold for the mRNA-1273 vaccine versus placebo were 45 (CI, 28 to 61)
percentage points for the Alpha variant, 38 (CI, 21 to 55) percentage points for the Beta variant, and 37 (CI, 20 to 55) percentage points for the
Delta variant (P< 0.001 for all comparisons using the Yates-corrected x2 test).
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lung transplant recipients), remained stable in all patients
at 1 and 3months (data not shown).

DISCUSSION

In this analysis, we first show that neutralizing anti-
body positivity after 2 doses of mRNA-1273 vaccine is
low for all 3 SARS-CoV-2 VOCs (Alpha, Beta, and Delta).
Subsequently, compared with placebo, a third dose
resulted in a significant increase in the proportion of
patients with a positive neutralization detection for all 3
variants, as determined by both the surrogate virus neu-
tralization test and a pseudovirus neutralization assay.
However, relative immunogenicity of a third dose
seemed to be diminished against all 3 variants (espe-
cially the Beta variant) versus wild-type virus. The latter
finding is consistent with data in healthy immunocompe-
tent populations and likely relates to the fact that mRNA
vaccines are manufactured based on the wild-type virus
spike protein sequence (19). Taken together, the current
data provide further support for a third vaccine dose in
immunocompromised patients, even when current
VOCs, such as the Delta variant, are the dominant circu-
lating SARS-CoV-2 strains in the community.

A limitation of our study is that no clear protective cor-
relate exists for current immunogenicity assays, including
neutralization. However, Khoury and colleagues estimated
that the 50% protective neutralization level in most studies
was between 1:10 and 1:30 (1.0 log10 to 1.48 log10 ID50)
(20). This is similar to the findings of Feng and colleagues,
who suggested that the pseudovirus neutralization assay
ID50 of 22 (1.34 log10 ID50) is associated with 60% vaccine
efficacy (21). Although we acknowledge that this is a sec-
ondary analysis, we believe our findings, which are based

on 2 separate measures of neutralization, are robust and
important. The first measure is a surrogate virus neutraliza-
tion assay that measures strength of the RBD-ACE2 recep-
tor interaction. A limitation of the surrogate assay is that it
does not account for neutralizing antibodies that bind to
epitopes outside the RBD portion of the spike protein but
are still encoded by the vaccine. To help address this, we
subsequently performed an assay using a spike-pseudo-
typed lentivirus neutralization system (18). These assays
have been commonly used in studies evaluating vaccine
response in immunocompetent patients (22). In addition,
the lentivirus-based assay we used here has been validated
against plaque reduction neutralization testing (generally
considered the gold standard but requiring special biocon-
tainment facilities), both for wild-type virus and VOCs. This
assay also allows amore accurate determination of the rela-
tive decrease in neutralization ability of wild-type virus ver-
sus variants. Based on this, neutralization in the third-dose
mRNA-1273 group was lower for VOCs, especially the
Beta variant, compared with wild-type virus. We previously
showed improved SARS-CoV-2–specific CD4+ T-cell responses
to a third dose of mRNA-1273 vaccine compared with
placebo (7). It would be informative to assess variant-
specific T-cell responses, but this is more technically chal-
lenging and difficult to interpret because stimulation
with peptide pools derived from the variant virus spike
sequences may result in overlapping T-cell reactivities,
and also because clinical correlates for T-cell responses
are poorly defined.

Several studies have now shown the potential benefit
of a third vaccine dose in organ transplant recipients.
However, we are currently unaware of any published
studies that have evaluated virus neutralization against
circulating VOCs with third-dose vaccinated samples.

Figure 3.Dot plot showing spike-pseudotyped lentiviral neutralization assay for wild-type and variant viruses.
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Results include patients after receipt of placebo (n= 57) or the third dose of mRNA-1273 vaccine (n= 60) for wild-type virus and the Alpha, Beta, and
Delta variants. Results are expressed as log10-transformed ID50 values, which represent the serum dilution required to neutralize ≥50% of virus. Each
circle represents an individual patient. The horizontal lines represent median values; the median for the Beta variant was undetectable in both the pla-
cebo group and the mRNA-1273 group. The numbers above each column indicate the proportion of patients with a detectable neutralization (ID50 >0).
The differences in the proportion with detectable neutralization for mRNA-1273 vaccine versus placebo were 35 (95% CI, 17 to 51) percentage points
for wild-type virus, 36 (CI, 17 to 51) percentage points for the Alpha variant, 31 (CI, 15 to 46) percentage points for the Beta variant, and 37 (CI, 19 to 53)
percentage points for the Delta variant (P< 0.001 for all comparisons using the Yates-corrected x2 test). ID50= 50% neutralization titer.
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Kamar and colleagues evaluated 101 solid organ trans-
plant recipients who were given 3 doses of BNT162b2
(Pfizer–BioNTech). They measured antispike antibody
levels using an ELISA-based assay and found that detect-
able antibody levels increased from 40% to 68% (23).
Benotmane and colleagues evaluated 3 doses of mRNA-
1273 vaccine in persons who did not respond to 2 doses
and found a 49% response as measured by anti-RBD
antibodies (8). Neutralizing antibodies against wild-type
virus were measured using a pseudovirus assay in a 3-
dose study of 96 heart transplant recipients by Peled and
colleagues (24). They observed a more than 9-fold
increase in neutralization titer after the third dose. None
of these studies evaluated the third vaccine dose in com-
parison with a placebo group but were instead single-
group cohort studies.

In conclusion, our data suggest that in organ transplant
recipients, 2 doses of mRNA-1273 vaccine provideminimal
neutralizing protection against SARS-CoV-2 VOCs; how-
ever, a third dose increases immune response against var-
iants compared with placebo. Overall, the third vaccine
dose was safe and well tolerated. Importantly, there
seemed to be no evidence that multiple doses precipitated
acute rejection or graft dysfunction; however, the relatively
small sample and short-term follow-up may preclude
detection of a rare safety signal. Our findings may reason-
ably be applied to other groups of similarly immunocom-
promised patients, such as those receiving active cancer
chemotherapy or biologics, but further studies would be
beneficial in those populations.
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