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BACKGROUND: While several studies have observed that solid organ transplant recipients experience

diminished antibody responses to SARS-CoV-2 mRNA vaccination, data specific to heart and lung

transplant (HT/LT) recipients remains sparse.

METHODS: US adult HT and LT recipients completed their vaccine series between January 7 and

April 10, 2021. Reactogencity and SARS-CoV-2 anti-spike antibody were assessed after a prim-

ing dose (D1) and booster dose (D2). Modified Poisson regression with robust variance estimator

was used to evaluate associations between participant characteristics and antibody development.

RESULTS: Of 134 heart recipients, there were 38% non-responders (D1-/D2-), 48% booster res-

ponders (D1-/D2+), and 14% priming dose responders (D1+/D2+). Of 103 lung recipients, 64%

were non-responders, 27% were booster responders, and 9% were priming dose responders. Lung

recipients were less likely to develop antibodies (p < .001). Priming dose antibody response was

associated with younger recipient age (p = .04), transplant-to-vaccination time ≥6 years (p <
.01), and lack of anti-metabolite maintenance immunosuppression (p < .001). Pain at injection

site was the most commonly reported reaction (85% after D1, 76% after D2). Serious reactions

were rare, the most common being fatigue (2% after D1 and 3% after D2). No serious adverse

events were reported.
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CONCLUSIONS: HT and LT recipients experienced diminished antibody response following vaccina-

tion; reactogenicity was comparable to that of the general population. LT recipients may exhibit a

more impaired antibody response than HT recipients. While current recommendations are to vaccinate

eligible candidates and recipients, further studies characterizing the cell-mediated immune response

and clinical efficacy of these vaccines in this population are needed.

J Heart Lung Transplant 2021;40:1579−1588
� 2021 International Society for Heart and Lung Transplantation. All rights reserved.
Heart and lung transplant (HT/LT) recipients experience

an elevated rate of severe illness due to SARS-CoV-2 infec-

tion.1-8 While two SARS-CoV-2 messenger RNA (mRNA)

vaccines are currently available, solid organ transplant

recipients (SOTR) were excluded from Phase 1 to 3

trials.9,10 International Society for Heart and Lung Trans-

plantation (ISHLT) guidelines strongly recommend SARS-

CoV-2 vaccination in transplant candidates and

recipients.11,12 While evidence concerning vaccine-based

immune response among SOTRs is emerging, data specific

to HT and LT recipients remain sparse with further study

necessary to inform patient and provider decision-making.

SOTRs are capable of generating a robust humoral

response to natural SARS-CoV-2 infection with 78% testing

positive for antibodies more than three months after diagno-

sis.13 However, a national study of 658 SOTRs who received

two doses of the BNT162b2 (Pfizer/BioNTech) or mRNA-

1273 (Moderna) vaccine reported dramatically reduced

humeral response with just 15% developing anti-spike anti-

bodies after a dose 1 (D1), 46% developing no antibodies,

and 39% developing antibodies only after dose 2 (D2).14

Antibody development was associated with lower recipient

age, lack of anti-metabolite maintenance immunosuppres-

sion, longer time since transplantation, and receipt of the

mRNA-1273 vaccine. A safety analysis of 187 SOTRs dem-

onstrated predominantly mild perivaccine reactogenicity and

no major safety events such as acute rejection, new neurolog-

ical illness, or anaphylaxis.15 Several other studies among

kidney transplant recipients have corroborated these find-

ings.16-18 More recently, a report of 77 HT recipients who

received the BNT162b2 vaccine reported anti-spike antibody

development in only 18% of patients at 3 weeks after the sec-

ond dose.19 A report of 48 LT recipients who received the

same vaccine was unable to demonstrate any antibody

response up to 6 weeks after the second dose.20

Safety and humoral response following SARS-CoV-2

mRNA vaccination in HT and LT recipients must be

understood in order to inform clinical decision-making

and vaccination guidelines. To investigate this, we studied

SARS-CoV-2 antibody development in HT and LT recipi-

ents who completed a two-dose vaccine series. Demo-

graphic and clinical correlates were explored.
Methods

Study population

Participants were recruited through social media or their transplant

centers and completed a two-dose vaccine course between January

7, 2021 and April 10, 2021. English-speaking SOTRs at least
18 years old were eligible to participate. Age, sex, race, body

mass index (BMI), prior COVID-19 diagnosis and hospitalization,

transplant type and date, medications, other immune conditions,

and allergies were collected using Research Electronic Data Cap-

ture (REDCap) hosted at Johns Hopkins.21 REDCap is a secure,

web-based software platform designed to support data capture for

research studies, providing 1) an intuitive interface for validated

data capture; 2) audit trails for tracking data manipulation and

export procedures; 3) automated export procedures for seamless

data downloads to common statistical packages; and 4) procedures

for data integration and interoperability with external sources. The

study was approved by the Institutional Review Board at the Johns

Hopkins School of Medicine and is compliant with the ISHLT

statement on transplant ethics. Participants provided informed

consent.
Blood specimen collection and testing

Samples were collected shortly before receipt of D2 and as

close to 28 days after D2 as possible. As described previously,

participants were provided the option of blood sampling by

standard venipuncture in a local lab or at home with the TAPII

blood collection device (Seventh Sense Biosystems; investiga-

tional use only) and tested for antibodies against the SARS-

CoV-2 spike protein.22 Venipuncture samples were tested

using an immunoassay (Roche Elecsys) for antibodies against

the receptor-binding domain (RBD). TAPII samples were

tested using an immunoassay (EUROIMMUN) for antibodies

to the S1 domain. Both tests are semiquantitative, correspond

to mRNA vaccine antigens and are correlated with neutralizing

immunity.23-25 The sensitivity and specificity of the enzyme

immunoassays are excellent for detection of the humoral

response to SARS-CoV-2 infection (sensitivity 87.1%, speci-

ficity 98.9% for EUROIMMUN;24 sensitivity 84.0%, specific-

ity 100% for Roche Elecsys25). Both are comparable to anti-

spike antibody assays used during immunogenicity assessments

in mRNA vaccine clinical trials.

Anti-RBD immunoassay (Roche Elecsys) results were reported

as a concentration of immunoglobulin G (IgG) against the target

protein with a measurement range of 0.4 to 250 U/mL; results

≥250 U/mL were reported as 250 U/mL. Anti-S1 immunoassay

(EUROIMMUN) results were reported as a sample-to-control

ratio of optical density. Antibody-positive cut-offs (determined by

the manufacturer) were ≥0.80 U/mL for the former and ≥1.1 arbi-

trary units for the latter.
Antibody response after SARS-CoV-2 mRNA
vaccination

Participants were divided into three categories according to

immunoassay results. Those who developed positive results

after both doses 1 and 2 (D1, D2) were classified as priming

dose responders. Those who failed to develop antibodies after
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both doses were classified as non-responders. If an individual

failed to develop antibodies after D1 but subsequently did so

after D2, they were classified as a booster responder.
Reactogenicity and adverse events after SARS-CoV-
2 mRNA vaccination

Questionnaires were distributed to participants 7 days after D1 and

D2. After each dose, participants were asked if they had received

new diagnoses of COVID-19, other infections, acute rejection, or

neurological illness and, if so, whether they required hospitaliza-

tion, intensive care unit management, or mechanical ventilation.

Local symptoms, including pain, redness, and swelling, as well as

systemic adverse reactions, including fever, fatigue, headaches,

chills, vomiting, diarrhea, and myalgias, were solicited using an

ordinal scale of mild, moderate, or severe. Mild symptoms were

defined as symptoms that did not interfere with daily activities.

Moderate symptoms were defined as those that caused some
Table 1 Demographic and Clinical Characteristics of Heart and Lun
mRNA Vaccine Series

Participant characteristics
n

Age, median (IQR) years 62 (
Female sex, n (%)a 127 (
Non-white, n (%)b 19 (
Hispanic ethnicity, n (%)c 7 (
BMI, median kg/m2 (IQR) 25.6 (
Years since transplant, median (IQR) 5.1 (
Maintenance immunosuppression, n (%)d

Tacrolimus 203 (
Mycophenolate 148 (
Corticosteroids 134 (
Sirolimus 32 (
Cyclosporine 19 (
Azathioprine 19 (
Everolimus 17 (
Belatacept 2 (

Maintenance immunosuppression combination, n (%)
Tacrolimus, mycophenolate, prednisone 66 (
Cyclosporine, mycophenolate, prednisone 5 (
Tacrolimus, mycophenolate 58 (
Cyclosporine, mycophenolate 6 (
Tacrolimus, everolimus, prednisone 8 (
Everolimus, cyclosporine 2 (
Everolimus, mycophenolate 1 (
Cyclosporine, prednisone 9 (
Tacrolimus, prednisone 44 (
Tacrolimus, everolimus, mycophenolate, prednisone 1 (

Vaccine manufacturer, n (%)
BNT162b2 (Pfizer-BioNTech) 126 (
mRNA-1273 (Moderna) 111 (

BMI, body mass index; HT, Heart transplant; IQR, interquartile range; LT, Lun
aMissing data for 3 participants.
bMissing data for 3 participants.
cMissing data for 4 participants.
dNot mutually exclusive.
interference with daily activity. Severe symptoms were defined as

those that prevented daily activity.
Statistical analysis

The proportion of patients who developed a positive antibody

response was assessed with exact binomial 95% CIs. Associations

between demographic and clinical characteristics, vaccine manu-

facturer, and positive antibody response were assessed using mod-

ified Poisson regression with a robust variance estimator and

reported as adjusted incident rate ratios (aIRR). The risk factors

for antibody development included age, sex, time since transplant

(<6 years vs ≥6 years), anti-metabolite maintenance immunosup-

pression (including mycophenolate mofetil, mycophenolic acid,

and azathioprine), and vaccine manufacturer. All tests were 2-

sided with an a level of 0.05. Analyses were performed using Stata

16.0/IC for Windows (College Station, TX).
g Transplant Recipients Who Completed a Two-Dose SARS-CoV-2

Total HT recipients LT recipients
= 237 n = 134 n = 103

46-69) 60 (44-69) 63 (48-70)
55) 67 (51) 60 (59)
8) 13 (10) 6 (6)
3) 5 (4) 2 (2)
21.9-29.7) 25.5 (22.3-29.9) 25.7 (21.9-29.4)
2.5-11.0) 5.5 (2.6-12.4) 5.0 (2.0-9.4)

86) 113 (84) 90 (87)
62) 84 (63) 64 (62)
57) 35 (26) 99 (96)
14) 22(16) 10 (10)
8) 13 (10) 6 (6)
8) 4 (3) 15 (15)
7) 12 (9) 5 (5)
1) 0 (0) 2 (2)

28) 12 (9) 54 (52)
2) 2 (1) 3 (3)
24) 57 (43) 1 (1)
3) 6 (4) 0 (0)
3) 5 (4) 3 (3)
1) 2 (1) 0 (0)
<1) 1 (1) 0 (0)
4) 3 (2) 6 (6)
19) 13 (10) 31 (30)
<1) 0 (0) 1 (1)

53) 70 (52) 56 (54)
47) 64 (48) 47 (46)

g transplant.
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Results

Study population demographics and clinical
characteristics

A total of 237 participants, including 134 (57%) heart and

103 (43%) lung transplant recipients, were included in the

study (Table 1). None had a prior polymerase chain reaction

(PCR)−confirmed diagnosis of COVID-19. Among HT

recipients, the median age was 60 years (interquartile range

[IQR], 44-69 years), 51% were women, 10% were non-

white, and 4% were Hispanic. The median BMI was 25.5

(IQR, 22.3-29.9). The median time since transplant was

5.5 years (IQR, 2.6-12.4 years). The most common mainte-

nance immunosuppression regimen was a combination of

tacrolimus and mycophenolate (43%). With regard to vac-

cines, 70/134 (52%) received the BNT162b2 vaccine and

64/134 (48%) received the mRNA-1273 vaccine.

Among LT recipients, the median age was 63 years

(IQR, 48-70 years), 59% were women, 6% were non-

white, and 2% were Hispanic. The median BMI was

25.7 (IQR, 21.9-29.4). The median time since transplant

was 5.0 years (IQR, 2.0-9.4 years). The most common

maintenance immunosuppression regimen was a combi-

nation of tacrolimus, mycophenolate, and prednisone

(52%). With regard to vaccines, 56/103 (54%) received

the BNT162b2 vaccine and 47/103 (46%) received the

mRNA-1273 vaccine.
Figure 1 Semiquantitative SARS-CoV-2 anti-spike antibody immuno

Individual priming dose responders (Dose 1+) are represented by lines co

vidual booster responders and non-responders (Dose 1-) are represented

body-positive cut-offs (determined by the manufacturer and indicated h

immunoassay (Roche Elecsys) and ≥1.1 arbitrary units for the anti-S1

n = 237.
Immunogenicity after each SARS-CoV-2 mRNA
vaccine dose

At a median of 21 days (IQR, 19-26 days) after D1, anti-

spike antibody (anti-S1 or anti−RBD) was detectable in 28/
237 participants (12%; 95%CI, 8%-17%) (Figure 1). At a

median of 29 days (IQR, 28-32 days) after D2, anti-spike

antibody was detectable in 120/237 participants (51%,

95%CI, 44%-57%). Only 28 (12%) participants demon-

strated a priming dose response to the vaccine series while

92 (39%) were booster responders and 117 (49%) were

non-responders. Of 134 heart recipients, 14% were priming

dose responders, 48% were booster responders, and 38%

were non-responders (Table 2a). Of 103 lung recipients,

9% were priming dose responders, 27% were booster res-

ponders, and 64% were non-responders (Table 2b).

The median D2 anti-spike RBD assay results were

250 U/mL (IQR, 174-250 U/mL) for priming dose respond-

ers, 23.8 U/mL (IQR, 3.9-244.2 U/mL) for booster respond-

ers, and 0 U/mL (IQR, 0-0 U/mL) for non-responders

(Table 3). The median D2 anti-S1 assay results were 9.1

(IQR, 7.2-9.4) for priming dose responders, 5.5 (IQR, 2.1-

8.0) for booster responders, and 0.2 (IQR, 0.1-0.5) for non-

responders. Crossover between immunoassays was minimal

(1/237). Following D2, 54 (23%) specimens were collected

by TAPII device and 183 (77%) were collected by veni-

puncture; immunoassay type was not associated with anti-

body response (p = 1.0 for D1, p = .4 for D2).
assay results of heart and lung transplant recipients by assay type.

nnecting immunoassay results following Dose 1 and Dose 2. Indi-

by points indicating immunoassay results following Dose 2. Anti-

ere by thick, horizontal lines) were ≥0.80 U/mL for the anti-RBD

immunoassay (EUROIMMUN). RBD, receptor binding domain.



Table 2a Demographic and Clinical Characteristics of Heart and Lung Transplant Recipients With Stratification by Antibody Response
to a Two-Dose Course of SARS-CoV-2 Messenger RNA Vaccine

HT recipient vaccine response, No. (%)

Priming dose responders Booster responders Non-responders
n = 19 n = 64 n = 51

Age group, ya

18-39 7 (24) 9 (31) 13 (45)
40-59 7 (18) 20 (53) 11 (29)
≥60 5 (8) 34 (52) 27 (41)

Sexb

Male 9 (14) 34 (52) 22 (34)
Female 9 (13) 30 (45) 28 (42)

Racec

White 17 (14) 59 (49) 44 (37)
Non-white 2 (16) 5 (38) 6 (46)

Time since transplant, y
<3 4 (11) 10 (26) 24 (63)
3-6 6 (15) 19 (46) 16 (39)
7-11 3 (15) 13 (65) 4 (20)
≥12 6 (17) 22 (63) 7 (20)

Type of regimen
Includes anti-metabolite maintenance immunosuppressiond 7 (8) 41 (47) 40 (45)
Does not include anti-metabolite maintenance immunosuppression 12 (26) 23 (50) 11 (24)

Vaccine
mRNA-1273 (Moderna) 12 (19) 29 (45) 23 (36)
BNT16b2 (Pfizer-BioNTech) 7 (10) 35 (50) 28 (40)

HT, Heart transplant.
aMissing data for 1 participant.
bMissing data for 2 participants.
cMissing data for 1 participant.
dAntimetabolite maintenance immunosuppressive regimens included mycophenolate mofetil, mycophenolic acid, and azathioprine.
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Heart transplant recipients were more likely to develop

an antibody response to D2 (aIRR, 1.55 [95%CI, 1.18-

2.03], p = .001) and were more likely to be priming dose

responders than LT recipients (p < .001) (Table 4). Partic-

ipants receiving anti−metabolite maintenance immuno-

suppression therapy were less likely to develop an

antibody response to D1 (aIRR, 0.43 [95%CI, 0.22-0.85],

p = .02) and D2 (aIRR, 0.71 [95%CI, 0.58-0.88], p < .01)

and were less likely to be priming dose responders (p <
.001). Younger participants were more likely to develop

an antibody response to D1 (aIRR, 0.61 [95%CI, 0.41-

0.92], p = .02) and were more likely to be priming dose

responders (p = .04). Those who were 6 or more years

out from transplantation were more likely to develop an

antibody response to D2 (aIRR, 1.22 [95%CI, 1.10-1.35],

p < .001) and more likely to be priming dose responders

(p < .01) compared to those who underwent transplant in

the last 6 years. No significant interactions were observed

between vaccine type and additional participant charac-

teristics. No association was observed between immuno-

assay type and antibody response (p = .7). No participants

reported a PCR- or antigen-confirmed diagnosis of

COVID-19 following vaccination by end of follow-up on

April 10, 2021.
Reactogenicity after each SARS-CoV-2 mRNA
vaccine dose

Pain at the injection site was the most commonly reported

local reaction (85% after D1, 76% after D2), while the most

common systemic symptoms were fatigue (32% after D1,

56% after D2) and headache (24% after D1, 39% after D2)

(Figure 2). Severe symptoms were rare, the most common

being fatigue (2% after D1 and 3% after D2). No major

safety events, such as acute rejection, new neurological ill-

ness, or anaphylaxis, were reported with 98% and 96% of

participants completing surveys after D1 and D2.
Discussion

In this national study of 134 HT and 103 LT recipients who

completed two doses of SARS-CoV-2 mRNA vaccines we

found dramatically diminished antibody responses com-

pared to clinical trials in the general population. Only 12%

of participants attained a priming dose antibody response;

39% developed antibodies only after a second dose (i.e.,

booster responders) and 49% failed to develop antibodies at

all (i.e., non-responders); LT recipients were less likely to



Table 2b Demographic and Clinical Characteristics of Heart and Lung Transplant Recipients With Stratification by Antibody Response
to a Two-Dose Course of SARS-CoV-2 Messenger RNA vaccine

LT recipient vaccine response, No. (%)

Priming dose responders Booster responders Non-responders
n = 9 n = 28 n = 66

Age group, y
18−39 3 (19) 2 (12) 11 (69)
40−59 1 (4) 11 (41) 15 (55)
≥60 5 (8) 15 (25) 40 (67)

Sexa

Male 4 (10) 14 (34) 23 (56)
Female 5 (8) 13 (22) 42 (70)

Raceb

White 9 (10) 24 (25) 62 (65)
Non-white 0 (0) 3 (50) 3 (50)

Time since transplant, y
<3 1 (3) 10 (28) 25 (69)
3-6 4 (12) 7 (21) 22 (67)
7-11 2 (11) 5 (28) 11 (61)
≥12 2 (13) 6 (37) 8 (50)

Type of regimen
Includes anti-metabolite maintenance immunosuppressionc 6 (8) 19 (25) 52 (68)
Does not include anti-metabolite maintenance immunosuppression 3 (12) 9 (34) 14 (54)

Vaccine
mRNA-1273 (Moderna) 5 (10) 13 (28) 29 (62)
BNT16b2 (Pfizer-BioNTech) 4 (7) 15 (27) 37 (66)

LT, Lung transplant.
aMissing data for 2 participants.
bMissing data for 2 participants.
cAntimetabolite maintenance immunosuppressive regimens included mycophenolate mofetil, mycophenolic acid, and azathioprine.

Table 3 Median Semiquantitative SARS-CoV-2 Anti-Spike Antibody Immunoassay Results of Heart and Lung Transplant Recipients by
Antibody Response

D1 D2

Roche Elecsys EUROIMMUN Roche Elecsys EUROIMMUN
U/mL (IQR) (IQR) U/mL (IQR) (IQR)
n = 183 n = 54 n = 183 N = 54

Priming dose responders 2.9 (1.1, 11.5) 2.4 (2.3, 2.5) 250 (174, 250) 9.1 (7.2, 9.4)
Booster responders 0 (0, 0) 0.2 (0.03, 0.5) 23.8 (3.9, 244.2) 5.5 (2.1, 8.0)
Non-responders 0 (0, 0) 0.1 (0.03, 0.2) 0 (0, 0) 0.2 (0.1, 0.5)

Anti-RBD immunoassay (Roche Elecsys) results are reported as a concentration of immunoglobulin G (IgG) against the target protein with a measure-

ment range of 0.4 to 250 U/mL; results ≥250 U/mL are reported as 250 U/mL. Anti-S1 immunoassay (EUROIMMUN) results are reported as a sample-to-

control ratio of optical density. Antibody-positive cut-offs (determined by the manufacturer) were ≥0.80 U/mL for the former and ≥1.1 arbitrary units

for the latter. Priming dose responders developed positive results after both D1 and D2. Booster responders developed positive results only after D2. Non-

responders maintained negative results after D1 and D2. D1/D2; Dose1/2. RBD; Receptor binding domain.
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develop an antibody response than HT recipients. In addi-

tion to transplant organ type, priming dose antibody

response was associated with lack of anti-metabolite main-

tenance immunosuppression, lower recipient age, and trans-

plantation 6 or more years prior to vaccination. Adverse

symptoms were predominantly mild and consistent with

reactogenicity reported among the general population; no

major safety events were reported. These results suggest

that existing SARS-CoV-2 mRNA vaccine regimens are
safe for use in HT and LT recipients; however, recipients

(particularly LT recipients) experience an attenuated

humeral response to vaccination relative to the general pop-

ulation.

These findings are consistent with published reports of

diminished antibody response in SOTRs following receipt

of SARS-CoV-2 mRNA vaccines. Most notably, a US

national cohort of 658 SOTRs (including 90 HT and 62 LT

recipients) who received two doses of the BNT162b2 or



Table 4 Association Between Characteristics of Heart and Lung Transplant Recipients and Development of an Antibody Response to
Each Dose of SARS-CoV-2 Messenger RNA Vaccine

Dose 1 Dose 2

Univariate analysis
Multivariate analysis

Univariate analysis
Multivariate analysis

Recipient characteristics p value aIRRa p value p value aIRRa p value
(95% CI) (95% CI)

Ageb .054 0.61 (0.41-0.92) .02 .2 0.93 (0.81-1.08) .4
Female sex .7 0.74 (0.38-1.43) .4 .054 0.80 (0.64-1.00) .051
Type of organ transplantc .3 1.19 (0.59-2.42) .6 <.001 1.55 (1.18-2.03) .001
Time since transplantd .2 1.28 (0.95-1.72) .11 <.001 1.22 (1.10-1.35) <.001
Anti-metabolite maintenance
immunosuppressione

<.01 0.43 (0.22-0.85) .02 <.001 0.71 (0.58-0.88) <.01

Vaccine typef .09 1.66 (0.83-3.30) .15 .4 1.10 (0.89-1.37) .2

aIRR, adjusted incident rate ratio. n = 237.
aModel adjusted for age, sex, transplant type, time since transplant, anti-metabolite maintenance immunosuppression, and vaccine type. Comparison

of mRNA-1273 and BNT16b2 was further adjusted for number of days between vaccination and antibody testing.
bAge treated as continuous.
cComparison of heart (reference) vs lung transplant recipients.
dComparison of 6 or more years since transplant vs less than 6 years since transplant.
eAntimetabolite maintenance immunosuppressive regimens included mycophenolate mofetil, mycophenolic acid, and azathioprine.
fComparison of mRNA-1273 (reference) BNT162b2 vaccine.

Figure 2 Development of local and systemic adverse events after each SARS-CoV-2 messenger RNA vaccine dose among heart and

lung transplant recipients. Percent of participants reporting adverse events within 7 day of receipt of doses 1 and 2 by symptom severity.
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mRNA-1273 vaccine reported priming and booster dose

response rates of 15% and 39%.14 Antibody development

was associated with lower recipient age, lack of anti-metab-

olite maintenance immunosuppression, longer time since

transplantation, and receipt of the mRNA-1273 vaccine.

With regard to thoracic transplant recipients, a study of 77

HT recipients who received two doses of the BNT162b2

vaccine reported development of anti-spike IgG in 18% of

participants 3 weeks after course completion.19 Among

those with detectable antibody responses, only 57% devel-

oped neutralizing antibodies. Another study of 48 LT recip-

ients was unable to demonstrate any antibody response 4-6

weeks after two doses of the same vaccine.20 This is in stark

contrast to the robust antibody responses reported in the

original clinical trials in the general population.26,27 The

present study confirms previous findings of diminished anti-

body response among vaccinated HT and LT recipients and
extends them, suggesting that the latter may be at signifi-

cantly greater risk of immune paresis. As noted elsewhere,

variability in antibody response rates between this and other

studies may be due to differences in immunoassay sensitiv-

ity and timing of serologic assessment.28

Our findings also parallel reported reactogenicity in

SOTRs and the general population. A safety analysis of 187

SOTRs who received D1 of the BNT162b2 or mRNA-1273

vaccine demonstrated mild adverse symptoms15 Injection

site pain, fatigue, and headache were the most common

reported symptoms, which were identical to those reported

in the original clinical trials among the general

population.26,27 No major safety events, including acute

rejection, new neurological illness, or anaphylaxis, were

reported. Clinical trials in the general population have

reported similar symptom profiles. While anaphylaxis was

not documented in these trials, it has been reported
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following widespread distribution.29,30 Our study identified

the same symptoms as most common among HT and LT

recipients with no reports of anaphylaxis, acute rejection, or

incident neurological conditions.

Importantly, our study extends previous reports of vac-

cine outcomes among transplant recipients with the addition

of antibody response and reactogenicity data following a

second vaccine dose. Of the 28 participants who developed

anti-spike antibodies following D1, all maintained positive

results after D2 (i.e., priming dose responders). Of the

remaining 209, 92 developed antibodies after D2 but with

lower semiquantitative titers than priming dose responders

(i.e., booster responders). The remaining 117 failed to gen-

erate an antibody response at a median of 29 days after D2

(i.e., non-responders). This differs dramatically from the

100% antibody response documented in clinical trials in the

general population.31 This suggests that, for a majority of

HT and LT recipients, a diminished antibody response per-

sists despite completion of the vaccine course. Augmented

vaccination schedules, alternative vaccine platforms, tem-

porary adjustment of immunosuppressive regimens, or

other viral prophylaxis strategies may be required in this

population and should be the topic of future studies.

The magnitude of immunoassay results among priming

dose responders reported here also compares favorably

with those previously reported in healthy vaccinated indi-

viduals. A study of 34 healthy individuals who received a

two-dose series of the BNT162b2 vaccine reported median

results of 57.7 U/mL (range 5.35-2049 U/mL) at 3 weeks

and 3284 U/mL (106-2501 U/mL) at 4 weeks after D2 using

an anti-RBD immunoassay (Roche Elecsys).32 Results were

fully quantitative reflecting the total concentration of anti-

spike RBD IgG. Priming dose responders in the present

study assessed with the same assay but in semiquantitative

fashion had a median of at least 250 U/mL 28 days after

D2, making their antibody response at least as robust as

healthy individuals 3 weeks from series completion.

Another study of 27 healthy individuals who received one

or two doses of SARS-CoV-2 mRNA vaccine reported

median results of 3.3 at 19 days post-D1 and 6.1 at 3 days

post-D2 using an anti-S1 immunoassay (EUROIMMUN).33

Priming dose responders in the present study assessed with

the same assay had median results of 2.4 at 20 days and 9.3

at 28 days following D1 and D2, respectively. Booster res-

ponders, by comparison, fell short of these results when

assessed with either assay.

This study benefits from a national sample of heart and

lung transplant recipients with early and novel data follow-

ing completion of two-dose regimens of the BNT162b2 and

mRNA-1273 vaccines. However, this study must also be

understood in the context of its limitations. Our use of non-

consecutive convenience sampling contributed to sociode-

mographic homogeneity and reduced generalizability. The

lack of a non-SOTR control group makes true comparisons

difficult but the robust 100% antibody response rates seen

in clinical trials among the general population are reason-

able benchmarks. The use of two immunoassays made

direct quantitative comparisons between their results

impossible; however, their similar distribution of
seropositivity and seronegativity in vaccinated transplant

recipients and clear manufacturer standards allowed for

their reliable and equivalent use in the detection of anti-

spike antibodies.14,34 Neutralization assays were not

directly assessed, however both of the assays used correlate

favorably with neutralizing immunity.24 Our study also

relies on participant self-report which limited available

clinical data and which may be subject to response bias.

Our ability to investigate associations between specific

immunosuppressive protocols and antibody response is lim-

ited by the lack of medication dosing, adherence, and serum

trough levels. Crucially, long-term follow-up and character-

ization of participant cell-mediated responses to vaccina-

tion are needed before the durability of antibody response

and its implications for vaccine effectiveness can be fully

assessed. Future investigations into the incidence of

COVID-19-related infections, hospitalizations, and deaths

among priming dose responders, booster responders, and

non-responders as well as further immunophenotyping,

including B-cell and T-cell responses, are needed.

In conclusion, HT and LT recipients experience dimin-

ished antibody response with reactogenicity comparable to

the general population following completion of a two-dose

series of SARS-CoV-2 mRNA vaccine. LT recipients are

at greater risk of a diminished response than HT recipients.

Younger recipients, those who are 6 or more years post-

transplant, and those not on anti-metabolite maintenance

immunosuppression, are most likely to develop a robust

antibody response. Longer term follow-up and deeper

immunophenotyping, including characterization of B-cell

and T-cell primary and secondary responses, will be

important in determining vaccination strategies in this pop-

ulation. Further studies are needed to determine whether

the diminished humoral response following SARS-CoV-2

mRNA vaccination observed here is correlated with lower

clinical efficacy. Until then, clinicians and thoracic trans-

plant recipients should continue to follow ISHLT guide-

lines promoting vaccination among transplant recipients as

well as continued masking and social distancing following

vaccination.
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