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Background.  The study objective was to evaluate 2- and 3-dose coronavirus disease 2019 (COVID-19) mRNA vaccine effective-
ness (VE) in preventing COVID-19 hospitalization among adult solid organ transplant (SOT) recipients.

Methods. We conducted a 21-site case-control analysis of 10 425 adults hospitalized in March to December 2021. Cases were
hospitalized with COVID-19; controls were hospitalized for an alternative diagnosis (severe acute respiratory syndrome coronavirus
2-negative). Participants were classified as follows: SOT recipient (n = 440), other immunocompromising condition (n = 1684), or
immunocompetent (n = 8301). The VE against COVID-19-associated hospitalization was calculated as 1-adjusted odds ratio of
prior vaccination among cases compared with controls.

Results.  Among SOT recipients, VE was 29% (95% confidence interval [CI], —19% to 58%) for 2 doses and 77% (95% CI, 48%
to 90%) for 3 doses. Among patients with other immunocompromising conditions, VE was 72% (95% CI, 64% to 79%) for 2 doses
and 92% (95% CI, 85% to 95%) for 3 doses. Among immunocompetent patients, VE was 88% (95% CI, 87% to 90%) for 2 doses and
96% (95% CI, 83% to 99%) for 3 doses.

Conclusions.  Effectiveness of COVID-19 mRNA vaccines was lower for SOT recipients than immunocompetent adults and
those with other immunocompromising conditions. Among SOT recipients, vaccination with 3 doses of an mRNA vaccine led to
substantially greater protection than 2 doses.
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Postmarketing observational vaccine effectiveness (VE) studies

have demonstrated excellent effectiveness of mRNA vaccines
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people, especially those severely immunocompromised such as
solid organ transplant (SOT) recipients, are at increased risk of
severe illness with COVID-19 [9].

Immunogenicity studies suggest that COVID-19 mRNA vac-
cines produce less robust immune responses among people who
are immunocompromised [9-13]. Early clinical studies sug-
gest this translates into lower VE for the prevention of severe
COVID-19 among adults with immunocompromising condi-
tions [7, 8, 14-16]. However, a greater understanding of VE for
COVID-19 vaccines among immunocompromised populations
is needed. Prior studies have largely pooled all patients with
immunocompromising conditions together without consider-
ation for the intensity of immunosuppression, producing VE
results that may overestimate VE for the most severely immu-
nocompromised people [8, 16].

In the United States, initial recommendations for people with
moderate-to-severe immunocompromising conditions were 2
doses of an mRNA COVID-19 vaccine; this recommendation
was updated to 3 doses on August 12, 2021, with a fourth dose
currently recommended at least 3 months after the third dose
as a vaccine booster [17]. Understanding the clinical protection
provided by mRNA vaccines in immunocompromised popula-
tions is critically important for several reasons, including the
following: helping guide decisions on the prophylactic use of
anti-severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) monoclonal antibody therapies for vaccinated immuno-
compromised patients; informing recommendations regarding
continued use of nonpharmaceutical preventative strategies,
such as mask wearing, after vaccination; and informing recom-
mendations for additional vaccine booster doses [9, 14, 18].
In this analysis, we estimated VE against COVID-19 hospi-
talization for 2-dose and 3-dose mRNA vaccine series among
SOT recipients, a population that is typically severely immu-
nocompromised and, therefore, potentially susceptible to se-
vere COVID-19 despite prior vaccination. We also estimated
2-dose and 3-dose mRNA VE among adults with other types of
immunocompromising conditions.

METHODS

Project Design

This work was conducted as part of an ongoing prospective
COVID-19 surveillance program by the Influenza and Other
Viruses in the Acutely Ill (IVY) Network (a full list of inves-
tigators and collaborators in the Influenza and other Viruses
in the Acutely Ill (IVY) Network is available in Supplementary
Appendix A) [8, 15], a collaboration among 21 United States
hospitals in 18 states and the US Centers for Disease Control
and Prevention (CDC) coordinated from Vanderbilt University
Medical Center. The IVY Network initiated participant enroll-
ment for COVID-19 VE assessments on March 11, 2021 and
has been iteratively publishing VE results (Supplementary
Table S1). The current analysis evaluated participants enrolled

from March 11, 2021 through December 15, 2021 and focused
on SOT recipients. This period largely predated Omicron var-
iant circulation in the United States. We utilized a test-negative
case-control design to assess VE for mRNA vaccines to prevent
COVID-19 hospitalization.

Patient Population and Data Collection

This work was determined to be a public health surveillance
activity by all enrolling sites, Vanderbilt University Medical
Center (coordinating center), and CDC (funder and govern-
ment sponsor). Adult patients aged 18 years and older hos-
pitalized at 21 IVY Network hospitals between March 11 and
December 15, 2021 were included. As previously described [8,
16], and detailed in Supplementary, Appendix B, Section 1, case
patients had COVID-19-like illness and a positive SARS-CoV-2
molecular (eg, reverse-transcription polymerase chain reaction
[RT-PCR]) or antigen test result in the clinical setting [8, 16].
COVID-19-like illness was defined as having 1 or more of the
following: fever, cough, shortness of breath, loss of taste, loss of
smell, use of respiratory support for the acute illness, or new
pulmonary findings on chest imaging consistent with pneu-
monia. Control patients included (1) test-negative controls who
were admitted with a COVID-19-like illness and tested nega-
tive for SARS-CoV-2 by a molecular assay and (2) syndrome-
negative controls who were admitted without COVID-19-like
illness and tested negative for SARS-CoV-2 by a molecular
assay. In addition to clinical testing, nasal specimens were also
collected from patients and tested for SARS-CoV-2 by RT-PCR
at a central laboratory at Vanderbilt University Medical Center
using standardized methods developed by CDC. Final case and
control status was determined using both clinical testing and
central laboratory results [8]. Thus, cases were patients hospi-
talized with laboratory-confirmed, symptomatic COVID-19,
and controls were patients hospitalized without COVID-19.
Severe acute respiratory syndrome coronavirus 2 detected in
the central laboratory with a cycle threshold <32 also under-
went viral whole-genome sequencing at University of Michigan
for lineage determination [8, 16]. Patients or their proxies were
interviewed to obtain information about demographic charac-
teristics, clinical history, and COVID-19 vaccination status, and
structured medical record abstraction was used to collect in-
formation on chronic medical conditions and clinical outcomes
(8, 16].

Classification of COVID-19 Vaccination Status

Receipt of COVID-19 vaccine doses was ascertained by partic-
ipant interview, hospital medical records, state immunization
registries, vaccination record cards, and provider and pharmacy
records. A vaccine dose was classified as received if verified by
source documentation or plausible self-report including dates
and locations of vaccination. In this analysis, we evaluated VE
of 2-dose and 3-dose mRNA vaccine regimens (BNT-162b2
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from Pfizer-BioNTech or mRNA-1273 from Moderna). Thus,
patients were included if they had received 2 mRNA vaccine
doses, 3 prior doses, or were unvaccinated. Patients were classi-
fied as 2-dose recipients if they received 2 mRNA vaccine doses
with the second dose received 214 days before illness onset in
cases and test-negative controls or 219 days before admission in
syndrome-negative controls. Patients were classified as 3-dose
recipients if they received 3 mRNA vaccine doses with the third
dose received 27 days before illness onset in cases and test-
negative controls or 212 days before admission in syndrome-
negative controls and after authorization of third doses by the
US Food and Drug Administration (FDA), which was August
12, 2021 for immunocompromised patients and September 22,
2021 for immunocompetent patients. Patients were classified as
unvaccinated if they had never received any COVID-19 vaccine
in their lifetimes. Patients were excluded from the analyses if
they received 1 mRNA vaccine dose, 2 mRNA vaccine doses
with the second dose <14 days before illness onset for cases
and test-negative controls or <19 days before admission for
syndrome-negative controls, a third mRNA vaccine dose before
FDA authorization, or a COVID-19 vaccine not evaluated in
this analysis (eg, Ad26.SOV.2 vaccine).

Classification of Inmune Status

Data on immunocompromising conditions were collected
via standardized medical record review. Using these data, pa-
tients were categorized into 1 of 3 mutually exclusive categories
of immune status at the time of hospital admission: Group 1,
SOT recipient; Group 2, other immunocompromising condi-
tion [8]; or Group 3, immunocompetent (details provided in
Supplementary, Appendix B, Section 2). Older age was not con-
sidered an immunocompromising condition in this analysis.
For SOT recipients, detailed information on type and date of
organ transplant, organ transplanted (heart, lung, liver, pan-
creas, intestine, or mixed organs), immunosuppressive regimen
at the time of hospital admission, and history of transplant re-
jection in the previous year were collected through detailed
physician-level medical record review. The SOT recipients were
excluded from the analysis if they were not on immunosuppres-
sive medications (eg, due to renal graft failure) or the date of
transplant was found to be after the illness onset date. Patients
with other immunocompromising conditions besides solid
organ transplantation and immunocompetent patients were
used as comparator groups to show VE among SOT patients in
the context of other, concurrently enrolled populations.

Outcomes

Our goals were to estimate mRNA VE against COVID-19 hos-
pitalizations for SOT recipients and to describe in-hospital clin-
ical outcomes for SOT recipients hospitalized with COVID-19.
For VE calculations, hospitalization for COVID-19 (case status)
versus hospitalization for another reason (control status) was

the outcome of interest. For description of clinical course, out-
comes included the following variables, ascertained during
the index hospitalization through hospital day 28: in-hospital
death, invasive mechanical ventilation, noninvasive ventilation,
vasopressor use, new renal replacement therapy, intensive care
unit (ICU) admission, and hospital length of stay.

Statistical Analysis

Vaccine effectiveness against COVID-19 hospitalization was
calculated using multivariable logistic regression. The de-
pendent variable was case versus control status, with the
control group including both test-negative and syndrome-
negative controls. The primary independent variable was vac-
cination status classified into 3 groups, including unvaccinated
(the reference group), vaccinated with 2 doses, or vaccinated
with 3 doses. Models used to estimate VE included the fol-
lowing prespecified covariables: admission date (categorized
in biweekly intervals), US Department of Health and Human
Services geographic region, age, sex, and race/ethnicity [8, 16].
Vaccine effectiveness was calculated as follows: (1 - adjusted
odds ratio [aOR]) X 100), with the aOR representing the odds
of vaccination (2 doses versus unvaccinated or 3 doses versus
unvaccinated) among cases compared with controls derived
from the logistic regression model. Separate VE estimates were
calculated for each of the 3 immune status groups (SOT recipi-
ents, other immunocompromising conditions, immunocompe-
tent). For other non-SOT immunocompromising conditions,
stratified VE estimates were calculated for common immu-
nocompromised subgroups, including patients with active
hematologic malignancy, active solid organ malignancy, and
either rheumatologic conditions or inflammatory bowel dis-
ease (IBD). As a sensitivity analysis to account for the potential
of SOT recipients being hospitalized for less severe COVID-19
than immunocompetent patients, VE estimates were calculated
after restricting cases to those with hypoxemia at hospital ad-
mission, defined as SpO, <92% or treated with supplemental
oxygen within 24 hours of admission. All VE results were pre-
sented as pooled analyses including both COVID-19 mRNA
vaccines available in the United States (BNT-162b2 and mRNA-
1273). Two-dose and 3-dose VE estimates were compared using
the pwcompare function in Stata, with a 2-sided P < .05 con-
sidered statistically significant.

In-hospital clinical outcomes among COVID-19 case patients
were compared across the 3 immune status groups, stratified by
vaccination status. Analyses were conducted using STATA (re-
lease 16; StataCorp) and RStudio (version 1.2).

RESULTS

Patients

Between March 11, 2021 and December 15, 2021, 12 514 pa-
tients were enrolled across 21 hospitals. After 2089 patients
were excluded (575 for receiving a COVID-19 vaccine other
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than an mRNA vaccine or unknown vaccine product, 873
for not being in an included vaccination group, and 641 for
other reasons), 10 425 patients were included in this analysis
(Figure 1). The analytical population included 440 patients
in Group 1 (SOT recipients), 1684 patients in Group 2 (other
immunocompromising condition), and 8301 patients in Group
3 (immunocompetent) (Table 1). Among 4970 COVID-19
cases, 2263 (46%) had a SARS-CoV-2 lineage identified; the
most common lineages were the Delta variant (n = 1856, 82%)
and the Alpha variant (n = 247, 11%).

Among 440 SOT recipients (Group 1), 214 had a kidney
transplant, 93 had a lung transplant, 48 had a liver transplant,
45 had a heart transplant, 2 had a pancreas transplant, and 38
had multiple organs transplanted (Table 2). The median time
between organ transplantation and hospital admission resulting
in enrollment was 4.4 years (interquartile range [IQR], 1.6-9.5
years; 5 missing date); 48 (11%) of 435 SOT patients with known
date of transplant were admitted within 6 months after the date
of transplant. Among 439 SOT recipients (1 missing), 76 (17%)
patients had evidence of organ rejection in the prior year; all
included SOT patients were taking immunosuppressive medi-
cations at the time of admission. Among the 440 SOT recipi-
ents, 230 (52%) patients were COVID-19 cases and 210 (48%)
patients were controls (Table 1). Two vaccine doses had been
received by 140 of 230 (61%) SOT cases and 118 of 210 (56%)
SOT controls. Three doses had been received by 24 of 230 (10%)
SOT cases and 42 of 210 (20%) SOT controls.

Among 1684 patients with other immunocompromising
conditions (Group 2), the most common conditions included

active solid organ cancer (n = 709, 42%), IBD or rheumatologic
conditions (n = 493, 29%), and active hematologic malignancy
(n =262, 16%) (Table 1). Within Group 2, 2 mRNA vaccine
doses had been received by 235 of 589 (40%) cases and 646 of
1095 (59%) controls. Three doses had been received by 19 of
589 (3%) cases and 110 of 1095 (10%) controls.

Among 8301 immunocompetent patients (Group 3), 2
mRNA vaccine doses had been received by 744 of 4151 (14%)
cases and 2455 of 4150 (57%) controls and 3 vaccine doses by 22
of 4151 (0.5%) cases and 141 of 4150 (3%) controls.

Vaccine Effectiveness Against Coronavirus Disease 2019 Hospitalization

Among SOT recipients (Group 1), VE against COVID-19 hos-
pitalization for 2 mRNA vaccine doses was 29% (95% confi-
dence interval [CI], -19% to 58%), and for 3 mRNA vaccine
doses it was 77% (95% CI, 48% to 90%), with a significant dif-
ference in VE between 2 doses and 3 doses (P = .002) (Figure 2).
Among patients with other immunocompromising conditions
(Group 2), VE against COVID-19 hospitalization for 2 mRNA
vaccine doses was 72% (95% CI, 64% to 79%) and, for 3 doses it
was 92% (95% CI, 85% to 95%) (P < .001 for 2 doses vs 3 doses).
Among subgroups within Group 2, VE for 2 mRNA vaccine
doses was 75% (95% CI, 62% to 84%) and for 3 vaccine doses
it was 91% (95% CI, 78% to 97%) for those with active solid
organ cancer (P = .02 for 2 doses vs 3 doses); VE for 2 vaccine
doses was 74% (95% CI, 57% to 85%) and for 3 vaccine doses
it was 97% (95% CI, 83% to 99%) for those with rheumatologic
conditions or IBD (P = .012 for 2 doses vs 3 doses); and VE for
2 doses was 61% (95% CI, 14% to 83%) and for 3 doses it was

Hospitalized adults enrolled in the IVY surveillance program
(n=12514)

Excluded (n = 2089)

- 873: received 1 or more doses but not =14 days from dose 2
575: non-mRNA vaccine received for 1 or more doses
294: no plausible self-report or unable to determine vaccination status
121: date of illness onset after admission date

83: received third mRNA vaccine dose before authorized

A 4

Met eligibility criteria for this analysis
(n =10 425)

A 4

Solid organ transplant recipient?

No

A

Other immunocompromising condition?

No

A 4

Immunocompetent group
(Group 3 for analysis)
(n =8301; 4151 cases, 4150 controls)

Figure 1.  Flow diagram of patient participation.

Yes
l—b Includes active malignancy, bone marrow/stem cell transplant, use of

A 4

75: syndrome-negative control with subsequent positive PCR test

24: enrolled twice in case or control group

22: solid organ transplant recipient not on immunosuppression or with
incomplete clinical information

21: >10 days between illness onset and SARS-CoV-2 testing

1: >14 days between illness onset and hospital admission date

Solid organ transplant recipient group
(Group 1 for analysis)
(n = 440; 230 cases, 210 controls)

Other immunocompromising condition group
(Group 2 for analysis)
(n = 1684; 589 cases, 1095 controls)

immunosuppressive medication, inflammatory bowel disecase,
autoimmune/rheumatologic condition, HIV infection, congenital
immunodeficiency, splenectomy
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Table 1. Participant Characteristics

Group 2: Other

Group 1: Solid Organ Immunocompromising Group 3:
Transplant Recipients Condition Immunocompetent
Cases Controls Cases Controls Cases Controls
Characteristic (n =230) (n=210) (n =589) (n = 1095) (n=4151) (n = 4150)
Age in Years, No. (%)
18-49 49 (21) 55 (26) 137 (23) 229 (21) 1574 (38) 1040 (25)
50-64 95 (41) 81 (39) 214 (36) 371 (34) 1295 (31) 1225 (30)
>65 86 (37) 74 (35) 238 (40) 495 (45) 1282 (31) 1885 (45)
Female sex, No. (%) 87 (38) 98 (47) 305 (52) 597 (55) 1919 (46) 2037 (49)
Race/ethnicity, No. (%)
Non-Hispanic White 132 (57) 125 (60) 360 (61) 690 (63) 2139 (52) 2496 (60)
Non-Hispanic Black 53 (23) 38 (18) 133 (23) 221 (20) 907 (22) 885 (21)
Hispanic, any race 27 (12) 33 (16) 75 (13) 135 (12) 814 (20) 530 (13)
Other 18 (8) 14.(7) 21 (4) 49 (4) 291 (7) 239 (6)
Census region, No. (%)
Northeast 18 (8) 17 (8) 79 (13) 146 (13) 705 (17) 625 (15)
South 69 (30) 67 (32) 235 (40) 411 (38) 1623 (39) 1667 (40)
Midwest 79 (34) 60 (29) 191 (32) 293 (27) 954 (23) 943 (23)
West 64 (28) 66 (31) 84 (14) 245 (22) 869 (21) 915 (22)
Hypoxemic at hospital admission® 147/221 (67) 87/168 (52) 352/550 (64) 450/830 (54) 3014/3957 (76) 1717/2878 (60)
Vaccinated with 2 or 3 doses of mMRNA 164 (71) 160 (76) 254 (43) 756 (69) 766 (18) 2596 (63)
vaccine, No. (%)
2 doses 140 (85) 118 (74) 235 (93) 646 (85) 744 (97) 2455 (95)
3 doses 24 (15) 42 (26) 19 (7) 110 (15) 22 (3) 141 (5)
Among Vaccinated, Product Received
BNT162b2 (Pfizer-BioNTech) 98 (60) <) (58] 164 (65) 441 (68) 506 (66) 1498 (568)
mRNA-1273 (Moderna) 65 (40) 63 (39) 89 (35) 313 (41) 257 (34) 1091 (42)
Mixed products 1(0.6) 2(1) 1(0.4) 2(0.3) 3(0.4) 7(0.3)
Among vaccinated with 2 doses, days 134.5 (93.5-179) 113.5 (64-155) 163 (114-208) 127 (71-182) 170 (125-210) 128 (77-184)
between dose 2 and iliness onset,
median (IQR)
Among vaccinated with 3 doses, days 49 (22-71) 64.5 (33-83) 34 (23-55) 36 (17-56) 29 (12-54) 27 (14-38)
between dose 3 and illness onset,
median (IQR)
Immunocompromising Conditions
Solid organ transplant® 230 (100) 210 (100) — — — —
Bone marrow or stem cell transplant 0 (0) 1(0.5) 10 (2) 26 (2) — —
Hematologic malignancy 2 (0.9 6 (3) 118 (20) 144 (13) = =
Solid organ malignancy 12 (5) 15 (7) 212 (36) 497 (45) — —
Congenital immunodeficiency 0(0) 2(1 4(0.7) 5 (0.5) = =
Immunosuppressive medications 230 (100) 210 (100 128 (22) 179 (16) — -
IBD/rheumatologic condition 14 (6) 16 (8) 163 (28) 330 (30) — —
HIV infection 0(0) 2.(1) 54 (9) 97 (9) — -
Prior splenectomy 1(0.4) 0(0) 2(0.3) 9(0.8) = =

Abbreviations: HIV, human immunodeficiency virus; IBD, inflammatory bowel disease; IQR, interquartile range; mRNA, messenger ribonucleic acid.

“Hypoxemia at hospital admission was defined as an SpO, <92% or use of supplemental oxygen within 24 hours of hospital admission. This information was collected for COVID-19 case

patients and test-negative controls but not syndrome-negative controls.

°Additional details about solid organ transplantation, including organ(s) transplanted, are in Table 2.

94% (95% CI, 72% to 98%) for those with active hematologic
malignancies (P = .013 for 2 doses vs 3 doses). Among patients
without immunocompromising conditions, VE for 2 vaccine
doses was 88% (95% CI, 87% to 90%) and for 3 doses it was 96%
(95% CI, 83% to 99%) (P < .001 for 2 doses vs 3 doses). Vaccine
effectiveness results were similar after restricting COVID-19
cases to those with evidence of hypoxemia within 24 hours of

hospital admission (Figure 2). Findings were also consistent in a
post hoc analysis restricted to patients admitted after third-dose
authorization.

In-Hospital Clinical Outcomes of Coronavirus Disease 2019 Cases
Among 227 SOT recipients hospitalized with COVID-19 with
outcome data (3 missing), 38 (17%) patients died in the hospital
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Table 2. Additional Information on Transplant History and Inmunosuppressive Drugs in Solid Organ Transplant Recipients (Immune Status Group 1) (See

Separate Upload per Format per Guidelines)

Characteristic Overall (N = 440) Case (N =230) Control (N = 210) PValue
Organ Transplanted, No. (%)
Kidney 214 (49) 119 (52) 95 (45) 17
Liver 48 (11) 24 (10) 24 (11) 74
Heart 45 (10) 22 (10) 23 (11) .63
Pancreas .5) 2(0.9) 0(0) 18
Intestine (0) 0(0) 0(0) -
Lung 93 (21) 43 (19) 50 (24) 19
Multiple organs 8 (9) 20 (9) 18 (9) .96
On immunosuppressive medications at time of admission, No./Total (%) 440 (100) 230 (100) 210 (100) —
Years since most recent transplant, median (IQR) 4.4 (1.6-9.5) 4.1 (1.7-8.4) 4.8 (1.6-10.6) 42
History of rejection in previous year, No./Total (%) 76/439 (17) 33/229 (14) 43/210 (20) .09

Abbreviations: IQR, interquartile range.

before day 28, including 30 of 163 (18%) who were vaccinated
(with 2 or 3 doses) and 8 of 64 (13%) who were unvaccinated
(P =.28). Among vaccinated cases, the severity of illness was
generally greater for the SOT recipients and those with other
immunocompromising conditions compared with immuno-
competent patients, including for ICU admission (45% vs 32%
vs 27%), invasive mechanical ventilation (21% vs 15% vs 13%),
and in-hospital death within 28 days (18% vs 15% vs 10%)
(Table 3). Among immunocompetent patients hospitalized with
COVID-19, severe in-hospital outcomes were more common
in unvaccinated patients compared with vaccinated patients.
However, among patients with immunocompromising condi-
tions hospitalized with COVID-19, the proportion of patients

who experienced severe outcomes was similar for those unvac-
cinated and vaccinated (Table 3).

DISCUSSION

In this multicenter, observational study of adults hospitalized
in the United States between March and December 2021, VE
for mRNA COVID-19 vaccines against COVID-19-associated
hospitalization was significantly lower for SOT recipients
than for immunocompetent people and for those with other
immunocompromising conditions. These results highlight that
people with moderate-to-severe immunosuppression are not
a homogeneous group with regards to vaccine responses, and
those with the greatest immunosuppression seem to have lower

V d case v d control
total case al control

Subgroup patients (%) patients (%)
Overall
Group 1: Solid organ transplant recipient

2 doses of mRNA vaccine 140/206 (68) 118/168 (70)

3 doses of mRNA vaccine 24/90 (27) 42/92 (46)
Group 2: Other immunocompromising condition

2 doses of mRNA vaccine 235/570 (41) 646/985 (66)

3 doses of mRNA vaccine 19/354 (5) 1107449 (24)
Group 3: Immunocompetent

2 doses of mRNA vaccine 744/4129 (18) 2455/4009 (61)

3 doses of mRNA vaccine 22/3407 (0.7) 141/1695 (8)
COVID-19 case with hyp ia on admission only§
Group 1: Solid organ transplant recipient

2 doses of mRNA vaccine 94/135 (70) 118/168 (70)

3 doses of mRNA vaccine 12/53 (23) 42/92 (46)
Group 2: Other immunocompromising condition

2 doses of mRNA vaccine 137/343 (40) 646/985 (66)

3 doses of mRNA vaccine 9/215 (4) 1107449 (24)
Group 3: Immunocompetent

2 doses of mRNA vaccine 461/2999 (15) 2455/4009 (61)

3 doses of mRNA vaccine 15/2553 (0.6) 141/1695 (8)

Adjusted vaccine
effectiveness (95%
confidence interval)*

P-value 2 doses vs 3 doses
of mRNA vaccinet

29 (-19 to 58) 0.002

77 (48 t0 90)

(6410 79)
(85 t0 93)

2 <0.001
2

7
9
88 (87 to 90)
96 (94 10 98)

<0.001

31 (-27 0 63) 0.001

84 (57 10 94)
73 (64 to 80) <0.001
93 (85 10 97)

90 (89 t0 92)
97 (94 10 98)

<0.001

25 50
Vaccine effectiveness (%)

75 100

Figure 2. Vaccine effectiveness of mRNA vaccination against coronavirus disease 2019 (COVID-19) hospitalization by immune status group. Separate estimates were
calculated for 2 doses of an mRNA vaccine and 3 doses of an mRNA vaccine. *Models were adjusted for calendar time of admission (in biweekly intervals), US Health and
Human Services region, age group (1849, 50-64, or >65 years), sex, and race and Hispanic ethnicity. "Post hoc P value comparisons of vaccine effectiveness for 2 doses

vs 3 doses of an mRNA vaccine were obtained using the pwcompare function in Stata ®
saturation <92% within 24 hours of admission. This analysis was restricted to cases who
including those with or without hypoxemia).

Defined as receiving supplemental oxygen support or having a documented oxygen
met criteria for hypoxemia within 24 hours of admission and all control patients (ie,
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Table 3.

Group 2: Other Immunocompromising Condition Group 3: Immunocompetent

Group 1: Solid Organ Transplant Recipients

Unvaccinated

Vaccinated With 2 or 3

Vaccinated With 2 or 3 Unvaccinated Vaccinated With 2 or 3

Outcome, No./Total

No. (%)?

PValue

(n =3362)

PValue doses (n = 757)

Unvaccinated (n = 333)

Doses (n = 253)

PValue®

(n=64)
8(13)

Doses (n = 163)

.96

349 (10)

79 (10)

.62

37 (15) 44 (13)

.28

30 (18)

In-hospital death (within

28 days)
Invasive mechanical

<.001

847 (25)

98 (13)

44

58 (17)

38 (15)

47

1 (17)

35 (21)

ventilation

.008
<.001

583 (17)

101 (13)

72
.39
.37

58 (17)
63 (19)
17 (5)

47 (19)
41 (16)

.28
.68
.85

8 (13)
12 (19)
6(9)

30 (18)
36 (22)
14 (9)

Noninvasive ventilation

790 (23)

93 (12)
39 (5)

Vasopressor use

.61

194 (6)

New renal replacement

therapy
ICU admission

<.001
<.001

81 (32) 119 (36) .35 203 (27) 1441 (43)

.03
.60

19 (30)

74 (45)

5/(3-9) 6 (3-10)

.29

6 (4-11) 6 (4-8) 5.5 (3-10) 6 (3-11)

Hospital length of stay,

median (IQR)

Abbreviations: ICU, intensive care unit; IQR, interquartile range.

“Results provided for COVID-19 case patients who had information available on clinical outcomes (outcomes were not available for 38 of 4970 [0.8%] COVID-19 case patients); outcomes were censored at 28 days from the date of hospital admission.

°P value comparisons between vaccinated and unvaccinated cases were calculated using the Pearson’s xz test for categorical variables and Wilcoxon rank-sum test for continuous variables.

vaccine effectiveness than those with less severe immunosup-
pression. More importantly, VE against COVID-19 hospitaliza-
tion for SOT recipients was substantially higher after 3 mRNA
vaccine doses (77%) than after 2 doses (29%), demonstrating
the importance of additional vaccine doses for this population.
However, once hospitalized for COVID-19, vaccinated and un-
vaccinated SOT recipients had similar clinical outcomes, sug-
gesting that vaccine-associated attenuation of disease severity
previously observed in the immunocompetent population [16]
may be less pronounced or even absent in the SOT population.

These results highlight that SOT recipients remain at risk for se-
vere COVID-19 despite vaccination and support the need for con-
tinued efforts to mitigate the risk of COVID-19 in this population.
Fourth dosesof mRNA COVID-19vaccinesarenow recommended
for people with moderate-to-severe immunocompromising con-
ditions, including solid organ transplantation. Future analyses will
be important to understand the effectiveness of fourth doses, the
residual risk of severe COVID-19 among SOT recipients after 4
vaccine doses, and the durability of protection. In addition, these
results highlight that other measures to reduce the risk of COVID-
19 among SOT recipients should be considered, including vacci-
nation of close contacts [19], individual immune monitoring [20],
and infection prevention strategies such as face masking in public
spaces and physical distancing.

Several studies have indicated that COVID-19 mRNA vac-
cination results in reduced immune response among SOT
recipients on immunosuppressive medication regimens com-
pared with immunocompetent patients [11, 21-27]. Results of
the current study suggest that reduced immunogenicity ob-
served in the SOT population does translate into lower pro-
tection against severe COVID-19. However, there is hope
vaccination can provide important protection against severe
COVID-19 for SOT recipients because mRNA vaccine doses
elicit cellular and humoral responses in many SOT recipients,
including kidney [28], heart, and liver transplant recipients
[29]. Increased VE against COVID-19 hospitalization with a
third mRNA vaccine dose among SOT recipients in this study
is encouraging.

Impaired immune responses in immunosuppressed patients
can often be overcome to provide benefit from vaccination
through strategies such as additional priming doses, boosters,
and modifying vaccines (eg, addition of adjuvants; increasing
antigens) [30, 31]. However, immunosuppressive states are a
heterogeneous range of conditions and treatments. Thus, the ef-
fects of vaccines likely vary by the severity and type of immuno-
suppression, and greater understanding of vaccine responses in
the face of specific immunocompromising conditions is needed.
For example, as shown in this study, SOT recipients appear to
garner less protection from COVID-19 mRNA vaccine doses
than people with some other immunocompromising condi-
tions. From a vaccination policy perspective, immunosuppres-
sion has generally been considered binary—immunosuppressed
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or not. As our understanding of vaccination in immunosup-
pressed hosts improves, a better approach may be to consider
the mechanistic effect that a specific condition has on the im-
mune system and clinical effectiveness data for mechanistically
rational subgroups of immunocompromising conditions [30].

Prior studies evaluating vaccine performance in immuno-
compromised hosts have generally taken 2 approaches. One
approach has been to focus on evaluating immunogenicity
(without clinical outcomes) in specific immunocompromising
conditions [32, 33]. These studies are valuable initial steps
but must be paired with clinical effectiveness data. The
second approach has been to utilize electronic health re-
cords to identify enough patients with electronic codes for
immunocompromising conditions to complete vaccine effec-
tiveness analyses [7, 34]. These analyses are limited by lack of
specificity for immunocompromising conditions and poten-
tial misclassification, because immunocompromising states
are often transient and difficult pinpoint with electronic codes
alone.

The current study identified patients with a prior SOT and
currently taking antirejection immunosuppressive medica-
tions as one specific subgroup of immunosuppression. We
did this by leveraging the strengths of trained clinician in-
vestigators and a large hospital-based active surveillance pro-
gram. Trained personnel collected accurate information on
immunocompromising conditions, including the timing of
immunosuppression in relation to vaccine receipt and onset of
illness. We then applied modified immunosuppression algo-
rithms developed by previous investigators to classify patients
into groups relevant for VE evaluation [35, 36]. We then as-
sessed for effect modification of VE across these groups and ob-
served that lower VE in the large group traditionally labeled as
“moderately-to-severely immunocompromised” was a weighted
average of VE from many separate smaller groups, and VE for
SOT recipients was substantially lower than for patients with
many other immunocompromising conditions.

This study has limitations to consider. First, although this
was a multicenter study that enrolled over 10 000 participants,
the number of SOT recipients hospitalized with COVID-
19 was modest (n=230), which prevented robust analyses
evaluating factors that may be contributing determinants of VE
for SOT patients, such as immunosuppressive medication reg-
imen and time from organ transplant to vaccination. Second,
the group of patients in this study classified as having other
immunocompromising conditions (Group 2) included a heter-
ogeneous array of medical conditions associated with varying
degrees of immunosuppression; this group, along with the im-
munocompetent group, provided a comparator for interpreta-
tion of the VE estimates for SOT recipients. Third, this study
included only hospitalized patients; thus, we are unable to pro-
vide data on VE against less severe COVID-19, such as sympto-
matic disease not resulting in hospitalization. Fourth, although

potential confounders were included in multivariable models,
residual confounding is possible in this observational study.

CONCLUSIONS

In conclusion, vaccine effectiveness of mRNA COVID-19 vac-
cines to prevent COVID-19-associated hospitalization was
lower for SOT recipients than immunocompetent people. Three
doses of an mRNA COVID-19 vaccine provided substantially
greater protection than 2 doses for SOT recipients. Despite vac-
cination, SOT recipients remain at risk for severe COVID-19
and should take additional precautions to mitigate the risk of
SARS-CoV-2 exposure.
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