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1 | INTRODUCTION

| Leonardo V. Riella

| Leela Morena”® | Mariesa Cote* | Emily Bethea®® |

1,2,3

The neutralizing monoclonal antibody combination of tixagevimab/cilgavimab has
been shown to reduce the risk of SARS-CoV-2 infection in unvaccinated individuals
during the Alpha (B.1.1.7) and Delta (B.1.617.2) waves. However, data on the efficacy
and safety of tixagevimab/cilgavimab in vaccinated solid organ transplant recipients
during the Omicron wave is limited. To address this, we conducted a retrospective
cohort study comparing 222 solid organ transplant recipients (SOTRs) who received
tixagevimab/cilgavimab for pre-exposure prophylaxis and 222 vaccine-matched solid
organ transplant recipients who did not receive tixagevimab/cilgavimab. Breakthrough
SARS-CoV-2 infections occurred in 11 (5%) of SOTRs who received tixagevimab/cil-
gavimab and in 32 (14%) of SOTRs in the control group (p <.001). In the tixagevimab/
cilgavimab group, SOTRs who received the 150-150 mg dose had a higher incidence
of breakthrough infections compared to those who received the 300-300mg dose
(p = .025). Adverse events were uncommon, occurring in 4% of our cohort and most
were mild. There was no significant change in serum creatinine or liver chemistries
in kidney and liver transplant recipients, respectively. In conclusion, we found that
tixagevimab/cilgavimab use is safe and associated with a lower risk of breakthrough
SARS-CoV-2 infection in vaccinated solid organ transplant recipients during the

Omicron wave.
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pre-exposure prophylaxis have been developed.® Tixagevimab and

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection in solid organ transplant recipients (SOTRs) is associated
with higher mortality compared to immunocompetent individu-
als.r Since antiviral responses to SARS-CoV-2 vaccines in SOTRs

are attenuated,? additional strategies such as monoclonal antibody

cilgavimab are neutralizing monoclonal antibodies directed against
different epitopes of the receptor-binding domain of SARS-CoV-2
spike protein that have been associated with a lower risk of SARS-
CoV-2 infection when used for pre-exposure prophylaxis in un-
vaccinated individuals.* Based on that, tixagevimab/cilgavimab

received emergency use authorization from the US Food and Drug

Abbreviations: IQR, interquartile range; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SOTR, solid organ transplant recipient.
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Administration (FDA) for pre-exposure prophylaxis against SARS-
CoV-2 infection in high-risk populations.® However, post hoc anal-
ysis of the PROVENT trial showed a slightly higher incidence of
serious cardiovascular events in the tixagevimab/cilgavimab group.’
Furthermore, data on the safety and efficacy of tixagevimab/cil-
gavimab in SOTRs during the Omicron wave are limited as only a
small number of SOTRs were included in the trial, all were unvacci-
nated, and the trial was performed during the period when the Alpha
(B.1.1.7) and Delta (B.1.617.2) variants were most prevalent.4

2 | MATERIALS AND METHODS

2.1 | Study design

To evaluate the safety and efficacy of tixagevimab/cilgavimab
in SOTRs in a real-world setting during the Omicron period, we
conducted a retrospective multicenter cohort study of kidney,
liver, lung, and multiorgan transplant recipients at our institu-
tions (Massachusetts General Hospital and Brigham and Women's
Hospital) who received tixagevimab/cilgavimab for SARS-CoV-2 pre-
exposure prophylaxis. Tixagevimab/cilgavimab was prioritized to be
given to SOTRs deemed to be at high risk for breakthrough and se-
vere SARS-CoV-2 infection by their transplant physicians (allocation
scheme in supplementary methods). Since the number of vaccines
received is an important risk factor for the development of Omicron

breakthrough infet:tions,é’7

a control group of SOTRs matched for
number of vaccines (categorized into three groups: 0-2, 3, or 4-5
vaccines) at our centers who did not receive tixagevimab/cilgavimab
was used for comparison. The Mass General Brigham Research
Patient Data Registry was used to identify both the tixagevimab/
cilgavimab and the matched control groups, and then the electronic
health record was reviewed manually for each patient. The primary
outcome was the development of any breakthrough SARS-CoV-2
infection, defined as a newly positive polymerase chain reaction
or antigen test, whether performed for symptoms or for another
indication. Secondary outcomes included hospitalization or death
from SARS-CoV-2 infection, changes in allograft function and oc-
currence of adverse events after receiving tixagevimab/cilgavimab.
Posttransplant laboratory monitoring of allograft function was done
per the institutions' monitoring standard without additional specific
monitoring after tixagevimab/cilgavimab. Adverse event monitoring
was performed by manual review of the electronic health record.
The study was approved by the Mass General Brigham institutional
review board (protocol numbers: 2021P001235, 2019P002526, and
2017P000336). Data are reported in compliance with the STROBE
reporting guidelines.

2.2 | Statistical analysis

Continuous variables are listed as mean + standard deviation or me-

dian (interquartile range, IQR) depending on distribution. Categorical

variables are listed as counts or percentages. Differences between
continuous variables of two unpaired samples were assessed using
an unpaired t-test or Mann-Whitney U-test depending on distribu-
tion. Differences between continuous variables of two-paired sam-
ples were assessed using a paired t-test or Wilcoxon matched-pairs
signed-rank test depending on distribution. Differences between
proportions of categorical variables were assessed using Pearson's
Chi-squared test. Kaplan-Meier curves were used to estimate the
incidence of SARS-CoV-2 infection in the tixagevimab/cilgavimab
and control groups with differences assessed using the log-rank
test. Follow-up for each patient in the control group was started
on the same day that their vaccine-matched counterpart in the
tixagevimab/cilgavimab group received tixagevimab/cilgavimab to
control for variation in disease incidence. Patients were censored
at occurrence of the outcome (i.e., SARS-CoV-2 infection), death
or their last follow-up. A two-sided o level of 0.05 was considered
statistically significant. SPSS v24 (Chicago, IL) and GraphPad Prism
v9.1.2 (San Diego, CA) were used for statistical analysis and creation

of figures, respectively.

3 | RESULTS

3.1 | Patient characteristics

Two hundred and twenty-two solid organ transplant recipi-
ents were included in the study (Table 1). The median age was
65years (IQR 55-72), 39% were female and the median time from
transplantation to tixagevimab/cilgavimab administration was
3.8years (IQR 1.9-8.2). 7% had a history of prior SARS-CoV-2 in-
fection and > 99% had received at least one dose of SARS-CoV-2
vaccine. All tixagevimab/cilgavimab doses were given between
December 28, 2021 and April 13, 2022 (Figure S1). 90 (40.5%)
SOTRs received the 150-150mg dose, 131 (59.0%) received the
300-300mg dose and one (0.5%) received the 450-450 mg dose.
The control group had similar characteristics to the tixagevimab/
cilgavimab group, with the exception of a higher proportion of
prior SARS-CoV-2 infection in the control group (19% vs. 7%,
p<.001).

3.2 | Breakthrough infection

At a mean follow-up of 87+30days after tixagevimab/cilgavimab
administration, 11 SOTRs (5%) developed breakthrough SARS-
CoV-2 infections, of whom one required hospitalization and none
died (Table 2). Infections occurred at a median of 81days (IQR 15-
97) after tixagevimab/cilgavimab administration and at a median of
6.1 months (IQR 2.8-8.3) since last vaccination. In the control group,
32 (14%) SOTRs developed SARS-CoV-2 infections, of whom six
were hospitalized and three died at a mean follow-up of 82 +28days
(Table S1). Infections occurred at a median of 4.9 months (IQR 2.9-
6.5) since last vaccination.
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Tixagevimab/cilgavimab

Control group

TABLE 1 Baseline characteristics
of tixagevimab/cilgavimab and control

Characteristic group (n = 222) (n=222) p value groups
Age (years), median (IQR) 65 (55-72) 64 (54-70) 0942
Female sex, n (%) 86 (39) 92 (41) 561°
Type of transplant, n (%) .235P
Kidney 114 (51.4) 114 (51.4)
Lung 77 (34.7) 70 (31.5)
Liver 17 (7.7) 27 (12.2)
Kidney/heart 7(3.2) 1(0.5)
Kidney/liver 4(1.8) 7(3.2)
Lung/heart 2(0.9) 1(0.5)
Lung/kidney 1(0.5) 1(0.5)
Pancreas/kidney 0(0) 1(0.5)
Years from transplantation, 3.8(1.9-8.2) 4.3(2.7-7.0) 076
median (IQR)
Number of vaccines received, .323°
n (%)
None 2(0.9) 0(0.0)
One 3(1.4) 0(0.0)
Two 15(6.8) 0(9.0)
Three 91 (41.0) 1(41.0)
Four 106 (47.7) 107 (48.2)
Five 5(2.3) 4(1.8)
Months from last vaccine, 2.3(1.1-5.2) 2.5(0.7-5.5) 1782
median (IQR)
History of SARS-CoV-2 infection, 15(7) 42 (19) <.001°
n (%)
History of CAD, n (%) 55 (25) 58 (26) 7440
History of heart failure, n (%) 50(23) 43 (19) 414°
Tixagevimab-cilgavimab dose,
n (%)
150-150mg 90 (40.5) N/A N/A
300-300mg 131 (59.0) N/A
450-450mg 1(0.5) N/A

Abbreviations: CAD, coronary artery disease; IQR, interquartile range; SARS-CoV-2, Severe acute

respiratory syndrome coronavirus 2.
aStatistics by Mann-Whitney U-test.
bStatistics by Pearson's Chi-squared test.

Survival analysis showed a lower incidence of SARS-CoV-2 infec-
tion in the tixagevimab/cilgavimab group compared to the control
group (Figure 1A, log-rank p <.001). Stratified analysis by organ type
showed a significantly lower incidence of SARS-CoV-2 infection in
kidney and lung transplant recipients who received tixagevimab/
cilgavimab compared to those who did not, but the difference was
not statistically significant in liver and liver/kidney transplant recip-
ients (Figure 1B-D, log-rank p = .045, .010, and .118, respectively).
Stratified analysis by number of vaccines showed a lower incidence
of SARS-CoV-2 infection in SOTRs who received tixagevimab/
cilgavimab whether they had received 0-3 or 4-5 vaccine doses
(Figure 1E,F, log-rank p = .006 and .008, respectively). Given the

difference in the proportions of SOTRs with a history of prior SARS-
CoV-2 infection between the tixagevimab/cilgavimab and control
groups, we also performed stratified analysis by prior SARS-CoV-2
infection status. In SOTRs without a history of prior SARS-CoV-2
infection, we found a significantly lower incidence of SARS-CoV-2
infection in SOTRs who received tixagevimab/cilgavimab compared
to those who did not (Figure 1G, log-rank p<.001). However, there
was no significant difference in the incidence of SARS-CoV-2 in-
fection between the tixagevimab/cilgavimab and control groups in
SOTRs with a prior history of SARS-CoV-2 infection (Figure 1H, log-
rank p = .674). In the tixagevimab/cilgavimab group, the incidence
rate of breakthrough SARS-CoV-2 infection was higher in those who
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TABLE 2 Breakthrough infections in the tixagevimab/cilgavimab group

Days since
T/C

T/C dose

(mg)

Months since
last vaccine

Number of

vaccines

Most common variant at

the time?

Outcome

Treatment

Hosp.

SOT

Date of infection

#

Recovered

None

No

7
8

150-150
150-150
150-150
150-150
150-150
150-150

3.9
0.9

4

Kidney

B.1.1.529
B.1.1.529
B.1.1.529

BA

Jan. 19th 2022
Feb. 5th 2022

Recovered

Remdesivir

Yes

Lung

2

Recovered

Bamlanivimab

No

19
46

1.1
7.4

6.1

Lung

March 2nd 2022

Recovered

Bebtelovimab

No
No

Liver

.2

March 29th 2022
April 13th 2022
April 21st 2022
April 24th 2022
May 6th 2022

Recovered

Bebtelovimab

91

Lung

BA.2

5
6
7

Recovered

Bebtelovimab

No
No

99

Lung 8.1

BA.2

Recovered

Bebtelovimab

11

300-300
150-150
150-150
150-150
150-150

2.2
8.5

4

Kidney

BA.2

Recovered

MAB at outside institution

No

114
95

Lung

BA.2

Recovered

MAB at outside institution

No

9.0
3.4

Lung
9.5

BA.2

May 15th 2022
May 15th 2022
May 30th 2022

Recovered

No Bebtelovimab

No

81

4
3

Kidney

BA.2

10
11

Bebtelovimab Recovered

102

Kidney

BA.2.12.1

Abbreviations: MAB, monoclonal antibody; SOT, solid organ transplant; T/C, Tixagevimab/cilgavimab.

@Based on the most prevalent SARS-CoV-2 variant in region 1 (including Massachusetts) from the Center for Disease Control and Prevention COVID data tracker: https://covid.cdc.gov/covid-data-track

er/#variant-proportions.

received the lower (150-150mg) dose of tixagevimab/cilgavimab
compared to those who received the higher dose of 300-300mg
(Figure 11, log-rank p = .025).

3.3 | Safety and adverse events

Adverse events were uncommon in the tixagevimab/cilgavimab
group, occurring only in nine SOTRs (4%) at a median of 15days (IQR
5-22) after tixagevimab/cilgavimab administration. The most com-
mon adverse events were nausea, vomiting, or diarrhea (n = 4, 1.8%),
headache (n = 3, 1.4%), and abdominal pain (n = 2, 0.9%). Two pa-
tients (0.9%) developed new lung infiltrates with negative infectious
evaluation, thought to be pneumonitis. In terms of cardiovascular
adverse events, one patient (0.5%) developed a mild heart failure ex-
acerbation, and one (0.5%) developed new atrial fibrillation requiring
cardioversion.

In kidney transplant recipients who had serum creatinine mea-
sured after tixagevimab/cilgavimab administration (n = 92), there
was no significant change in serum creatinine levels measured at
a median of 30days (IQR 20-46) after tixagevimab/cilgavimab
compared to baseline (Figure 2A, p = .078). In liver transplant re-
cipients who had liver chemistries measured after tixagevimab/
cilgavimab administration (n = 16), there was no significant change
in alanine aminotransferase (Figure 2B, p =.291), aspartate amino-
transferase (Figure 2C, p = .205), alkaline phosphatase (Figure 2D,
p = .088) or total bilirubin levels (Figure 2E, p = .320) measured
at a median of 22days (IQR 12-43) after tixagevimab/cilgavimab
administration.

4 | DISCUSSION

In this study, we report our early experience with using tixagevimab/
cilgavimab for pre-exposure prophylaxis in SOTRs during the
Omicron wave. We found that tixagevimab/cilgavimab use was as-
sociated with a significantly lower risk of SARS-CoV-2 breakthrough
infection in SOTRs, compared to a control group of vaccine-matched
SOTRs at our centers. Hospitalizations and deaths due to SARS-
CoV-2 infection were also numerically lower in the tixagevimab/cil-
gavimab group but given the small number of events our study was
underpowered to find differences in these outcomes.

Since SOTRs who were deemed by their physicians to be at higher
risk for breakthrough and severe SARS-CoV-2 infection were prefer-
entially referred to receive tixagevimab/cilgavimab, this could have
biased our findings toward a smaller difference in the incidence of
breakthrough infections between the two groups if the tixagevimab/
cilgavimab group had been compared to an unmatched control group
consisting of all SOTRs who did not receive tixagevimab/cilgavimab
at our centers at the time. Instead, to reduce the effect of con-
founding variables on the outcome of breakthrough infection, we
used a control group of SOTRs from our centers who were vaccine-
matched, had similar ages and organ types, and stratified analysis
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FIGURE 1 Efficacy of tixagevimab/cilgavimab for pre-exposure prophylaxis in solid organ transplant recipients (SOTRs). (A) Kaplan-Meier
estimates of the cumulative incidence of breakthrough coronarivus disease 19 (COVID-19) in SOTRs who received tixagevimab/cilgavimab

(n = 222) and vaccine-matched SOTRs controls (n = 222) stratified by (B-D) solid organ type, (E, F) number of SARS-CoV-2 vaccines, (G, H)
history of prior COVID-19, and (l) tixagevimab/cilgavimab dose. (A-I) Statistic by log-rank test

was performed. To reduce the effect of the changing SARS-CoV-2
incidence in the population on the outcome of breakthrough infec-
tion, follow-up for each control subject was started on the same
date that their matched counterpart in the tixagevimab/cilgavimab
group received tixagevimab/cilgavimab. While most characteristics
were balanced between the two groups, we found that a history of
prior SARS-CoV-2 infection was less common in SOTRs in the tix-
agevimab/cilgavimab group. To address its potential impact on the
outcome of SARS-CoV-2 breakthrough infection, we stratified our
analysis by prior SARS-CoV-2 infection history. Since infection-
naive individuals are at higher risk of SARS-CoV-2 infections com-
pared to those with prior SARS-CoV-2 infection,®'? the presence
of more infection-naive SOTRs in the tixagevimab/cilgavimab group
would likely bias our study findings toward a higher incidence of

breakthrough infection in the tixagevimab/cilgavimab group, and
therefore result in an underestimate of the difference between the
two groups. Interestingly, we also found no significant difference in
the incidence of breakthrough infection between the tixagevimab/
cilgavimab and control groups in the subgroup of SOTRs who had
prior SARS-CoV-2 infection. This finding in combination with recent
data showing no significant difference in the risk of symptomatic
breakthrough Omicron infection in kidney transplant recipients who
received tixagevimab/cilgavimab compared to those who had high-
titer anti-spike antibody responses to vaccination but did not receive
tixagevimab/cilgavimab'® suggest that SOTRs with no prior SARS-
CoV-2 infection or those with low anti-spike antibody responses
to vaccination may benefit most from tixagevimab/cilgavimab pre-
exposure prophylaxis.
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FIGURE 2 Safety of tixagevimab/cilgavimab for pre-exposure prophylaxis in solid organ transplant recipients (SOTRs). (A)

Serum creatinine levels in kidney transplant recipients before and after tixagevimab/cilgavimab administration (n = 92). (B) Alanine
aminotransferase (ALT), (C) aspartate aminotransferase (AST), (D) alkaline phosphatase (ALP), and (E) total bilirubin levels in liver transplant
recipients after tixagevimab/cilgavimab administration (n = 16). (A) Statistic by paired t-test. (B-E) Statistic by Wilcoxon matched-pairs

signed rank test

We also found that tixagevimab/cilgavimab use was associated
with alower incidence of breakthrough infection regardless of whether
SOTRs had received 0-3 or 4-5 vaccines doses. Separate analysis of
SOTRs who received 0-2 or 5 vaccine doses was not performed due
to the small number of SOTRs in these groups. In addition, we found
that tixagevimab/cilgavimab use was associated with a lower risk of
breakthrough infection in kidney and lung transplant recipients. There
was no statistically significant difference in the risk of breakthrough
infection between liver or liver/kidney transplant recipients who did
and did not receive tixagevimab/cilgavimab. However, given the small
number of liver and liver/kidney transplant recipients in our cohort,
our study was underpowered to find differences in this subgroup of
SOTRs. Importantly, we also found a higher incidence of breakthrough
infections in the low-dose (150-150mg) compared to the high-dose
(300-300mg) tixagevimab/cilgavimab cohort, suggesting a lower risk
of breakthrough infections in the high-dose group, which supports
the FDA's revised recommendation to use the higher dose for pre-
exposure prophylaxis in SOTRs.** A randomized controlled trial com-
paring the two doses would provide further evidence supporting the
difference in breakthrough infection between the two doses in SOTRs.

We also found that tixagevimab/cilgavimab was safe with a low
rate of adverse events and no evidence of allograft injury in kid-
ney or liver transplant recipients. It is important to note, however,
that since monitoring for adverse events was done retrospectively
through review of the electronic health record, adverse events that
were not recorded in the electronic health record could have been
missed. Furthermore, post-tixagevimab/cilgavimab laboratory as-
sessment of allograft function was only available in 73% and 76% of
kidney and liver transplant recipients, respectively. Prospective sys-
tematic monitoring for adverse events and allograft function would
provide stronger evidence of the safety of tixagevimab/cilgavimab
in SOTRs.

Our study adds to the literature by including vaccinated SOTRs,
which were not included in the original trial,* evaluating break-
through infections during the Omicron period, as opposed to the
Alpha and Delta period during which the original trial was conducted,

and by including patients who received the higher tixagevimab/cil-
gavimab dose (300-300mg), as opposed to the lower dose (150-
150 mg) that was evaluated in the trial.* The limitations of our study
include its observational nature, retrospective design, and differ-
ences between the tixagevimab/cilgavimab and control groups that
could have influenced the rate of breakthrough infection. Given the
small number of events in the tixagevimab/cilgavimab group, multi-
variable Cox regression to adjust for potential confounding variables
was not performed and instead we used matching and a stratified
analysis approach. Furthermore, our study was conducted during a
period when the B.1.1.529, BA.2, and BA.2.12.1 Omicron lineages
were most prevalent in Massachusetts,'® therefore the protective
effects of tixagevimab/cilgavimab in vaccinated SOTRs cannot be
generalized to BA.4 and BA.5 lineages. Despite these limitations,
our study adds evidence of the efficacy and safety of tixagevimab/
cilgavimab for pre-exposure prophylaxis in vaccinated SOTRs during

the Omicron wave.
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