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Background: Treatment guidelines and U.S. Food and Drug
Administration emergency use authorizations (EUAs) of mono-
clonal antibodies (mAbs) for treatment of high-risk outpatients
with mild to moderate COVID-19 changed frequently as differ-
ent SARS-CoV-2 variants emerged.

Objective: To evaluate whether early outpatient treatment
with mAbs, overall and by mAb product, presumed SARS-CoV-
2 variant, and immunocompromised status, is associated with
reduced risk for hospitalization or death at 28 days.

Design: Hypothetical pragmatic randomized trial from obser-
vational data comparing mAb-treated patients with a propensity
score–matched, nontreated control group.

Setting: Large U.S. health care system.

Participants: High-risk outpatients eligible for mAb treat-
ment under any EUA with a positive SARS-CoV-2 test result
from 8 December 2020 to 31 August 2022.

Intervention: Single-dose intravenous mAb treatment with
bamlanivimab, bamlanivimab–etesevimab, sotrovimab, bebtelo-
vimab, or intravenous or subcutaneous casirivimab–imdevimab
administered within 2 days of a positive SARS-CoV-2 test
result.

Measurements: The primary outcome was hospitalization
or death at 28 days among treated patients versus a nontreated

control group (no treatment or treatment ≥3 days after SARS-
CoV-2 test date).

Results: The risk for hospitalization or death at 28 days was
4.6% in 2571 treated patients and 7.6% in 5135 nontreated
control patients (risk ratio [RR], 0.61 [95% CI, 0.50 to 0.74]).
In sensitivity analyses, the corresponding RRs for 1- and 3-day
treatment grace periods were 0.59 and 0.49, respectively. In
subgroup analyses, those receiving mAbs when the Alpha and
Delta variants were presumed to be predominant had esti-
mated RRs of 0.55 and 0.53, respectively, compared with 0.71
for the Omicron variant period. Relative risk estimates for indi-
vidual mAb products all suggested lower risk for hospitaliza-
tion or death. Among immunocompromised patients, the RR
was 0.45 (CI, 0.28 to 0.71).

Limitations: Observational study design, SARS-CoV-2 vari-
ant presumed by date rather than genotyping, no data on
symptom severity, and partial data on vaccination status.

Conclusion: Early mAb treatment among outpatients with
COVID-19 is associated with lower risk for hospitalization or
death for various mAb products and SARS-CoV-2 variants.
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Monoclonal antibody (mAb) treatment received
emergency use authorizations (EUAs) from the

U.S. Food and Drug Administration (FDA) starting in
November 2020 for patients recently diagnosed with mild
to moderate COVID-19 and with risk for progression to
severe disease (1–4). The EUAs were granted because
mAb treatment reduced SARS-CoV-2 viral load and later
showed decreased rates of hospitalization and death in
at-risk outpatients compared with patients who did not
receive treatment (5). Early data suggested that the bene-
fit is most pronounced in patients aged 65 years or older
and those with a suppressed immune system (6–8). Before
withdrawal of the EUA for bebtelovimab, more than 3.6
million mAb treatments were administered to outpatients
in the United States (9).

The EUAs for the 5 mAbs that were authorized at vari-
ous times during the COVID-19 pandemic (10) have all
been suspended or revoked by the FDA, based on in vitro
evidence of evolving loss of efficacy against new SARS-CoV-
2 variants. The EUA for the last of the mAbs (bebtelovimab)
was revoked on 30 November 2022 (11). Such decisions
about changes to EUAs are often based on in vitro potency
alone, as randomized trials and real-world data predate
evolving variants. There are limited, large-scale observatio-
nal clinical data for use of mAb products in infected patients,
including during the current Omicron variant era (12, 13).
Taken together, these realities underscore the need for
near-real-time evaluation of individual mAb products as new
variants emerge, with the goal of identifying patient popula-
tionsmost likely to benefit from treatment.

Therefore, using the framework of a hypothetical
pragmatic randomized trial, we assessed the evolving
real-world effectiveness of early mAb treatment for out-
patients with COVID-19 who were treated in a large U.S.
health care system over nearly 2 years. We examined the
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specific mAb products that were used, the SARS-CoV-2
variant that was presumed to be predominant, the time from
SARS-CoV-2 infection to treatment, and patients' immuno-
compromised status. This work complements smaller, date-
restricted subsets that have been published previously
on the effectiveness of bamlanivimab monotherapy in
232 patients from 9 December 2020 to 3 March 2021
(8); the comparative effectiveness of subcutaneous (n =
969) or intravenous (n = 1216) casirivimab–imdevimab in
patients treated from 14 July to 26 October 2021 (14);
the comparative effectiveness of bamlanivimab, bamlani-
vimab–etesevimab, and casirivimab–imdevimab among
1935 patients treated from 10 March to 25 June 2021
(15); a randomized comparative effectiveness trial of
casirivimab–imdevimab (n = 2454) versus sotrovimab (n
= 1104) in the Delta variant period, coupled with a paral-
lel propensity score–matched cohort study of mAb treat-
ment (n = 1023) versus no mAb treatment (n = 2046)
(16); and the effectiveness of bebtelovimab monother-
apy in 1860 patients from 30 March to 28 May 2022 (12).
We conclude by briefly discussing possible future uses of
mAb therapy for emerging SARS-CoV-2 variants.

METHODS

Using observational data, we emulated a hypothetical
pragmatic randomized trial of outpatients with COVID-19
who met EUA eligibility criteria for mAb treatment. All
treated patients verbally consented to mAb treatment
and reviewed the FDA EUA fact sheets for available mAbs
before treatment. Treatment was assigned via a central man-
agement system overseen by a multidisciplinary COVID-19
Therapeutics Committee (Supplement Appendix A, avail-
able at Annals.org); this system was used even when only 1
mAb was available (17). The Quality Improvement Review
Committee and Institutional Review Board provided ethical
review and approval of the study as an exempt protocol,
and all data remained deidentified for this analysis.

Data Sources
We used health-related data captured in the elec-

tronic health record (EHR) and ancillary clinical systems,
all aggregated and harmonized in a clinical data ware-
house (8, 18). For all patients, we accessed sociodemo-
graphic data, medical history, and billing charges for all
outpatient and inpatient encounters with diagnoses and
procedures coded based on the International Classification
of Diseases, Ninth and 10th Revisions (19, 20). We classified
self-declared race as Black versus all others. Deaths at
28 days were identified using hospital discharge dispo-
sitions of “ceased to breathe” sourced from the inpatient
medical record system; deaths after discharge were iden-
tified via the Death Master File from the Social Security
Administration's 2022 National Technical Information
Service (21, 22). Definitions for variables used in the analy-
sis, as captured in the EHR, are provided in the Statistical
Analysis and Subgroup Analyses sections and in Supplement
Appendix B (available at Annals.org). Components of the
study design are summarized in the following 3 sections,
with full details provided in Supplement Appendix C
(available at Annals.org).

Eligibility Criteria
The index date for patient selection and analysis was

the date of a positive SARS-CoV-2 test result, as docu-
mented in the University of Pittsburgh Medical Center
(UPMC) health system during the period from 8 December
2020 to 31 August 2022. All selected (eligible) patients
were aged 12 years or older, had at least 1 EUA-eligible
risk factor for progression to severe disease identified in
the EHR on the index date, were not pregnant, were not in
the emergency department (ED) or hospital on the index
date, had at least 1 record in the EHR in the previous year
(making them likely to access care within the system,
thus allowing for ascertainment of follow-up data), and
had near-complete covariate data for analysis. Patients
were excluded if they received tixagevimab–cilgavimab
(Evusheld [AstraZeneca]) (preexposure prophylaxis for
prevention of COVID-19) before or within 28 days of the
index date.

Classification of Treatment Groups
We classified and compared patients as either treated

(if they received “early” mAb treatment within 2 days of the
index date) or nontreated (if they never received mAb ther-
apy or received “delayed” treatment within 3 to 10 days of
the index date). In sensitivity analyses, we varied the primary
2-day early treatment grace period to 1 and 3 days. Treated
patients were matched in a 1:2 ratio to nontreated patients
using propensity score methods (see the Statistical Analysis
section).

All patients who were treated with mAbs (either early
or delayed treatment) received intravenous bamlanivimab
(700 mg), intravenous bamlanivimab–etesevimab (700
and 1400 mg, respectively), intravenous or subcutaneous
casirivimab–imdevimab (1200 mg each before 15 June
2021 and 600 mg each from 15 June 2021 to 31 January
2022), intravenous sotrovimab (500 mg), or intravenous
bebtelovimab (175 mg) in an outpatient infusion clinic for
treatment of COVID-19. Per the respective EUAs, bamlani-
vimab was used through March 2021, bamlanivimab–
etesevimab and casirivimab–imdevimab were available
during March to December 2021, sotrovimab was avail-
able during July 2021 through March 2022, and bebte-
lovimab was used from April to August 2022. Thus, as
few as 1 and as many as 3 mAb products were available
on a given date.

Outcomes
The primary outcome was risk for hospitalization or

death at 28 days, with secondary outcomes of hospitali-
zation, death, ED visit without hospitalization, and a com-
posite outcome of ED visit or hospitalization at 28 days.
The 28-day follow-up period for the analysis started on
the day after the index date (the date of a positive SARS-
CoV-2 test result).

Statistical Analysis
We compared sociodemographic and clinical char-

acteristics between treated and nontreated patients (before
and after matching) using standardized mean differences
(SMDs). We selected nontreated control patients matched
to treated patients using propensity score methods (23, 24).

Real-World Effectiveness of Monoclonal Antibodies for Treatment of COVID-19 ORIGINAL RESEARCH

Annals.org Annals of Internal Medicine • Vol. 176 No. 4 • April 2023 497

Downloaded from https://annals.org by UPMC Somerset on 01/10/2024.

http://www.annals.org
http://www.annals.org
http://www.annals.org
http://www.annals.org


Specifically, we used propensity scores from a logistic
regression model fit with classification into the mAb treat-
ment group as the response variable and inclusion of ex-
planatory variables (Table 1). Separate propensity score
models were fit for each treatment grace period (defined
earlier). We used 1:2 propensity score greedy nearest-
neighbor matching within a caliper width of 0.20 to con-
struct the matched treated and nontreated groups (25).
This included exact 1:2 matching on the presumed SARS-
CoV-2 variant. Vaccination status (evidence of being vacci-
nated) was available in the EHR for just 21.4% of patients
and thus was not included in the primary propensity score

model but was included in a sensitivity analysis (value of 1
for known vaccination and 0 otherwise).

From thematched groups, risks for patient outcomes
at 28 days were calculated as relative risks (treated vs.
nontreated) and 95% CIs. The Kaplan–Meier method was
used to plot survival curves for freedom from hospitaliza-
tion or death by treatment status over follow-up. Several
sensitivity analyses were done, including among the sub-
groups of patients with nonmissing data on body mass
index (BMI) or vaccination status and per different treat-
ment grace periods. For subgroup analyses by individual
mAb product and patients' immunocompromised status,

Table 1. Comparison of Characteristics Among Treated and Nontreated Patients*

Characteristic Before Matching After Matching

Treated Patients
(n = 2578)

Nontreated Patients
(n = 64 535)

SMD Treated Patients
(n = 2571)

Nontreated Patients
(n = 5135)

SMD

Mean age (SD), y 58.5 (16.3) 49.3 (19.7) 0.51 58.5 (16.3) 59.0 (17.3) 0.03
Female, n (%) 1516 (58.8) 38 987 (60.4) 0.03 1513 (58.8) 2993 (58.3) 0.01
Black race, n (%) 155 (6.0) 5802 (9.0) 0.11 155 (6.0) 310 (6.0) 0.00
Mean body mass index (SD), kg/m2 32.4 (6.9) 31.8 (7.0) 0.09 32.4 (6.9) 32.3 (7.2) 0.00
UPMC health plan member, n (%) 851 (33.0) 22 016 (34.1) 0.02 846 (32.9) 1672 (32.6) 0.01
Primary insurer, n (%)
Medicare 1131 (43.9) 17 947 (27.8) 0.34 1125 (43.8) 2256 (43.9) 0.00
Medicaid 343 (13.3) 13 145 (20.4) 0.19 343 (13.3) 647 (12.6) 0.02

Medical history, n (%)
Obstructive sleep apnea 560 (21.7) 9451 (14.6) 0.18 555 (21.6) 1057 (20.6) 0.02
Diabetes 558 (21.6) 10 103 (15.7) 0.15 554 (21.5) 1136 (22.1) 0.01
Hypertension 1333 (51.7) 25 703 (39.8) 0.24 1327 (51.6) 2686 (52.3) 0.01
Valvular heart disease 194 (7.5) 3208 (5.0) 0.11 192 (7.5) 391 (7.6) 0.01
Atrial fibrillation 205 (8.0) 3083 (4.8) 0.13 204 (7.9) 383 (7.5) 0.02
Congestive heart failure 215 (8.3) 3498 (5.4) 0.12 214 (8.3) 444 (8.6) 0.01
Stroke 178 (6.9) 3111 (4.8) 0.09 178 (6.9) 340 (6.6) 0.01
Dyspnea 245 (9.5) 3673 (5.7) 0.14 241 (9.4) 448 (8.7) 0.02
Pulmonary hypertension 63 (2.4) 864 (1.3) 0.08 63 (2.5) 132 (2.6) 0.01
Chronic obstructive pulmonary disease 495 (19.2) 10 543 (16.3) 0.08 490 (19.1) 971 (18.9) 0.00
Bronchiectasis 10 (0.4) 93 (0.1) 0.05 10 (0.4) 20 (0.4) 0.00
Cancer 417 (16.2) 5720 (8.9) 0.22 411 (16.0) 777 (15.1) 0.02
Chemotherapy 98 (3.8) 1599 (2.5) 0.08 97 (3.8) 189 (3.7) 0.00
Lung cancer 17 (0.7) 227 (0.4) 0.04 16 (0.6) 29 (0.6) 0.01
Chronic kidney disease 227 (8.8) 3489 (5.4) 0.13 224 (8.7) 441 (8.6) 0.00
Fatty liver disease 111 (4.3) 1831 (2.8) 0.08 108 (4.2) 205 (4.0) 0.01
Cirrhosis 26 (1.0) 428 (0.7) 0.04 25 (1.0) 55 (1.1) 0.01
Viral hepatitis 46 (1.8) 821 (1.3) 0.04 44 (1.7) 100 (1.9) 0.02
Allergic rhinitis 430 (16.7) 9749 (15.1) 0.04 425 (16.5) 797 (15.5) 0.03
Rheumatoid arthritis 100 (3.9) 1471 (2.3) 0.09 99 (3.9) 195 (3.8) 0.00
Sarcoidosis 19 (0.7) 227 (0.4) 0.05 19 (0.7) 30 (0.6) 0.02
Lupus 38 (1.5) 473 (0.7) 0.07 37 (1.4) 60 (1.2) 0.02
Organ or cell transplant 24 (0.9) 161 (0.2) 0.09 22 (0.9) 32 (0.6) 0.03
Compromised immune system 415 (16.1) 5991 (9.3) 0.21 409 (15.9) 764 (14.9) 0.03

Medication history, n (%)
Angiotensin-converting enzyme inhibitor 461 (17.9) 9058 (14.0) 0.10 459 (17.9) 965 (18.8) 0.02
Angiotensin II–receptor blocker 330 (12.8) 5532 (8.6) 0.14 327 (12.7) 644 (12.5) 0.01
a-Blocker 45 (1.7) 756 (1.2) 0.05 45 (1.8) 88 (1.7) 0.00
Statin 1008 (39.1) 17 997 (27.9) 0.24 1004 (39.1) 2044 (39.8) 0.02
Antidepressant 811 (31.5) 20 223 (31.3) 0.00 809 (31.5) 1651 (32.2) 0.01
Corticosteroid (as home medication) 1000 (38.8) 21 620 (33.5) 0.11 995 (38.7) 1971 (38.4) 0.01

Variant date period, n (%)
Pre-Alpha 159 (6.2) 13 673 (21.2) 0.45 159 (6.2) 318 (6.2) 0.00
Alpha 284 (11.0) 3969 (6.1) 0.17 282 (11.0) 560 (10.9) 0.00
Alpha and Delta 23 (0.9) 170 (0.3) 0.08 22 (0.9) 42 (0.8) 0.00
Delta 1668 (64.7) 17 029 (26.4) 0.83 1665 (64.8) 3330 (64.8) 0.00
Delta and Omicron 128 (5.0) 4192 (6.5) 0.07 128 (5.0) 256 (5.0) 0.00
Omicron 316 (12.3) 25 502 (39.5) 0.65 315 (12.3) 629 (12.2) 0.00

SMD = standardized mean difference (presented as absolute value).
* All variables other than variant date period (which was matched in a 1:2 ratio between treated patients and control patients) were used in the pro-
pensity score model.
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separate propensity score models were fit to enhance
matching of treated and nontreated patients.

Subgroup Analyses
In addition to variables used in propensity score

matching (Table 1), key variables used in subgroup analy-
ses included individual mAb product, presumed SARS-
CoV-2 variant, and the patient's immunocompromised sta-
tus (given its recognized priority status for treatment) (6).
SARS-CoV-2 variant was not measured in each patient but
was presumed from date- and region-specific prevalence
estimates from the Variants and Genomic Surveillance tool
in the Centers for Disease Control and Prevention (CDC)
COVID Data Tracker (https://covid.cdc.gov/covid-data-
tracker/#variant-proportions) as follows: pre-Alpha from
8December 2020 to 28 February 2021, Alpha (B.1.1.7) from
1 March to 5 June 2021, Alpha and Delta (B.1.1.7 and B.1.
617.2) from 6 June to 17 July 2021, Delta (B.1.617.2) from
18 July to 17 December 2021, Delta and Omicron (B.1.617.
2 and B.1.1.529) from 18 December to 31 December 2021,
and Omicron (B.1.1.529 and all subsequent sublineages)
from 1 January to 31 August 2022. Near the end of the
Omicron recruitment period (the week ending 27 August
2022), the CDC region-specific prevalence estimates of
Omicron subvariants were 85.7% for BA.5, 7.9% for BA.4.6,
and 4.1% for BA.4.We defined immunocompromised from a
range of conditions, such as selected cancer diagnoses (for
example, leukemia) within the previous year, selected auto-
immune disorders (for example, lupus) within the previous
year, and transplant within the previous year (Supplement
AppendixD, available at Annals.org).

We used SAS, version 9.4 (SAS Institute), for all analyses.
Missing BMI data (19.2% of patients) were imputed based
on themean observation for patients with known values.

Role of the Funding Source
This work did not receive external funding. The U.S.

federal government provided most of the mAb treatments
reported in this manuscript. GlaxoSmithKline and Vir Bio-
technology, Inc., donated some of the sotrovimab used in
this study. The funders had no role in the design or conduct
of the study; collection, management, analysis, or interpre-
tation of the data; approval of the manuscript; or the deci-
sion to submit themanuscript for publication.

RESULTS

Treatment Classification
The primary analysis, which used a 2-day treatment

grace period, included 2571 treated patients and 5135

matched nontreated patients. For the respective 1-, 2-, and
3-day treatment grace periods, 10.3%, 6.1%, and 3.2% of
patients in the nontreated (control) groups received mAb
therapy after the grace period (Appendix Figure, avail-
able at Annals.org).

Baseline Characteristics
Before 1:2 propensity score matching, the mean age

of treated patients was 58.5 years (SD, 16.3) compared
with 49.3 years (SD, 19.7) in nontreated control patients
(Table 1). Beforematching, the overall risk profile was higher
in treated patients than in nontreated control patients,
including higher prevalence of obstructive sleep apnea,
diabetes, hypertension, and cancer (all SMDs ≥0.15). In
response to mAb prioritization guidelines during times of
drug scarcity, a higher percentage of treated patients (16.1%)
were immunocompromised compared with nontreated con-
trol patients (9.3%). The proportions of patients by presumed
SARS-CoV-2 variant before matching differed by treatment
status. Of note, after 1:2 propensity score matching, treated
patients were similar to nontreated control patients in all varia-
bles, with SMD values of 0.03 or less (Table 1). Moreover, the
distributions of propensity scores were nearly identical after
matching overall and by presumed SARS-CoV-2 variant
(Supplement Figure 1, available at Annals.org).

Outcomes
The overall risk for hospitalization or death at 28 days

was 4.6% in treated patients compared with 7.6% in non-
treated control patients (Table 2). This corresponded to a
risk ratio (RR) of 0.61 (95%CI, 0.50 to 0.74). The divergence
in freedom fromdeath or hospitalization favoring the treated
group seemed most prominent starting approximately
7 days after the index date (Figure 1). The lower RR associ-
ated with treatment was evident for risk for hospitaliza-
tion at 28 days (RR, 0.74 [CI, 0.60 to 0.91]) (Table 2;
Supplement Figure 2, available at Annals.org) and was
especially evident for risk for death at 28 days (RR, 0.14
[CI, 0.07 to 0.26]) (Table 2; Supplement Figure 3, avail-
able at Annals.org). Treatment with mAbs was not asso-
ciated with risk for ED visit without hospitalization or the
composite outcome of ED visit or hospitalization (Table 2;
Supplement Figures 4 and 5, available at Annals.org).

Subgroup Analyses
In subgroup analyses, patients who received mAb

therapy when the Alpha and Delta variants were pre-
sumed to be predominant had estimated RRs of 0.55 (CI,
0.30 to 1.00) and 0.53 (CI, 0.41 to 0.69), respectively,
compared with 0.71 (CI, 0.35 to 1.45) for the most recent

Table 2. Risks and Risk Ratios for Outcomes at 28 Days, by Treatment Versus Nontreatment With mAbs

Outcome Nontreated Patients
(n = 5135), n (%)

Treated Patients
(n = 2571), n (%)

Risk Ratio
(95% CI)

Hospitalization/death 389 (7.6) 118 (4.6) 0.61 (0.50–0.74)
Hospitalization 311 (6.1) 115 (4.5) 0.74 (0.60–0.91)
Death 128 (2.5) 9 (0.4) 0.14 (0.07–0.26)
ED admission/no hospitalization 258 (5.0) 137 (5.3) 1.06 (0.87–1.30)
ED admission/hospitalization 541 (10.5) 237 (9.2) 0.87 (0.76–1.02)

ED = emergency department; mAb = monoclonal antibody.
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Omicron variant period (Table 3). Although 95% CIs typi-
cally included unity, the RR estimates for treatment with
individual mAb products were all in the direction sug-
gesting lower risk for hospitalization or death. Among
immunocompromised patients, the RR for hospitalization
or death was 0.45 (CI, 0.28 to 0.71), which was modestly
lower than the RR estimate of 0.58 (CI, 0.47 to 0.72) for
patients who were not immunocompromised (Table 3
and Figure 2).

Sensitivity Analyses
The RRs for hospitalization or death using 1- or 3-day

treatment grace periods were 0.59 (CI, 0.45 to 0.77) and
0.49 (CI, 0.41 to 0.59), respectively (Table 3; Supplement
Figures 6 and 7, available at Annals.org). These estimates
were generally similar to the RR of 0.61 observed in the
primary analyses, which used a 2-day treatment grace pe-
riod. Among patients with nonmissing BMI data, the RR
for hospitalization or death using the primary 2-day treat-
ment grace period was 0.63 (CI, 0.51 to 0.77). Among the
subset of vaccinated patients (695 in the treated group
and 954 in the nontreated group), the RR for hospitaliza-
tion or death was 0.27 (CI, 0.17 to 0.41). In the propensity
score–matched model that included vaccination status
(with an imputed value of 0 for unknown status), the RR for
hospitalization or death was 0.56 (CI, 0.46 to 0.69).

Treatment Crossover
In the primary analysis of 5135 patients in the non-

treated control group, 314 (6.1%) received mAb therapy
after the 2-day treatment grace period, with 159 (50.6%)
receiving it on day 3, 91 (29.0%) receiving it on day 4,

and the remaining 64 (20.5%) receiving it between days
4 and 9. Among the 4821 control patients who never
received mAb therapy, 382 (7.9%) experienced hospitali-
zation or death within 28 days compared with 7 of the
314 (2.2%) patients who received mAb therapy after the
2-day treatment grace period. Thus, notwithstanding
the potential effect of immortal time bias, the crude
(unadjusted) risk for hospitalization or death at 28 days
was markedly lower in patients with delayed mAb treat-
ment than in those who never receivedmAb therapy.

DISCUSSION

In this analysis spanning nearly 2 years in a large
health system, treatment with mAbs within 2 days of
SARS-CoV-2 infection was associated with an estimated
39% lower risk for hospitalization or death at 28 days.
Estimated risk reductions of 41% and 51%, respectively,
were observed when 1- and 3-day treatment grace peri-
ods were used. Risk estimates among individual mAb
products and across all presumed SARS-CoV-2 variants
were in the direction favoring early treatment, including
in sensitivity analyses of patients with known BMI data and
those known to be fully vaccinated. Collectively, our results
indicate that throughout the pandemic, early treatment
with mAbs significantly reduced severity of COVID-19,
which is consistent with reports in other cohorts (26, 27)
and controlled trials (5, 28, 29). Of note, mAb therapy was
associated with a markedly lower risk for death (RR, 0.14)
than for other outcomes, such as hospitalization or ED
admission. Although striking, this estimate is consistent
with results from a meta-analysis of 5 randomized clinical
trials (summary odds ratio, 0.16) (30).

Figure 1. Kaplan–Meier plot of the probability of freedom from hospitalization or death over 28-day follow-up for treated patients
and nontreatedmatched control patients.
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The analysis reflects a 2-day treatment grace period from the date of a positive SARS-CoV-2 test result to monoclonal antibody treatment.
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High-risk patients, including those with comorbid-
ities or compromised immune systems, are at greater
risk for severe SARS-CoV-2 infection and complications
(31, 32). Because of this, COVID-19 treatment guidelines
from the National Institutes of Health recommended priority
selection of mAb treatment for immunocompromised per-
sons who are not expected to mount an adequate immune
response to COVID-19 vaccination or SARS-CoV-2 infection
due to their underlying conditions (6). In our analysis, before
propensity score matching, immunocompromised patients
were more likely than nontreated control patients to be
treated with mAbs, which is consistent with our prioritization
guidelines. Early mAb treatment resulted in a low relative
risk for hospitalization or death (0.45) for immunocompro-
mised patients compared with no treatment. This result is
consistent with findings from vaccine response studies
showing decreased seropositivity in immunocompro-
mised hosts compared with healthy volunteers, suggest-
ing that immunocompromised patients are more likely to
benefit from passive immunity (33).

Our historical results over nearly 2 years should be
interpreted with the knowledge that there are currently
no FDA-approved mAbs for treatment of outpatients
with COVID-19. Among the SARS-CoV-2 viral proteins,
the spike, envelope, membrane, and nucleocapsid pro-
teins are the main targets of structural protein–based
therapeutics for SARS-CoV-2 (34–36). All 5 of the mAb
therapies we evaluated specifically targeted the spike
protein (37). The spike protein mediates attachment of
SARS-CoV-2 to the host cell by binding the human

angiotensin-converting enzyme 2 receptor through its
receptor-binding domain (38) and is thus a practical tar-
get for neutralizing antibodies (39). The high specificity
and affinity of these mAbs in relation to specific variants
can be expected to provide immediate immunotherapy
and reduce progression and severity of disease (40), as
suggested by our analyses that included selective use of
different mAbs throughout the pandemic. However, with
such high specificity and affinity and the propensity for
the receptor-binding domain to mutate, a small change
(mutation) in the epitope frequently prevents the antibody
from neutralizing the target. This has been especially evi-
dent for Omicron variants and subvariants (41–43). The ac-
quisition by SARS-CoV-2 of mutations that enable it to
evade mAbs will almost certainly continue, thus affecting
the utility and longevity of mAbs inmanaging the ongoing
pandemic (41). Therefore, an mAb that targets the con-
served viral epitopes is important for the development of
broad-spectrum antibody therapies (37, 44).

The EUA for Evusheld, which was previously approved
for preexposure prophylaxis of COVID-19 in immunocom-
promised persons and those for whom COVID-19 vaccina-
tion is not recommended, was revoked by the FDA on 26
January 2023. Similar to the 5 mAbs we analyzed that were
previously approved for treatment in the outpatient setting,
the EUA for Evusheld was revoked because this highly spe-
cific therapy is not expected to protect against SARS-CoV-2
if a person is exposed to many of the current Omicron sub-
variants, including XBB.1.5 (45). Again, these observations
indicate a need for broader-based therapies, particularly

Table 3. Subgroup Analyses of Risk Ratio for Hospitalization or Death at 28 Days, by Treatment Versus Nontreatment With
mAbs

Subgroup Nontreated Patients* Treated Patients Risk Ratio
(95% CI)

All Patients, n Patients With
Outcome, n (%)

All Patients, n Patients With
Outcome, n (%)

SARS-CoV-2 variant*
Pre-Alpha 318 37 (11.6) 159 13 (8.2) 0.70 (0.38–1.28)
Alpha 560 47 (8.4) 282 13 (4.6) 0.55 (0.30–1.00)
Alpha and Delta 42 4 (9.5) 22 2 (9.1) 0.95 (0.19–4.81)
Delta 3330 263 (7.9) 1665 70 (4.2) 0.53 (0.41–0.69)
Delta and Omicron 256 10 (3.9) 128 10 (7.8) 2.00 (0.85–4.68)
Omicron 629 28 (4.5) 315 10 (3.2) 0.71 (0.35–1.45)

Grace period from positive COVID-19 test result
1 d 2529 215 (8.5) 1266 63 (5.0) 0.59 (0.45–0.77)
3 d 6816 573 (8.4) 3413 141 (4.1) 0.49 (0.41–0.59)

mAb product†
Bamlanivimab 442 49 (11.1) 221 17 (7.7) 0.69 (0.41–1.18)
Bamlanivimab–etesevimab 695 47 (6.8) 349 20 (5.7) 0.85 (0.51–1.41)
Casirivimab–imdevimab 2954 227 (7.7) 1479 61 (4.1) 0.54 (0.41–0.71)
Sotrovimab 999 63 (6.3) 500 22 (4.4) 0.70 (0.43–1.12)
Bebtelovimab 314 15 (4.8) 157 6 (3.8) 0.80 (0.32–2.02)

Immunocompromised status
Not immunocompromised 4324 337 (7.8) 2162 98 (4.5) 0.58 (0.47–0.72)
Immunocompromised 816 89 (10.9) 411 20 (4.9) 0.45 (0.28–0.71)

mAb = monoclonal antibody.
* Each mAb product was propensity score–matched to nontreated control patients using separate cohorts from the full data set.
† From the dates during which each mAb product was used, we estimated the following variant exposures: pre-Alpha and Alpha for bamlanivimab,
Alpha and Delta for bamlanivimab–etesevimab, predominantly Delta for casirivimab–imdevimab, Delta and Omicron for sotrovimab, and Omicron
for bebtelovimab.
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because Omicron infections may be less clinically severe
than infections with earlier variants (46). Finally, our near-
real-time evaluation of ongoing treatment to evaluate effec-
tiveness and the populations most likely to benefit shows
that this approach is feasible and could be deployed for
future public health crises.

Our study has limitations. First, matching of non-
treated controls was based on EUA-eligible risk factors
only, and we were unable to determine symptom severity
(whether symptomatic or asymptomatic) in patients. Thus,
many nontreated patients may have been asymptomatic
and therefore at low risk for hospitalization, which could have
biased the results against mAb treatment. Alternatively, non-
treated patients could have had severe symptoms, biasing
the results against nontreatment. Second, vaccination status
was available in aminority of all patients; however, in the sub-
set of vaccinated patients, results still indicated markedly
lower risk for hospitalization or death with mAb treatment.
Third, the SARS-CoV-2 variants that were presumed to be
predominant were based on date- and region-specific prev-
alence estimates rather than patient-specific genotype
analyses. Fourth, our definition of “immunocompromised”
is broad, with several qualifying conditions, although it is
important to note that the prevalence of selected individ-
ual qualifying conditions (Table 1) was similar in treated
patients and matched nontreated control patients. Fifth,
hospitalizations that occurred outside the UPMC system
were not captured in our analyses. Sixth, treatment with
other outpatient therapies for COVID-19 was not cap-
tured. Finally, we cannot rule out potential residual con-
founding of the estimated mAb treatment effects despite
our close propensity score matching of treated patients
and nontreated “mAb-eligible” control patients.

In conclusion, in this large study of outpatients with
COVID-19, early treatment with 5 different mAb products
used in accordancewith prevailing authorizations andguide-
lines for specific SARS-CoV-2 variants was consistently associ-
ated with lower risk for hospitalization or death over nearly
2 years. The rapid evolution of new SARS-CoV-2 variants
warrants timely, continuous evaluation of both mAb and
non-mAb treatment approaches.

From Clinical Analytics, University of Pittsburgh Medical Center,
Pittsburgh, Pennsylvania (K.E.K., K.C.,W.G., J.C.M., O.C.M.); Division
of Infectious Diseases, Department of Medicine, University of
Pittsburgh School of Medicine, Pittsburgh, Pennsylvania (E.K.M.,
G.M.S., J.R.B.); Wolff Center, University of Pittsburgh Medical
Center, Pittsburgh, Pennsylvania (T.E.M., P.L.K.); Department of
Emergency Medicine, University of Pittsburgh School of Medicine,
Pittsburgh, Pennsylvania (D.M.Y., R.J.W.); Department of Critical Care
Medicine, University of Pittsburgh School of Medicine, Pittsburgh,
Pennsylvania (C.W.S., D.C.A.); Department of Emergency Medicine
and Department of Critical Care Medicine, University of Pittsburgh
School of Medicine, Pittsburgh, Pennsylvania (D.T.H.); and Division of
Cardiology, Department of Medicine, University of Pittsburgh School
ofMedicine, Pittsburgh, Pennsylvania (M.S.).

Note:Dr. Kevin Kip and Dr. Marroquin take full responsibility for
the integrity of the data and the accuracy of the data analysis.

Acknowledgment: The authors acknowledge staff at UPMC
Clinical Analytics and the UPMC Wolff Center for curating and
managing the data. They also acknowledge Michelle Adam,
Meredith Axe, Lorraine Brock, Russell Meyers, Margherita Sciullo,
Jessica Shirley, Judith Shovel, Ashley Steiner, Jill Trainor, and

Figure 2. Kaplan–Meier plot of the probability of freedom from hospitalization or death over 28-day follow-up for treated patients
and nontreatedmatched control patients, stratified by immunocompromised status.

Su
rv

iv
al

 P
ro

ba
bi

lit
y

1.00

0.98

0.96

0.94

0.92

0.90

0.88

0.86

0.84

0.82

0.80
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Follow-up, d

4324
2162
816
411

4194
2116
780
402

4099
2089
765
398

4053
2082
754
398

4028
2076
744
396

4015
2072
738
395

4002
2067
735
393

3987
2064
727
391

At risk, n
    Not immunocompromised, not treated
    Not immunocompromised, treated
    Immunocompromised, not treated
    Immunocompromised, treated

Not immunocompromised, not treated
Not immunocompromised, treated

Immunocompromised, not treated
Immunocompromised, treated

The analysis reflects a 2-day treatment grace period from the date of a positive SARS-CoV-2 test result to monoclonal antibody treatment.
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Appendix Figure. CONSORT (Consolidated Standards of Reporting Trials) diagram of selection of patients classified as treated or
nontreated, based on time between a positive SARS-CoV-2 test result and treatment with mAb therapy.

Positive COVID-19 test
result during the study
period (n = 163 473) 

Eligible for mAb 
treatment 

(n = 92 442)

Eligible for study 
(n = 67 113)

Primary analysis
(2-d grace period)

Secondary analysis
(1-d grace period)

Secondary analysis
(3-d grace period)

Treated
within 2 d
(n = 2578)

Not 
treated 

(n = 62 866)

Treated
after 2 d

(n = 1669)

Treated
within 1 d
(n = 1267)

Not
 treated 

(n = 62 866)

Treated
after 1 d

(n = 2980)

Treated
within 3 d
(n = 3149)

Not 
treated 

(n = 62 866)

Treated
after 3 d
(n = 828)

Treated group
(n = 2578)

Nontreated group 
(n = 64 535)

Treated group
(n = 1267)

Nontreated group 
(n = 65 846)

Treated group
(n = 3149)

Nontreated group 
(n = 63 694)

Propensity Score Matching of Treated to Nontreated Patients

Treated
within 2 d
(n = 2571)

Not
treated

(n = 4821)

Treated
after 2 d
(n = 314)

Treated
within 1 d
(n = 1266)

Not
treated

(n = 2269)

Treated
after 1 d
(n = 260)

Treated
within 3 d
(n = 3143)

Not
treated

(n = 6601)

Treated
after 3 d
(n = 215)

Treated group
(n = 2571)

Nontreated group 
(n = 5135)

Treated group
(n = 1266)

Nontreated group 
(n = 2529)

Treated group
(n = 3143)

Nontreated group 
(n = 6816)

The bottom section depicts 1:2 propensity score matching of treated and nontreated patients. mAb =monoclonal antibody.
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