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Long COVID After Bamlanivimab Treatment

Teresa H. Evering,’ Carlee B. Moser,? Nikolaus Jilg,>® Eunice Yeh,2 Busola Sanusi,2 David A. Wohl,* Eric S. Daar, Jonathan Z. Li,*® Paul Klekotka,®
Arzhang Cyrus Javan,” Joseph J. Eron,* Judith S. Currier,® Michael D. Hughes,”® Davey M. Smith,'® and Kara W. Chew;? for the ACTIV-2/A5401 Study Team

'Department of Medicine, Weill Cornell Medicine, New York, New York; “Center for Biostatistics in AIDS Research, Harvard T. H. Chan School of Public Health; *Department of Medicine, Brigham
and Women's Hospital, Harvard Medical School, Boston, Massachusetts; “Department of Medicine, School of Medicine, University of North Carolina at Chapel Hill; “Lundquist Institute,
Harbor-UCLA Medical Center, Torrance, California; ®Eli Lilly and Company, San Diego, California; ’National Institutes of Health, Rockville, Maryland; ®Department of Medicine, David Geffen School
of Medicine, University of California, Los Angeles; *Department of Biostatistics, Harvard T. H. Chan School of Public Health, Boston, Massachusetts; and °Department of Medicine, University of
California, San Diego, La Jolla

Background. Prospective evaluations of long COVID in outpatients with coronavirus disease 2019 (COVID-19) are lacking.
We aimed to determine the frequency and predictors of long COVID after treatment with the monoclonal antibody
bamlanivimab in ACTIV-2/A5401.

Methods. Data were analyzed from participants who received bamlanivimab 700 mg in ACTIV-2 from October 2020 to
February 2021. Long COVID was defined as the presence of self-assessed COVID symptoms at week 24. Self-assessed return to
pre-COVID health was also examined. Associations were assessed by regression models.

Results. Among 506 participants, median age was 51 years. Half were female, 5% Black/African American, and 36% Hispanic/
Latino. At 24 weeks, 18% reported long COVID and 15% had not returned to pre-COVID health. Smoking (adjusted risk ratio
[aRR], 2.41 [95% confidence interval {CI}, 1.34- 4.32]), female sex (aRR, 1.91 [95% CI, 1.28-2.85]), non-Hispanic ethnicity
(aRR, 1.92 [95% CI, 1.19-3.13]), and presence of symptoms 22-28 days posttreatment (aRR, 2.70 [95% CI, 1.63-4.46]) were

associated with long COVID, but nasal severe acute respiratory syndrome coronavirus 2 RNA was not.

Conclusions.

Long COVID occurred despite early, effective monoclonal antibody therapy and was associated with smoking,

female sex, and non-Hispanic ethnicity, but not viral burden. The strong association between symptoms 22-28 days after

treatment and long COVID suggests that processes of long COVID start early and may need early intervention.

Clinical Trials Registration. NCT04518410.
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An uncertain proportion of persons with severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection experi-
ence symptoms after acute infection, often termed “long
COVID.” The reported prevalence of long COVID varies wide-
ly, depending on the study design, population studied, symp-
toms investigated, and duration of observation following the
acute infection [1].

Clinical manifestations of long COVID show a wide spectrum
of severity and affect multiple body systems [2, 3]. Several demo-
graphic and clinical characteristics have been associated with in-
creased prevalence of long COVID, including female sex [4, 5],
obesity [6], and poor pre-coronavirus disease 2019
(COVID-19) health [5]. Severity of COVID-19 illness, duration
of hospitalization, and requirement for intensive care have also
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been associated with risk of long COVID [7]. Notably, most cur-
rently available data on long COVID were not collected in rigor-
ous prospective COVID-19 interventional trials but include
cross-sectional, retrospective, or observational data describing
heterogenous populations, often with variable or unknown
time since acute COVID-19 at enrollment. In addition, to our
knowledge, previous studies have not investigated the prevalence
of long COVID in cohorts with mild to moderate illness receiv-
ing monoclonal antibody (mAb) therapies as outpatients.

In November 2020, the United States (US) Food and
Drug Administration (FDA) issued an Emergency Use
Authorization (EUA) for the use of bamlanivimab 700 mg
for the treatment of COVID-19 in nonhospitalized adult and
pediatric patients at high risk for progressing to severe
COVID-19 [8]. This EUA remained active until Eli Lilly
and Company voluntarily asked the FDA to revoke the EUA
for bamlanivimab alone in April 2021 after resistant variants
had become widespread [9]. Here, we characterized the preva-
lence and predictors of long COVID following bamlanivimab
treatment for acute COVID-19 in the ACTIV-2/A5401 study
during a time period when bamlanivimab had clinical activity
against circulating variants in the community, which
comprised almost entirely the original Alpha and B.1 variants
(10, 11].
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METHODS

Study Design and Participants

ACTIV-2/A5401 evaluates the safety and efficacy of investiga-
tional agents for the treatment of nonhospitalized adults with
mild-to-moderate COVID-19 in a phase 2/3 adaptive platform
trial (NCT04518410). The protocol was approved by a central
institutional review board (IRB), Advarra (Pro00045266),
with additional local IRB review and approval as required by
participating sites. All participants provided written informed
consent. Eligible participants were outpatient adults (>18 years
of age) within 10 days of symptom onset with a positive
SARS-CoV-2 antigen or nucleic acid test within 7 days prior
to study entry and ongoing COVID-19 symptoms within 48
hours prior to study entry. Participants included in this analysis
were enrolled in either a phase 2 randomized (1:1), blinded,
placebo-controlled evaluation of 1-time intravenous (IV) infu-
sion of the SARS-CoV-2 mAb bamlanivimab 700 mg (n =111)
or saline placebo (n=112), or the subsequent open-label,
single-arm uncontrolled evaluation of bamlanivimab 700 mg
(n=1051) that was introduced after EUA of bamlanivimab
by the US FDA (Supplementary Figure 1). The analysis was re-
stricted to participants who received bamlanivimab (n=1162)
and excluded placebo-assigned participants (n =112) due to the
small number who received placebo and the absence of a contem-
poraneous control group during the open-label portion of the trial
(see Supplementary Table 1 for summary of placebo recipients not
included in the analysis). The analysis population was further re-
stricted to participants with available long-term symptom diaries
at study week 24 (n=>506), which were introduced partway
through the trial as a protocol-required assessment for all partic-
ipants (see Supplementary Table 2 for comparison of those with
and without assessments). Participants were enrolled at 35 sites
in the US from October 2020 to February 2021.

Assessments

Participant-Completed Symptom Diaries

Participants completed an “acute viral illness” 13-symptom di-
ary daily from enrollment on day 0 through day 28, as previous-
ly described [12]. Participants graded each symptom as

» «

“absent,” “mild,” “moderate,” or “severe”, and were instructed
to report the worst severity over the preceding 24 hours by self-
assessment. Total symptom scores were calculated as the sum
of the individual scores for the 13 symptoms, with absent
scored as 0, mild as 1, moderate as 2, and severe as 3, allowing
for a total symptom score range of 0 to 39 for a given day. A
long-term symptom diary was completed at 24 weeks after
study entry and included the same 13 symptoms present in
the acute viral illness daily diary plus 14 additional long
COVID symptoms selected based on available literature at
the time [13] (see Supplementary Appendix for the long-term
diary). The long-term symptom diary instructed participants
to report the overall severity of their symptoms over the past

4 weeks by self-assessment. For both diaries, participants
were not asked to assess relatedness of symptoms to
COVID-19. The long-term diary also included 3 global assess-
ment questions evaluating (1) overall severity of COVID-19
symptoms over the previous 4 weeks, graded by the participant
as no symptoms, mild, moderate, or severe; (2) general physical
health over the previous 4 weeks, graded as excellent, very
good, good, fair, or poor; and (3)
(pre-COVID) health at time of diary completion, with response

return to usual
options of “yes” or “no,” all by participant self-assessment.

Virology

Participant-collected anterior nasal swabs were obtained using
standardized swabs and collection procedures daily on days 0
through 14 and days 21 and 28 in phase 2, and on days 0, 3, 7,
10, 14, 21, and 28 in the open-label evaluation of bamlanivimab
for quantitative SARS-CoV-2 RNA polymerase chain reaction
(PCR) (collection and analysis methods described previously)
[12]. The assay limit of detection (LoD) was 1.4 log;, copies/mL,
the lower limit of quantification (LLoQ) was 2 log;o copies/mL,
and the upper limit of quantification (ULoQ) was 7 logio
copies/mL. For samples with RNA levels >ULoQ, the assay was
rerun with dilutions to obtain a quantitative value.

Serum Inflammation and Coagulation Biomarkers

Inflammatory and coagulation markers including C-reactive protein
(CRP) (Tina-quant C-Reactive Protein IV, cobas analyzer, Roche
Diagnostics), ferritin (Elecsys Ferritin, cobas analyzer, Roche
Diagnostics), lactate dehydrogenase (LDH) (LDHI2, cobas analyzer,
Roche Diagnostics), activated partial thromboplastin time (aPTT)
(HemosIL SynthASil, ACL TOP 500 analyzer, Instrumentation
Laboratory), and fibrinogen (HemosIL Fibrinogen-C, ACL TOP
500 analyzer, Instrumentation Laboratory) were measured in real
time by a central clinical laboratory (PPD Laboratory Services
Global Central Labs) at days 0 and 28, per the manufacturers’
protocols.

Outcome Measures

The primary outcome measure, which defines long COVID for
this exploratory analysis, was presence of overall COVID-19
symptoms (any of mild, moderate, or severe) at week 24, as re-
corded by participants in response to the first global assessment
question. Additional outcome measures included self-assessed
general physical health at week 24, self-assessed return to usual
(pre-COVID-19) health, and presence of 27 individual symp-
toms, each graded in severity from absent to severe.

Statistical Analysis

Associations with the primary outcome were assessed using
univariable and multivariable modified Poisson regression
models with robust variance estimation to reflect the fact that
the outcome was binary [14]. Coagulation and inflammation
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markers were categorized as high versus normal based on lab-
oratory reference ranges; normal values were further divided
into 3 equally sized tertiles for analysis as possible predictors
of long COVID. Results are presented as risk ratios (RRs),
95% confidence intervals (Cls), and P values from Wald tests,
with global P values provided for predictors with >2 categories.
Statistical significance was based on a 2-sided 5% type I error
rate without adjustment for multiple comparisons. Analyses
were performed using SAS version 9.4 software (SAS
Institute, Cary, North Carolina).

Potential Predictors of Long COVID

Pretreatment characteristics examined as potential predictors
of long COVID included age, sex, race (Black, White, and oth-
er), ethnicity (Hispanic/Latino or non-Hispanic/Latino), body
mass index (BMI), cigarette smoking status at study enrollment
(current, former, never), presence of comorbidities conferring
increased risk for severe COVID-19 (analyzed as at least 1 vs
none), and anterior nasal SARS-CoV-2 RNA level, serum in-
flammatory and coagulation biomarkers, and total symptom
score on day 0.

Postentry measures assessed included viral burden defined as
the area under the curve (AUC) oflog;o SARS-CoV-2 RNA lev-
els from anterior nasal swabs collected from day 0 to 28, pres-
ence of symptoms on study days 22-28 (the last week of the
acute symptom diary), serum inflammatory and coagulation
biomarkers at day 28, and receipt of COVID-19 vaccination
at any point prior to week 24.

RESULTS

The analysis population included 506 participants, which
comprised 44% (506/1162) of those who received 700 mg of
bamlanivimab in ACTIV-2 (Supplementary Figure 1).
Median (Q1) age was 51 (40, 60) years, 50% were female, 5%
identified as Black/African American, and 36% identified as
Hispanic/Latino (Table 1). At enrollment, median (Q3s) BMI
was 28.4 (25.2, 33.5) kg/mz, 5% were current smokers, 17%
were previous smokers, and 54% reported >1 high-risk comor-
bidity. Only 2 participants had previously received at least 1 dose
of a SARS-CoV-2 vaccine prior to study entry; 107 (21%) partic-
ipants received a SARS-CoV-2 vaccine between day 0 and week
24. Postbaseline characteristics are shown in Supplementary
Table 3.

Long COVID Outcomes and Internal Validity of Study Long COVID Definition
At 24 weeks after bamlanivimab treatment, 18% (91/506) of
participants reported long COVID (ie, the presence of
COVID-19 symptoms of at least mild severity in the preceding
4 weeks). Prevalence of long COVID was similar for partici-
pants treated within 5 days and >5 days from symptom onset
(18% [51/276] and 17% [40/230], respectively). Distributions

Table 1. Participant Characteristics Prior to Receiving Bamlanivimab
Treatment by Participants Who Reported Presence (n=91) or Absence
(n=415) of Overall Coronavirus Disease 2019 Symptoms on Global
Assessment at Week 24

Global Assessment: Overall COVID-19 Symptoms

Characteristic Present (n=91) Absent(n=415)  Total (N=506)
Age, y, median 52 (43, 60) 50 (40, 61) 51 (40, 60)
(quartiles)
Female sex 59 (65) 196 (47) 255 (50)
Cisgender 89 (98) 413 (100) 502 (99)
Race
White 82 (90) 370 (89) 452 (89)
Asian 3(3) 15 (4) 18 (4)
Black or African 5 (b) 19 (5) 24 (5)
American
American Indian 0(0) 1(0) 1(0)
or Alaska Native
Native Hawaiian 1(1) 1(0) 2(0)
or other Pacific
Islander
Multiple 0(0) 2(0) 2(0)
Other 0(0) 7(2) 7(1)
Hispanic/Latino 20 (22) 164 (40) 184 (36)
ethnicity
BMI, kg/m?, 30.4(26.0,34.8) 28.2(25.1,32.7) 28.4(25.2,33.5)
median
(quartiles)
Cigarette smoking
status
Current 10 (11) 15 (4) 25 (5)
Former 15 (16) 71 (17) 86 (17)
Never 66 (73) 329 (79) 365 (78)
Reported >1 55 (60) 217 (5) 272 (54)
high-risk
comorbidity®
SARS-CoV-2 0(0) 2 (<0.5) 2 (<0.5)
vaccination
Symptom duration 5(4,7) 5(4,7) 5(4,7)
at enrollment, d,
median
(quartiles)
<5d 51 (56) 225 (54) 276 (65)
>5d 40 (44) 190 (46) 230 (45)
SARS-CoV-2 RNA 5.4 (3.3, 6.8) 5.6 (3.2, 6.9) 5.5 (3.3, 6.9
from AN swabs,
logo copies/mL,
median
(quartiles)
<LLoQ 12 (13) 56 (14) 68 (14)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: AN, anterior nasal; BMI, body mass index; COVID-19, coronavirus disease
2019; LLoQ, lower limit of quantification; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.

#High-risk comorbidities include active cancer, moderate to severe asthma, chronic kidney
disease, chronic liver disease, history of cirrhosis, chronic lung disease, current smoker,
cardiovascular  disease, diabetes, hypertension,  treatment  with  biologics/
immunomodulators/cancer  chemotherapy within 90 days of entry, human
immunodeficiency virus with CD4 count <200 cells/uL, receiving corticosteroids within
30 days of entry, and obesity.

of the frequency of individually reported symptoms by the
presence and absence of long COVID show marked differences
in the report of individual targeted symptoms between the
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Figure 1.

Frequency and severity of 13 viral illness long COVID symptoms (A) and 14 additional long COVID symptoms (B) reported in participants’ long-term diaries at week

24 by participants who reported presence or absence of overall coronavirus disease 2019 (COVID-19) symptoms on global assessment. All individual targeted symptoms
assessed in the long-term diary were reported with greater frequency among participants who reported presence of overall COVID-19 symptoms by global assessment.
Bars labeled as “0” represent some small value between 0 and 0.5; a true zero value would not have a bar drawn in these plots.

groups (Figure 1). All 27 symptoms assessed in the long-term
diary were reported with greater frequency among participants
reporting presence of overall COVID-19 symptoms on the
global assessment than in those reporting absence of overall
COVID-19 symptoms.

Among participants reporting long COVID at week 24
(n=091), the most common symptoms (reported by >20% of
91 participants) were fatigue (55%), smell disorder (40%), dif-
ficulty concentrating/thinking (36%), breathing difficulties

(31%), musculoskeletal pain (27%), weakness (22%), memory
loss (26%), taste disorders (24%), difficulty reasoning and solv-
ing problems (24%), insomnia (24%), joint pain (23%), head-
ache (21%), and nasal obstruction or congestion (20%)
(Figure 1). Eighty-seven percent reported their overall symp-
toms as mild and 13% as moderate/severe (Figure 2), and
53% reported at least 4 symptoms present of mild or worse se-
verity (compared with only 7% [30/415] among those without
long COVID) (Supplementary Table 4).
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Figure 2. Responses to global assessment questions in long-term diary at week 24 by participants who reported presence or absence of overall coronavirus disease 2019
(COVID-19) symptoms. The health status (general physical health and whether or not they had returned to usual pre-COVID-19 health) reported by participants was notably

different between the 2 groups.

While 18% reported long COVID at week 24, a slightly
smaller percentage (15% [76/506]) reported that they had not
returned to their usual pre-COVID health in response to the
third global assessment question on the long-term diary.
Participants who reported long COVID being present at
week 24 were more likely to report not having returned to their
usual pre-COVID health than participants without COVID-19
symptoms at week 24 (52% [47/91] vs 7% [29/415]) (Figure 2).
These differences, along with the greater frequency of partici-
pants reporting >4 symptoms and higher frequency of all 27 in-
dividual targeted long COVID symptoms, supported the internal
validity of presence of overall COVID-19 symptoms by global as-
sessment as our definition of long COVID for subsequent regres-
sion analyses exploring predictors of long COVID.

Models Evaluating Predictors of Long COVID at Week 24

We first evaluated pretreatment demographic and clinical char-
acteristics (age, BMI, cigarette smoking status, ethnicity, race,
sex, presence of high-risk comorbidities, and total symptom
score at day 0) as potential predictors of long COVID at
week 24 in univariable models and a multivariable model
(base model) including all covariates (Table 2). In the univari-
able model, we observed an increased risk of long COVID
across increasing categories of BMI; however, this finding did
not retain statistical significance in the multivariable model ad-
justing for baseline demographics, cigarette smoking status,
presence of high-risk comorbidities, and severity of symptoms
at entry. In both univariable and multivariable models, female

sex (adjusted RR [aRR], 1.91 [95% CI, 1.28-2.85]) and current
versus never smoking (aRR, 2.41 [95% CI, 1.34-4.32]) were as-
sociated with increased risk, and Hispanic/Latino ethnicity
with lower risk (aRR, 0.52 [95% CI, .32-.84]) of long COVID
at week 24.

We next evaluated whether symptoms at the end of acute in-
fection (days 22-28; model 1), SARS-CoV-2 vaccination preen-
rollment to week 24 (model 2), anterior nasal SARS-CoV-2
RNA level on day 0 (model 3), or day 0-28 AUC of anterior na-
sal SARS-CoV-2 RNA days 0-28 (model 4) (Supplementary
Table 3) were associated with risk of long COVID at week 24
in univariable and multivariable models (Table 3), with each
multivariable model being the base model plus the additional
covariate. The number of participants with any symptom pres-
ence from day 22 to 28 was 271 (54%). Of those, 26% (71/271)
reported the presence of long COVID at week 24 compared to
74% (200/271) reporting the absence of long COVID at the
same time point. In comparison, the number of participants
with no symptoms reported from day 22 to 28 was 235. Of
those, 9% (20/235) reported the presence of long COVID at
week 24 compared to 92% (215/235) reporting the absence of
long COVID. In both univariable and multivariable analysis,
the presence of any acute viral symptom during days 22-28
was strongly associated with increased risk of long COVID at
week 24 (aRR, 2.70 [95% CI, 1.63-4.46]). There was no signifi-
cant association of SARS-CoV-2 vaccination or anterior nasal
SARS-CoV-2 RNA levels with risk of long COVID, although
only 0.4% of participants had received a vaccination.
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Table 2. Univariable and Multivariable (Model 0) Analysis Evaluating the Association of Baseline Clinical and Demographic Characteristics With Long
COVID at Week 24 (Presence of Overall Coronavirus Disease 2019 Symptoms at Week 24 by Global Assessment)

Univariable Model Multivariable Model (Base Model)?
Risk Global P Adjusted Risk Global P
Variable Ratio (95% ClI) PValue Value® Ratio (95% ClI) PValue Value®
Age (per 10 y) at day O 1.00 (.89-1.12) .96 0.99 (.87-1.14) .93
BMI (kg/m?) at day O
25-29.9 vs <25 [ref] 0.76 (.43-1.36) .36 .04 0.90 (.49-1.63) 72 1
30-34.9 vs <25 [ref] 1.42 (.81-2.47) 22 1.65 (.93-2.93) .09
>35 vs < 25 [ref] 1.51 (.85-2.67) 16 1.40 (.75-2.64) .29
Cigarette smoking status at day 0
Current vs never [ref] 2.39 (1.41-4.06) .001 10 2.4 (1.34-4.32) .003 .07
Former vs never [ref] 1.04 (.63-1.74) .87 0.85 (.49-1.47) .56
Ethnicity
Hispanic or Latino vs not [ref] 0.49 (.31-.78) .003 0.52 (.32-.84) .007
High-risk comorbidities®
At least 1 vs non/not reported [ref] 1.31 (.90-1.93) .16 1.15 (.72-1.84) .56
Race
Black or African American vs White [ref] 1.15 (.51-2.57) 74 71 1.14 (.52-2.50) .75 .85
Other vs White [ref] 0.73 (.29-1.87) .52 0.81 (.31-2.12) .67
Sex
Female vs male [ref] 1.81 (1.22-2.69) .003 1.91 (1.28-2.85) .001
Total symptom score at day O (per unit 1.03 (1.00-1.06) .09 1.01 (.98-1.05) A1
higher)

Abbreviations: BMI, body mass index; Cl, confidence interval; Non, none; ref=reference.
#Multivariable model includes all variables together in 1 model.
Global P values provided for categorical variables with >2 categories.

°High-risk comorbidities include active cancer, moderate to severe asthma, chronic kidney disease, chronic liver disease, history of cirrhosis, chronic lung disease, current smoker,
cardiovascular disease, diabetes, hypertension, treatment with biologics/immunomodulators/cancer chemotherapy within 90 days of entry, human immunodeficiency virus with CD4
count <200 cells/uL, receiving corticosteroids within 30 days of entry, and obesity.

Table 3. Univariable and Multivariable Analysis Evaluating the Association of Acute Symptoms, Coronavirus Disease 2019 Vaccination, and Nasal Severe
Acute Respiratory Syndrome Coronavirus 2 RNA Levels With Long COVID at Week 24

Univariable Model Multivariable Models®
Risk Adjusted
Model Ratio (95% CI) PValue Risk Ratio  (95% Cl) PValue
Model 1: any symptoms present day 22 to 28 (yes vs no) [ref] 3.08 (1.93-4.90) <.001 2.70 (1.63-4.46) <.001
Model 2: COVID-19 vaccine® received at any time prior to week 24 (yes vs no) [ref] 1.23 (.81-1.88) .33 1.34 (.87-2.08) 19
Model 3: SARS-CoV-2 RNA (per 1 logqo copies/mL higher than the LLoQ) on day 0 0.97 (.86-1.08) .53 0.99 (.88-1.12) .88
Model 4: SARS-CoV-2 RNA AUC and >LLoQ (per 1 log;o copies/mL x day) from day 0 to 1.00 (.98-1.01) .69 1.00 (.98-1.02) .98

day 28

Abbreviations: AUC, area under the curve; Cl, confidence interval; COVID-19, coronavirus disease 2019; LLoQ, lower limit of quantification (2 logqo copies/mL); SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2.

2Each model adjusted for age (years), sex, race, ethnicity, smoking status, body mass index (kg/m?), presence of high-risk comorbidities, and total symptom score at day 0.

®COVID-19 vaccine refers to any single dose of COVID-19 vaccination regardless of brand.

Finally, we evaluated associations between day 0 or day 28 were not associated with increased risk of long COVID
inflammatory and coagulation markers and risk of long (Supplementary Table 5).
COVID. In univariable analyses, higher day 28 CRP was asso-
ciated with higher risk of long COVID and higher day 28 ferri-
tin levels with lower risk of long COVID (RRs, 1.76 [95% CI,
1.01-3.06] and 0.31 [95% CI, .10-.99], respectively) In this prospective study of outpatients with mild-to-moderate
(Supplementary Table 5), but the associations did not persist COVID-19 treated with bamlanivimab during a time when it
in multivariable analyses adjusted for pretreatment characteris-  was expected to be active against circulating variants [8, 10—

DISCUSSION

tics (Supplementary Table 5). Other biomarker levels at day 0 12], 18% of those completing the long-term diary reported
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the presence of COVID-19 symptoms and 15% reported that they
had not returned to their usual pre-COVID health 24 weeks after
treatment. The presence of self-reported COVID-19 symptoms de-
fined long COVID in our analysis. We found that this definition
distinguished 2 populations with widely differing self-reported
health status and symptom experience across 27 long COVID
symptoms. Consistent with other large long COVID studies, pre-
dominant reported symptoms included fatigue, dysosmia, dysgeu-
musculoskeletal, and
complaints [15-19]. While symptoms were generally graded as
mild, >60% of those with long COVID reported >3 symptoms.
Overall, our findings suggest a somewhat lower but still sig-

sia, breathing difficulties, cognitive

nificant rate of long COVID when compared to other prospec-
tive cohort studies employing questionnaires at similar time
points following COVID-19, although our population in which
all individuals received bamlanivimab treatment has no direct
comparator in the literature. In a prospective cohort study of
individuals with COVID-19 (21% hospitalized), 61% (189/
312) had persistent symptoms at 6 months that were associated
with several factors, including severity of acute illness [20]. In
another prospective study of 177 participants (85% outpatients
with mild illness) who completed follow-up surveys a median
of 5.6 months after acute COVID-19, persistent symptoms
were reported by approximately 30% [21]. In the absence of a
placebo group, it remains unknown if early mAb antiviral ther-
apy can reduce the incidence of long COVID. A recently pub-
lished retrospective cohort study using the healthcare databases
of the US Department of Veterans Affairs demonstrated a 26%
reduced risk of long COVID at 180 days in outpatients who re-
ceived the oral antiviral nirmatrelvir within 5 days after a pos-
itive test for SARS-CoV-2 when compared to an untreated
control group [22]. Similarly, the randomized controlled
COVID-OUT trial reported a 41% reduction in the cumulative
incidence of long COVID in participants randomized to receive
the antidiabetic agent metformin during acute COVID-19
when compared to placebo [23]. Substantive differences in
study design, long COVID definition, and duration of observa-
tion make direct comparisons with our study challenging.
Regardless, our data demonstrate that early antiviral therapy,
at least with mAbs, does not eliminate the risk of long
COVID, and additional interventions are needed.

We identified a number of risk factors for long COVID after
bamlanivimab treatment, including female sex, current ciga-
rette smoking, and non-Hispanic ethnicity. Female participants
were approximately 90% more likely to report ongoing symp-
toms than male participants. This association has been reported
in a number of other studies [4, 5] but not universally [24].
Various biologic hypotheses include sex-based differences in
innate and adaptive immunity [19, 25, 26]. We did not find
an association of age or presence of comorbidities with risk
of long COVID, which has been found in some cohorts [5].
Our finding of an association between active smoking and

risk of long COVID has also been previously reported [4]
and may be caused by concurrent chronic illnesses like lung
disease or cardiovascular disease that are associated with both
smoking and complications of COVID-19, but may also relate
to upregulation of angiotensin-converting enzyme 2 in the lung
[27]. Our finding that Hispanic ethnicity was associated with
lower risk of long COVID differs from that of other reports
[28-30] and is not readily explained. The association may be
driven by unrecognized or unmeasured confounders and addi-
tional research in cohorts that are racially and ethnically diverse
is warranted, acknowledging that analyses grouped by racial/
ethnic identity are likely evaluating structural inequities in ac-
cess to both medical care and clinical trials, rather than long
COVID differing biologically by racial/ethnic identity [31].
Since viral persistence has been proposed as a possible path-
ogenic mechanism in long COVID [32], we evaluated viral
measures collected from day 0 to day 28. We found no associ-
ations between nasal viral shedding pretreatment or over 28
days and risk of long COVID. It is possible that viral measures
taken from the upper respiratory tract do not reflect the pres-
ence of virus in other compartments, precluding our ability
to identify an association between viral burden and long
COVID [33, 34]. In addition, any potential role of persistent vi-
ral replication in long COVID in our cohort may have been ab-
rogated by bamlanivimab, which has been demonstrated to
reduce nasopharyngeal SARS-CoV-2 RNA levels more than
placebo, although these reductions are modest relative to the
natural rate of viral decline in the nose [12]. Our finding that
the presence of acute viral illness symptoms at 22-28 days after
bamlanivimab treatment was strongly associated with in-
creased risk of long COVID at week 24 was robust and may
provide clinicians with a valuable metric for the identification
of patients for increased monitoring for long COVID, which
may become more valuable if effective therapies for long
COVID are identified. This suggests that long COVID likely
starts early and that interventions at interrupting its disease
process may be needed earlier. While the inclusion criteria of
10 days since a positive PCR test could have the potential to
bias the results toward the null if early treatment is needed for
protection against long COVID, the median number of days of
symptom duration at enrollment was the same in our study be-
tween those with and without long COVID. Furthermore, when
stratified by symptom duration of <5 versus >5 days at enroll-
ment, we did not observe higher rates of long COVID in those
enrolled later in their symptom course. Disturbance of inflam-
matory and coagulation pathways have been implicated in the
pathogenesis of SARS-CoV-2 infection and long COVID [35],
but our findings did not identify an association between these
markers during acute COVID and risk of long COVID.
Limitations of this study include the introduction of the
long-term diary while study follow-up was ongoing, resulting
in a study population that is a subset of all who received
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bamlanivimab in ACTIV-2. The predominance of participants
identifying as White may also limit the generalizability of our
findings to other racial groups. The large difference in reported
rates of symptoms between those who indicated that they still
had COVID-19 symptoms versus those who did not suggests
that the participants largely attributed their week 24 targeted
symptoms to COVID-19, but the absence of a control group
without infection or data about the prevalence of these symp-
toms in our cohort prior to infection hinders our ability to de-
finitively attribute reported symptoms to COVID-19. We also
acknowledge that in a population of persons with a high rate
of comorbidities, symptoms experienced during any 4-week
period could be attributable to causes other than COVID-19.
In addition, all participants received bamlanivimab and in
the absence of a placebo group we are unable to formally con-
clude that the rates of long COVID in our cohort have been im-
pacted by early antiviral therapy. This study is also limited by
being performed earlier in the COVID-19 pandemic and before
widespread vaccination, which may limit the generalizability of
our findings to risk of long COVID with current and future var-
iants and following vaccination or reinfection, particularly as
there is evidence of decreased long COVID prevalence with
Omicron variants (compared with earlier variants) [36, 37] as
well as emerging evidence of a protective effect of COVID vac-
cination on long COVID prevalence [38, 39].

In summary, our study is the first of its kind to investigate long
COVID prospectively within a clinical trial after treatment of
acute COVID-19 with an effective anti-SARS-CoV-2 monoclo-
nal antibody in a large, geographically diverse cohort of outpa-
tients. Although generally mild, multiple symptoms of long
COVID were commonly reported, and our findings suggest early
mADb or other antiviral therapy for acute COVID-19 is unlikely
to broadly prevent long COVID across an at-risk population.
Additional prospective studies are needed to define long
COVID. For the greatest impact, future randomized controlled
interventional trials should be conducted in the outpatient set-
ting in the context of current circulating variants, enroll racially
and ethnically diverse individuals, and include those groups that
have been demonstrated to potentially be at increased risk for
long COVID (eg, the elderly, women, and individuals with co-
morbidities including smoking). In addition, a significant pro-
portion of the cohort should be vaccinated at baseline and
exhibit a range of BMIs. Such studies will be useful to determine
predictors of and mechanisms of long COVID; understand the
impact of different types of antiviral therapies, prior infection,
vaccination, and variant subtype on long COVID development;
and identify effective interventions, whether given early or late,
for the prevention and treatment of long COVID.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the

authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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