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ABSTRACT Post-COVID conditions (PCCs) are common and have significant morbidity. 
Risk factors for PCC include advancing age, female sex, obesity, and diabetes melli­
tus. Little is known about treatment, inflammation, and PCC. Among 882 individuals 
with confirmed SARS-CoV-2 infection participating in a randomized trial of COVID-19 
convalescent plasma (CCP) vs control plasma with available biospecimens and symp­
tom data, the association between early CCP treatment, cytokine levels, and PCC was 
evaluated. Cytokine and chemokine levels were assessed at baseline, day 14, and day 
90 using a multiplexed sandwich immunoassay (Meso Scale Discovery). Presence of 
any self-reported PCC symptoms was assessed at day 90. Associations between CCP 
treatment, cytokine levels, and PCC were examined using multivariate logistic regression 
models. One third of the 882 participants had day 90 PCC symptoms, with fatigue 
(14.5%) and anosmia (14.5%) being most common. Cytokine levels decreased from 
baseline to day 90. In a multivariable analysis, female sex (adjusted odds ratio [AOR] = 
2.69 [1.93–3.81]), older age (AOR = 1.32 [1.17–1.50]), and elevated baseline levels of IL-6 
(AOR = 1.59 [1.02–2.47]) were independently associated with development of PCC. Those 
who received early CCP treatment (≤5 days after symptom onset) compared to late CCP 
treatment had statistically significant lower odds of PCC.

IMPORTANCE Approximately 20% of individuals infected with SARS-CoV-2 experienced 
long-term health effects, as defined PCC. However, it is unknown if there are any early 
biomarkers associated with PCC or whether early intervention treatments may decrease 
the risk of PCC. In a secondary analysis of a randomized clinical trial, this study demon­
strates that among outpatients with SARS-CoV-2, increased IL-6 at time of infection is 
associated with increased odds of PCC. In addition, among individuals treated early, 
within 5 days of symptom onset, with COVID-19 convalescent plasma, there was a 
trend for decreased odds of PCC after adjusting for other demographic and clinical 
characteristics. Future treatment studies should be considered to evaluate the effect of 
early treatment and anti-IL-6 therapies on PCC development.

KEYWORDS COVID-19, COVID-19 serotherapy, post-COVID condition (PCC), post-acute 
sequelae of COVID (PASC), interleukin-6, cytokines, chemokines

S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected more than 
600 million people worldwide and more than 97 million people in the United States 

(1). Many survivors of coronavirus disease 2019 (COVID-19) report long-term health 

September/October 2023  Volume 14  Issue 5 10.1128/mbio.00618-23 1

Editor Suresh Mahalingam, Griffith University-Gold 
Coast Campus, Gold Coast, Australia

Address correspondence to Kelly A. Gebo, 
kgebo@jhmi.edu, or Aaron A. R. Tobian, 
atobian1@jhmi.edu.

Aaron A. R. Tobian and David J. Sullivan are shared 
senior authors.

See Acknowledgments for conflicts of interest.

See the funding table on p. 13.

Received 13 March 2023
Accepted 2 June 2023
Published 19 September 2023

This is a work of the U.S. Government and is not 
subject to copyright protection in the United States. 
Foreign copyrights may apply.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 3

0 
N

ov
em

be
r 

20
23

 b
y 

14
6.

18
9.

23
6.

21
3.

https://crossmark.crossref.org/dialog/?doi=10.1128/mBio00618-23&domain=pdf&date_stamp=2023-09-19
https://doi.org/10.1128/mbio.00618-23


effects, including persistent symptoms, the development of new comorbidities, and 
exacerbation of underlying pre-existing conditions. The medical community has 
formally recognized the long-term health effects of COVID-19 by establishing a diagnosis 
of post-COVID conditions (PCCs). The World Health Organization (WHO) (2) and U.S. 
Centers for Disease Control and Prevention (CDC) (3) differ in the definition of the 
timeline of this diagnosis, but both require that patients have sustained health 
conditions after resolution of acute COVID-19. According to the WHO, the diagnosis 
is a history of COVID-19 at least 3 months prior who have had symptoms for at least 
2 months that an alternative diagnosis cannot explain (2). The CDC defines PCC as 
symptoms persisting beyond 4 weeks after acute infection (4).

Although the true incidence of PCC is unknown due to differences in study popula­
tions and methodologies, its clinical impact is substantial. Recent data suggest that the 
prevalence is approximately 20%, with the most commonly reported symptoms being 
fatigue, shortness of breath, and cognitive dysfunction (5) with higher rates among 
those >65 years of age (6). Previous studies have demonstrated several host factors that 
are associated with the development of PCC, including the severity of acute COVID-19, 
female sex (7–9), advanced age (6, 10, 11), being unvaccinated (11, 12), and presence of 
pre-COVID comorbidities.

Early treatment for COVID-19 is recommended to prevent hospitalization and death. 
While a recent observational study has suggested decreased PCC with early treatment 
with nirmatrelvir (13), the relationship between early effective COVID therapy and 
the development of PCC has been unclear. In addition to demographic factors and 
comorbidities, inflammation appears to play a critical role in COVID-19 prognosis. 
Individuals with elevated levels of IL-6 and C-reactive protein are more likely to have 
more severe disease and an increased risk of hospitalization during the acute phase 
(14–18), particularly among males (19). Few studies have evaluated whether cytokines 
are associated with PCC (20–26), and the limited data demonstrate inconsistent results. 
Some studies have shown an association between PCC and IL-6 (20, 22), while others 
have not (24, 25). This is likely due to study limitations, including small sample sizes, lack 
of prospective monitoring of symptoms and sample collection, and inconsistent timing 
in the disease course in relation to cytokine evaluation.

To investigate these relationships, we analyzed prospectively collected data from 
participants enrolled in a randomized outpatient treatment trial of COVID-19 convales­
cent plasma (CCP) to identify factors associated with the development of PCC, including 
early treatment and biomarkers measured early in the course of disease.

MATERIALS AND METHODS

Participants

The Convalescent Plasma to Limit SARS-CoV-2 Associated Complications (CSSC-004) 
trial was a double-blind, multicenter, randomized, controlled trial investigating the use 
of CCP for the prevention of hospitalization among outpatients when compared to 
control plasma, as previously described (27). The trial recruited 1,225 symptomatic adult 
outpatients with acute SARS-CoV-2 infection from 3 June 2020 to 1 October 2021 at 23 
sites. Of these, 1,181 participants received either CCP or control plasma transfusion. Trial 
participants were transfused within 9 days of symptom onset. Follow-up clinic visits were 
conducted at days 14, 28, and 90 post-transfusion. For this analysis, we restricted the 
study sample to those with blood drawn at screening, day 14, and day 90, and complete 
symptom data on day 90. Subsequently, we excluded 21 screening samples, 23 day 14 
samples, and 26 day 90 samples, due to inadequate sample volume, laboratory error in 
cytokine measurement, or missing results leading to exclusion of the sample. These lost 
samples were from different individuals at each time point, so these individuals were 
included in the analyses at other time points, when data were available.
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Outcomes

The primary outcome was PCC, which was defined as the presence of any self-reported 
symptom (cough, fatigue, shortness of breath, headache, neurologic changes, loss of 
taste, loss of smell, nausea, vomiting, diarrhea, runny/stuffy nose, myalgias, sore throat, 
chills, fever, or skin manifestations) at the 90-day visit. All CSSC-004 trial participants were 
asked about the presence and severity of symptoms at days 0, 1, 3, 5, 7, 10, 14, 28, and 90 
through a structured, self-report form administered via phone (days 1, 3, 5, 7, and 10) and 
at in-person visits (days 0, 14, 28, and 90).

Variable definition

Age was modeled as a continuous variable in regressions. Sex was defined as biologic 
sex assigned at birth (male/female). Race (Black, American Indian/Alaskan Native [AI/AN], 
white, multiple, or other race] and ethnicity (Hispanic, non-Hispanic) were self-reported 
at enrollment. Body mass index (BMI) was calculated using height and weight at the 
screening visit. Calendar time was used as a surrogate for SARS-CoV-2 variant (transfu­
sions prior to 15 June 2021 were classified as occurring during the pre-Alpha/Alpha 
wave, and those from 15 June 2021 to 1 October 2021 were classified as occurring 
during the Delta wave). Baseline comorbidities were collected through self-report and 
abstracted from medical records at enrollment. Treatment was categorized into receipt 
of early control plasma (≤5 days post-symptom onset), late receipt of control plasma (>5 
days post-symptom onset), early receipt of CCP (≤5 days post-symptom onset), and late 
receipt of CCP (>5 days post-symptom onset)—a timing threshold consistent with the 
original trial analysis (27). Vaccination status was defined as fully vaccinated (i.e., more 
than 2 weeks from the second mRNA vaccine or 2 weeks from the first vector vaccine), 
partially vaccinated (i.e., receipt of one mRNA vaccine or less than 2 weeks from a vector 
vaccine), or unvaccinated.

Cytokine measurement

Blood was collected in ethylenediaminetetraacetic acid (EDTA) tubes, and plasma was 
separated and isolated within 2–8 hours after collection by centrifugation and stored at 
–80°C until cytokines were measured.

Custom multiplexed sandwich immunoassays using MULTI-ARRAY electrochemilumi­
nescence detection technology (Meso Scale Discovery, Gaithersburg, MD, USA) were 
used for the quantitative evaluation of 21 different human cytokine and chemokine 
analytes in plasma samples following the manufacturer’s instructions. The cytokines 
and chemokines were selected based on previous SARS-CoV-2 studies (28–30). Analytes 
were considered “detectable” if both runs of each sample had a signal greater than the 
analyte- and plate-specific lower limit of detection (i.e., 2.5 standard deviations of the 
plate-specific blank). Analyte concentrations (pg/mL) from both runs of each analyte 
were averaged for analysis. Cytokine values below the lower limit of detection or above 
the upper limit of detection were estimated by the multiplex assay using extrapolation 
from the standard curve. Values above or below the fit curve range were reported 
missing by the assay.

Statistical analysis

Values that were not reported because they were above or below the fit curve were 
imputed using a single stochastic draw from the tail of a truncated log10-normal 
distribution fit to the detectable values of each cytokine. For those below fit curve range, 
values were randomly drawn from the extrapolated lower tails (from 0 to the minimum 
available value) of the distribution for each analyte. For those above fit curve range, 
values were randomly drawn from the extrapolated upper tails (from the maximum 
available value to 10 times the available maximum) of the distribution for each analyte. 
Cytokine values were log10 transformed, and the outliers (Q3 + 1.5 × interquartule range 
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or Q1 − 1.5 × interquartule range) from each visit were excluded to avoid potential lab 
error.

Two-tailed χ2 tests were performed to compare the baseline characteristics between 
treatment arms and PCC groups. Fisher’s exact test was used to compare across race 
categories due to a small number of participants in some racial groups. Spaghetti plots 
were produced to evaluate the trajectory of each analyte from screening to day 14 to 
day 90. Wilcoxon rank sum tests were used to compare the cytokine levels at screening 
between non-PCC and PCC groups. Similar to our previous treatment analyses and 
consistent with previously established risk factors for PCC, logistic regressions adjusted 
for the baseline covariates including age (continuous), sex (male vs female), race (white 
vs non-white), BMI (<30 vs ≥30), vaccine status (partially or fully vs unvaccinated), and 
diabetes (no vs yes) were used to evaluate the association between each cytokine (log10 
transformed values) and PCC. Benjamini-Hochberg correction with a false discovery rate 
of 0.05 was conducted to control for multiple comparisons across all the cytokines. 
Univariate and multivariate logistic regressions were modeled to estimate the potential 
association of baseline characteristics, IL-6, and CCP on the impact of PCC. We conducted 
post hoc separate analyses for IL-6 to evaluate its association with SARS-CoV-2 viral load 
and major symptoms. Missing data on covariates were handled using available case 
method to include all cases where the variable(s) of interested were observed for each 
model. All analyses were performed in R 4.2.1 (R Core Team, Vienna, Austria).

RESULTS

Study population

Of 1,181 transfused trial participants, 589 were randomized to receive control plasma and 
592 were randomized to receive CCP, with 257 (43.4%) receiving CCP within 5 days of 
symptom onset (Fig. 1). A total of 1,061 participants returned for day 90 visits, of whom 
882 had biorepository plasma samples and symptom data at baseline, day 14 and day 
90. There were no significant differences in baseline characteristics, comorbidities, or 
COVID-19 vaccine status among those included in this study sampling compared to the 
entire clinical trial population (Table S1).

The median age of the 882 subjects was 43 years, with 299 (33.9%) ≥50 years. Five 
hundred six (57.4%) female and 116 Black (13.2%) participants were included. There were 
no differences by trial treatment group (Table 1) or between those with and without 
PCC symptom data (Tables S2 and S3). The geometric mean of SARS-CoV-2 viral load 
was similar comparing control to CCP, while different comparing early to late transfusion 
of plasma. Demographic factors were also similar among those included in this analysis 
compared to the entire trial population (Table S1).

There were 590 (66.9%) individuals without PCC and 292 (33.1%) individuals with PCC 
at day 90 (Table 2). The most common reported symptoms were fatigue (14.5%), anosmia 
(14.5%), and ageusia (10.0%) (Table S4). Forty-eight participants (5.4%) had both fatigue 
and anosmia; 80 participants had one or the other, but not both.

Soluble markers of inflammation

Levels of most cytokines decreased over time from baseline screening to day 90 (Fig. 2; 
Fig. S1). Of the 21 cytokines evaluated, IL-1RA, IL-6, IL-8, IL-15, and MCP-1 were elevated 
at baseline among those with PCC compared to participants who did not develop 
PCC (Fig. 3; Fig. S2). Elevated levels of IL-6 were significantly associated with PCC after 
correcting for multiple comparisons. In a multivariable model adjusting for age, sex, race, 
BMI, diabetes, vaccine status, and plasma transfused, an elevated level of IL-6 at baseline 
was associated with the presence of PCC (adjusted odds ratio [AOR] = 1.59, 95% CI = 
1.02–2.47) (Table S5).
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Baseline factors associated with PCC

In multivariable analysis, (N = 882) older age, female sex, and baseline elevated IL-6 were 
associated with PCC (Table 3). There was no difference in the effect of early vs late control 
plasma or late CCP on the odds of PCC; however, there was a trend for early treatment 
with CCP to have the lowest odds of PCC (AOR = 0.75 [0.46, 1.23]) compared to early 
administration of control plasma. (Table 3). Similarly, when evaluating only those who 
received CCP, there was a statistically significant decreased odds of PCC in those who 
were treated within 5 days of symptom onset (AOR = 0.60 [0.38, 0.95]) compared to 
those who received late CCP treatment (Table 4). There was no statistically significant 
interaction between CCP treatment and IL-6. Similar trends, although not significant, 
were seen among the full trial population seen at day 90 (N = 1,061) (Tables S6A and 
S6B).

DISCUSSION

This study is among the first to show elevation of IL-6 at infection was associated with 
PCC and that early treatment with CCP for COVID-19 trended toward a lower odds of PCC. 
Notably, greater levels of IL-6 at baseline were associated with the presence of persistent 
symptoms at day 90, while early treatment with CCP was associated with lower odds 
of PCC. Finally, consistent with other studies, advanced age (10), diabetes mellitus, and 
higher BMI were associated with PCC (6, 11, 31).

Approximately one third of participants with outpatient SARS-CoV-2 infection 
diagnosed early in the pandemic continued to have symptoms 90 days after infection. 

1181 people transfused in the trial

1061 people with day 90 symptom data

Exclude 120 people missing day 90 symptom

882 people with day 90 symptom data and
had blood drawn at screening, day 14 and

day 90

Exclude 179 people blood not drawn 

at screening, day 14 or day 90

21 screening samples excluded due to

lab error or sample lost

23 day 14 samples excluded due to 

lab error or sample lost

26 day 90 samples excluded due to 

lab error or sample lost

861 screening samples, 859 day 14 samples
and 856 day 90 samples from 882 people

included in the final analysis

1225 people enrolled in the trial

195 control transfused

≤5 days since illness

248 CCP transfused

>5 days since illness

197 CCP transfused

≤5 days since illness

242 control transfused

>5 days since illness

FIG 1 Study population.
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The most common symptoms at day 90 were less likely to be respiratory, and more 
consistent with neurologic injury including fatigue, loss of smell, and loss of taste (12). A 
recent study of EHR data from the VA showed that treatment with nirmatrelvir decreased 
the risk of PCC (13); while another study of online participants demonstrated no benefit 

TABLE 1 Characteristics of the study population by treatment groupa

Characteristic Overall, N = 882 Control ≤5 days, n = 195 CCP ≤5 days, n = 197 Control >5 days, n = 242 CCP >5 days, n = 248

Age (%)
18–29 162 (18.4) 38 (19.5) 37 (18.8) 37 (15.3) 50 (20.2)
30–49 421 (47.7) 91 (46.7) 102 (51.8) 117 (48.3) 111 (44.8)
50–64 247 (28.0) 55 (28.2) 49 (24.9) 75 (31.0) 68 (27.4)
≥65 52 (5.9) 11 (5.6) 9 (4.6) 13 (5.4) 19 (7.7)
Sex (%)
Female 506 (57.4) 108 (55.4) 107 (54.3) 156 (64.5) 135 (54.4)
Male 376 (42.6) 87 (44.6) 90 (45.7) 86 (35.5) 113 (45.6)
Race (%)
Asian 28 (3.2) 11 (5.6) 4 (2.0) 2 (0.8) 11 (4.4)
Black 116 (13.2) 19 (9.7) 26 (13.2) 29 (12.0) 42 (16.9)
American Indian/Alaska
Native

15 (1.7) 4 (2.1) 3 (1.5) 3 (1.2) 5 (2.0)

White 706 (80.0) 154 (79.0) 159 (80.7) 207 (85.5) 186 (75.0)
Mixed/other 17 (1.9) 7 (3.6) 5 (2.5) 1 (0.4) 4 (1.6)
Ethnicity (%)
Hispanic/Latino 109 (12.4) 29 (14.9) 25 (12.7) 24 (9.9) 31 (12.5)
Non-Hispanic/Latino 773 (87.6) 166 (85.1) 172 (87.3) 218 (90.1) 217 (87.5)
BMI (%)
<30 522 (59.2) 109 (55.9) 115 (58.4) 141 (58.3) 157 (63.3)
30–34.9 179 (20.3) 45 (23.1) 41 (20.8) 47 (19.4) 46 (18.5)
≥35 141 (16.0) 32 (16.4) 35 (17.8) 40 (16.5) 34 (13.7)
Missing 40 (4.5) 9 (4.6) 6 (3.0) 14 (5.8) 11 (4.4)
Hypertension (%)
No 675 (76.5) 145 (74.4) 148 (75.1) 195 (80.6) 187 (75.4)
Yes 207 (23.5) 50 (25.6) 49 (24.9) 47 (19.4) 61 (24.6)
Diabetes (%)
No 810 (91.8) 182 (93.3) 182 (92.4) 224 (92.6) 222 (89.5)
Yes 72 (8.2) 13 (6.7) 15 (7.6) 18 (7.4) 26 (10.5)
Anxiety (%)
No 822 (93.2) 179 (91.8) 182 (92.4) 231 (95.5) 230 (92.7)
Yes 60 (6.8) 16 (8.2) 15 (7.6) 11 (4.5) 18 (7.3)
Vaccine status (%)
Unvaccinated 688 (78.0) 148 (75.9) 154 (78.2) 154 (78.2) 192 (77.4)
Partially 55 (6.2) 12 (6.2) 11 (5.6) 11 (5.6) 16 (6.5)
Fully 139 (15.8) 35 (17.9) 32 (16.2) 32 (16.2) 40 (16.1)
Baseline C-reactive
protein (%)
Normal (≤1.0 mg/dL) 662 (75.1) 146 (74.9) 144 (73.1) 180 (74.4) 192 (77.4)
Abnormal (>1.0 mg/dL) 216 (24.5) 49 (25.1) 53 (26.9) 61 (25.2) 53 (21.4)
Missing 4 (0.5) 0 (0.0) 0 (0.0) 1 (0.4) 3 (1.2)
COVID-19 wave (%)
Pre-Alpha/Alpha 704 (79.8) 152 (77.9) 161 (81.7) 195 (80.6) 196 (79.0)
Delta 178 (20.2) 43 (22.1) 36 (18.3) 47 (19.4) 52 (21.0)
SARS-CoV-2 viral load, 

geometric mean copies 
(95% CI)

7,248 (5,909, 
8,889) 3,041 (2,197, 4,208) 29,121 (18,489, 45,866) 13,774 (8,665, 21,896) 3,387 (2,404, 4,770)

aCCP, COVID-19 convalescent plasma. PCC, post COVID-19 conditions at day 90.
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TABLE 2 Baseline characteristics of the study population by PCCa

Characteristic Overall, N = 882 Non-PCC, n = 590 PCC, n = 292 Pb value

Age (%)
  18–29 162 (18.4) 134 (22.7) 28 (9.6) <0.001
  30–49 421 (47.7) 274 (46.4) 147 (50.3)
  50–64 247 (28.0) 156 (26.4) 91 (31.2)
  ≥65 52 (5.9) 26 (4.4) 26 (8.9)
Sex (%)
  Female 506 (57.4) 301 (51.0) 205 (70.2) <0.001
  Male 376 (42.6) 289 (49.0) 87 (29.8)
Race (%)
  Asian 28 (3.2) 24 (4.1) 4 (1.4) 0.061
  Black 116 (13.2) 74 (12.5) 42 (14.4)
  American Indian/Alaska Native 15 (1.7) 11 (1.9) 4 (1.4)
  White 706 (80.0) 466 (79.0) 240 (82.2)
  Mixed/other 17 (1.9) 15 (2.5) 2 (0.7)
Ethnicity (%)
  Hispanic/Latino 109 (12.4) 66 (11.2) 43 (14.7) 0.163
  Non-Hispanic/Latino 773 (87.6) 524 (88.8) 249 (85.3)
BMI (%)
  <30 522 (59.2) 365 (61.9) 157 (53.8) 0.042
  30–34.9 179 (20.3) 119 (20.2) 60 (20.5)
  ≥35 141 (16.0) 81 (13.7) 60 (20.5)
  Missing 40 (4.5) 25 (4.2) 15 (5.1)
Hypertension (%)
  No 675 (76.5) 461 (78.1) 214 (73.3) 0.130
  Yes 207 (23.5) 129 (21.9) 78 (26.7)
Diabetes (%)
  No 810 (91.8) 550 (93.2) 260 (89.0) 0.045
  Yes 72 (8.2) 40 (6.8) 32 (11.0)
Anxiety (%)
  No 822 (93.2) 557 (94.4) 265 (90.8) 0.059
  Yes 60 (6.8) 33 (5.6) 27 (9.2)
Vaccine status (%)
  Unvaccinated 688 (78.0) 454 (76.9) 234 (80.1) 0.488
  Partially 55 (6.2) 37 (6.3) 18 (6.2)
  Fully 139 (15.8) 99 (16.8) 40 (13.7)
Baseline C-reactive protein (%)
  Normal (≤1.0 mg/dL) 662 (75.1) 452 (76.6) 210 (71.9) 0.086
  Abnormal (>1.0 mg/dL) 216 (24.5) 137 (23.2) 79 (27.1)
  Missing 4 (0.5) 1 (0.2) 3 (1.0)
Treatment group (%)
  Control ≤5 days since symptom onset 195 (22.1) 131 (22.2) 64 (21.9) 0.244
  CCP ≤5 days since symptom onset 197 (22.3) 143 (24.2) 54 (18.5)
  Control >5 days since symptom onset 242 (27.4) 156 (26.4) 86 (29.5)
  CCP >5 days since symptom onset 248 (28.1) 160 (27.1) 88 (30.1)
COVID-19 wave (%)
  Pre-Alpha/Alpha 704 (79.8) 462 (78.3) 242 (82.9) 0.133
  Delta 178 (20.2) 128 (21.7) 50 (17.1)
  SARS-CoV-2 viral load, geometric mean copies (95% CI) 7,248 (5,909, 8,889) 7,208 (5,613, 9,256) 7,329 (5,136, 10,457) 0.943
aPCC, post-COVID-19 condition.
bP values for all variables except race and SARS-CoV-2 viral load were calculated using two-tail χ2 test. Two-tail Fisher’s exact test was used for race due to small cell numbers, 
and Wilcoxon rank sum test was used for the continuous variable SARS-CoV-2 viral load. P values <0.05 are in bold.
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FIG 2 Trajectory of the cytokines during study period. Abbreviations: PCC, post-COVID-19 condition; SCR, screening visit; D14, day 14 visit; D90, day 90 visit. 

Note: each dot represents a sample, and each line represents a person.
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to nirmatrelvir with either the prevalence or severity of PCC (32). Studies of remdesivir 
have also been had conflicting data as the randomized SOLIDARITY trial did not show 
a benefit of remdesivir against PCC (33), while an observational study in Italy demonstra­
ted a positive effect of remdesivir on PCC (34). CCP has been shown to reduce hospitali­
zations and prevent morbidity and mortality when provided early and at high-titer (35–
42). In this early treatment trial, CCP reduced COVID-19-related hospitalizations by 54% 
and demonstrated a trend toward lower odds of PCC overall, and even lower PCC odds 
among those treated with CCP within 5 days (27). Given that CCP functions primarily as 
an antiviral therapy, this observation is consistent with results of small molecule antivirals 
and suggests that antibody therapies could reduce PCC incidence when instituted early 
in the course of COVID-19. The observation that early antibody administration was 
associated with reduced likelihood of PCC is consistent with the finding that vaccines 
that elicit antibodies to SARS-CoV-2 also reduce PCC (43). With larger sample size, it 
may be possible to identify patient populations or clinical phenotypes of PCC that may 
benefit from early treatment to prevent PCC. Additional studies are needed to better 
understand the impact of early treatment with monoclonals, CCP, remdesivir, and other 
oral antivirals among those with outpatient SARS-CoV-2 infection.

IL-6 plays a critical role during infections; this proinflammatory cytokine leads to 
an acute-phase response, B-cell maturation and also T-cell expansion (44). Notably, 
elevated levels of IL-6 at screening were associated with the development of PCC after 
adjusting for demographic factors and comorbidities. While cytokine levels decreased 
from baseline screening to day 90, they remained elevated during the COVID-19 recovery 
phase, which likely contributes to PCC.

This study had several notable strengths. First, the study population was large, 
geographically and demographically diverse, and entirely outpatient (27). Second, 
biospecimens and data on symptoms were actively ascertained in real time from 
participants through in-person visits early in the onset of illness and on day 90 after 

TABLE 3 Logistic regression model assessing demographic and clinical factors and PCC among the study population

Characteristic OR (95% CI), N = 882

Univariate Model 1 Model 2
Age, scaled to 10 years 1.31 (1.18, 1.46) 1.35 (1.20, 1.51) 1.32 (1.17, 1.50)
Sex
  Male Ref. Ref. Ref.
  Female 2.26 (1.68, 3.06) 2.38 (1.74, 3.28) 2.69 (1.93, 3.81)
Race
  White Ref. Ref. Ref.
  Non-white 0.84 (0.58, 1.20) 0.81 (0.55, 1.20) 0.85 (0.56, 1.28)
BMIb

  <30 Ref. Ref. Ref.
  ≥30 1.39 (1.04, 1.87) 1.21 (0.88, 1.66) 1.19 (0.85, 1.67)
Vaccine status
  None Ref. Ref. Ref.
  Partially or fully 0.83 (0.58, 1.16) 0.87 (0.60, 1.25) 0.87 (0.59, 1.26)
Diabetes
  No Ref. Ref. Ref.
  Yes 1.69 (1.03, 2.75) 1.24 (0.72, 2.14) 1.23 (0.69, 2.21)
Plasma transfused
  Control ≤5 days since symptom onset Ref. Ref. Ref.
  CCP ≤5 days since symptom onset 0.77 (0.50, 1.19) 0.85 (0.53, 1.34) 0.75 (0.46, 1.23)
  Control >5 days since symptom onset 1.13 (0.76, 1.68) 1.08 (0.70, 1.67) 1.05 (0.66, 1.67)
  CCP >5 days since symptom onset 1.13 (0.76, 1.68) 1.30 (0.85, 1.99) 1.21 (0.77, 1.92)
Log10 IL-6, pg/mL – – 1.59 (1.02, 2.47)
aP values <0.05 are highlighted in bold. Model 1 includes age, sex, race, BMI, vaccine status, diabetes, and the time between CCP transfusion and illness onset. Model 2 
additionally includes log10 IL-6.
bBMI, body mass index; CCP, COVID-19 convalescent plasma; PCC, post-COVID-19 condition at day 90; Ref., reference group; –, not applicable.
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transfusion. In addition to the presence or absence of symptoms over time, we collected 
samples at each visit to allow for cytokine analysis. Finally, study data on symptoms 
were collected uniformly across all sites, including pre-Omicron COVID-19 variants, thus 
increasing the generalizability of our findings.

This study has several important limitations. First, participants were asked about 
17 symptoms identified early in the trial as important symptoms of COVID-19. During 
the pandemic, knowledge of PCC expanded to include more neurocognitive symp­
toms; however, we could not conduct additional validated measurements of sleep or 
neurologic function as many participants had completed follow-up. Also, while day 
90 follow-up was excellent (90%), it was not complete. However, those who did not 
complete the study did not differ demographically from those who did. Also, samples 
were not available from all patients at all visits. Sometimes during the sample collection 
for each patient, insufficient samples were collected due to participant specific factors 
(patient became pre-syncopal or vein collapsed), or rarely a loss of specimen between 
the collection site and the laboratory. Any loss of specimen should be considered at 
random. In addition, COVID-19 has disproportionately affected the elderly and people 
of color. Within our sample, only a small proportion were age >65 years or of minority 
ethnicity or race, though the proportions were similar to those in the general Ameri­
can population. Fatigue was a common complaint during the pandemic. Our study 
did not have an uninfected control group to ascertain if our reported rate of fatigue 
was different than in the general population, and fatigue was not measured using a 
standardized reporting instrument for quantification. Our study was also limited by 
sample size in trying to understand the impact of early treatment on the various clinical 
phenotypes associated with PCC. We could not further delineate PCC phenotype beyond 
the presence or absence of symptoms at a fixed time. More inclusive phenotyping 
including exacerbation of a chronic condition or development of a new comorbid 
condition during recovery may yield different results. Also, this study was done early in 
the pandemic when relatively few participants were fully vaccinated. Results may differ 
among participants who have immunity from prior infection or vaccination.

TABLE 4 Logistic regression model assessing demographic and clinical factors and PCC among the people transfused with CCPa

Characteristic OR (95% CI), n = 445

Univariate Model 1 Model 2
Age, scaled to 10 yr 1.30 (1.13, 1.51)b 1.36 (1.16, 1.60) 1.33 (1.12, 1.58)
Sex
  Male Ref. Ref. Ref.
  Female 1.96 (1.30, 2.98) 2.32 (1.49, 3.66) 2.54 (1.59, 4.14)
Race
  White Ref. Ref. Ref.
  Non-white 0.82 (0.49, 1.33) 0.78 (0.45, 1.31) 0.72 (0.41, 1.24)
BMI
  <30 Ref. Ref. Ref.
  ≥30 1.49 (0.98, 2.25) 1.45 (0.92, 2.26) 1.30 (0.81, 2.09)
Vaccine status
  None Ref. Ref. Ref.
  Partially or fully 0.71 (0.42, 1.15) 0.69 (0.40, 1.16) 0.71 (0.40, 1.20)
Diabetes
  No Ref. Ref. Ref.
  Yes 1.41 (0.72, 2.71) 0.95 (0.44, 1.99) 1.10 (0.49, 2.44)
CCP transfused
  >5 days since symptom onset Ref. Ref. Ref.
  ≤5 days since symptom onset 0.69 (0.46, 1.03) 0.64 (0.41, 0.98) 0.60 (0.38, 0.95)
Log10 IL-6, pg/mL – – 1.91 (1.03, 3.56)
aBMI, body mass index; CCP, COVID-19 convalescent plasma; PCC, post-COVID-19 condition at day 90; Ref., reference group; –, not applicable.
bP values <0.05 are highlighted in bold. Model 1 includes age, sex, race, BMI, vaccine status, diabetes, and the time between CCP transfusion and illness onset. Model 2 
additionally includes log10 IL-6.
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In summary, this study demonstrated high rates of PCC symptoms at day 90, 
particularly among those with higher baseline levels of IL-6 at the time of infection 
or who did not receive early CCP treatment. Future studies might examine the impact 
of anti-IL6 agents and the development of PCC among outpatients. Despite increasing 
vaccination uptake, PCC risk does not disappear, and IL-6 modulation may be a possible 
therapeutic intervention to reduce the burden of long-term symptoms among those 
with SARS-CoV-2 infection.
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