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Abstract

Background The relationship of host immune response and viral replication with health outcomes in patients with COVID-19
remains to be defined. We aimed to characterize the medium and long-term clinical, virological, and serological outcomes
after hospitalization for COVID-19, and to identify predictors of long-COVID.

Methods Prospective, longitudinal study conducted in COVID-19 patients confirmed by RT-PCR. Serial blood and naso-
pharyngeal samples (NPS) were obtained for measuring SARS-CoV-2 RNA and S-IgG/N-IgG antibodies during hospital
stay, and at 1, 2, and 6 months post-discharge. Genome sequencing was performed where appropriate. Patients filled out a
COVID-19 symptom questionnaire (CSQ) at 2-month and 6-month visits, and those with highest scores were characterized.
Results Of 146 patients (60% male, median age 64 years) followed-up, 20.6% required hospital readmission and 5.5%
died. At 2 months and 6 months, 9.6% and 7.8% patients, respectively, reported moderate/severe persistent symptoms.
SARS-CoV-2 RT-PCR was positive in NPS in 11.8% (median Ct=38) and 3% (median Ct=36) patients at 2 months and
6 months, respectively, but no reinfections were demonstrated. Antibody titers gradually waned, with seroreversion occur-
ring at 6 months in 27 (27.6%) patients for N-IgG and in 6 (6%) for S-IgG. Adjusted 2-month predictors of the highest
CSQ scores (OR [95%CI]) were lower peak S-IgG (0.80 [0.66-0.94]) and higher WHO severity score (2.57 [1.20-5.86]);
6-month predictors were lower peak S-IgG (0.89 [0.79-0.99]) and female sex (2.41 [1.20-4.82]); no association was found
with prolonged viral RNA shedding.

Conclusions Long-COVID is associated with weak anti-SARS-CoV-2 antibody response, severity of illness, and female
gender. Late clinical events and persistent symptoms in the medium and long term occur in a significant proportion of
patients hospitalized for COVID-19.
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Introduction

One year after the COVID-19 outbreak was first described
[1], several questions about the disease remain to be
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SARS-CoV-2 in the long term, including the persistence of
viral shedding, the incidence of late viral rebounds, or rein-
fections, and their relationship with the clinical evolution
of patients have not been defined. From the immunological
perspective, another relevant question refers to the durability
of the antibody response, and the impact of the intensity and
duration of response on patients’ outcomes. In a significant
proportion of patients, symptoms persist after hospital dis-
charge for more than 2 months, which has been defined as
long-COVID [3-5]. In addition to a more comprehensive
characterization of the syndrome, the pathogenic mecha-
nisms involved, including the role of viral shedding and the
antibody kinetics, need to be determined. Acute respiratory
distress induced by SARS-CoV-2 has been associated with
persistent inflammation and pro-coagulation [6], which
might potentially contribute to incomplete recovery, but the
kinetics of inflammation and coagulation biomarkers after
prolonged follow-up have not been disclosed.

We have longitudinally followed a cohort of patients hos-
pitalized with COVID-19 who have been thoroughly inves-
tigated over a 6-month period after discharge. Our objec-
tive was to characterize the medium and long-term clinical,
virological, and immunological outcomes, and to identify
evolutionary trajectories and predictors of long-COVID.

Methods
Study Design, Patients, and Study Procedures

This prospective, longitudinal study was carried out at Hos-
pital General Universitario de Elche, Spain. All patients
admitted for COVID-19 between March 10 and June 30,
2020, were included in the analysis and were followed-up
until December 31, 2020, the administrative censoring date
of the study dataset. Cases included in the study were micro-
biologically confirmed through real-time polymerase chain
reaction (RT-PCR) from nasopharyngeal swab samples in
most cases and from fecal samples in 8.

Hospitalized COVID-19 patients were managed accord-
ing to a predefined local protocol that included the diagnos-
tic and therapeutic procedures during hospital stay [7]. This
protocol consisted on the standardized collection of clinical
variables and serial blood and nasopharyngeal sampling,
obtained at different time-points during hospital stay for
biochemical and sero-virological measurements.

Once discharged, patients’ follow-up was centralized
at the Infectious Diseases Unit Outpatients’ clinic. Like
other authors [8], we have focused on two periods of the
post-acute COVID-19 timeline, the ongoing symptomatic
COVID-19, which includes symptoms and abnormalities
present from 4 to 12 weeks beyond acute COVID-19, and
the post-COVID-19 syndrome, which includes symptoms

and abnormalities persisting or present beyond 12 weeks of
the onset of acute COVID-19. Accordingly, face-to-face vis-
its were scheduled in the ongoing symptomatic COVID-19
period (1 and 2 months visits, herein also “mid-term”) and
in the post-COVID-19 period (6-month visits, herein also
“long term”) after discharge. On each visit, blood and naso-
pharyngeal samples were obtained for biochemical and sero-
virological measurements (Figure S-1). Phone and face-to-
face visits not foreseen in the protocol were also appointed
at the patients’ request.

At 2-month and 6-month visits, patients were offered to
fill out a self-administered, self-rated COVID-19 symptom
questionnaire (CSQ, Annex 1) in which they had to grade 11
items using a 10-point increasing intensity scale (0 =absence
of the symptom and 10 =the maximum perceived intensity
of the symptom). To characterize the persistence of symp-
toms, and as a test for robustness, we defined three different
categories of the CSQ score: a score of at least one point
(any symptom-CSQ); a score equal or more than the median
(median-CSQ), and a score above the third quartile (high-
est CSQ score) in any of the CSQ items. Scores were also
classified into mild (1-4 points), moderate (5—7 points), and
severe (8—10 points) categories.

In patients who missed scheduled appointments, an
attempt was made to contact them by phone and their elec-
tronic medical records were carefully scrutinized to ensure
the vital status of the patients. Hospital readmissions occur-
ring during the 6-month follow-up period were reviewed and
recorded in the dataset.

SARS-CoV-2 RNA and Antibody Measurements

RT-PCR analysis for SARS-CoV-2 was performed by
means of a commercially available kit (AllplexTM 2019-
nCoV Assay, Seegene, Seoul, Korea) which targeted the E,
RdRP, and N genes. Suspected SARS-CoV-2 reinfection
was defined according to the CDC criteria [9]. Briefly, sub-
jects with detected SARS-CoV-2 RNA more than 90 days
after the first detection of SARS-CoV-2 RNA, whether or
not symptoms were present, and if detected by RT-PCR,
only considering if Ct value was less than 33 or if Ct value
was unavailable. Genome sequencing of SARS-CoV-2 was
performed on NPS samples following ARTIC amplicon
sequencing protocol for Minlon version V3 (see Supple-
mentary material for full description). IgG antibody plasma
levels against the SARS-CoV-2 internal nucleocapsid (N)
protein (N-IgG) (Anti-SARS-CoV-2-NCP IgG ELISA, Euro-
immun, Lubeck, Germany) and surface S1 domain of the
spike protein (S-IgG) (Anti-SARS-CoV-2 IgG ELISA, Euro-
immun, Lubeck, Germany) were measured using commer-
cial semi-quantitative EIA kits in an automated instrument
(Dynex DS2® ELISA system). More procedures details can
be found elsewhere [7].
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Statistical Analyses

Continuous variables are expressed as median +25th and 75th
percentiles (Q1, Q3), and categorical variables as percentages.
Wilcoxon or Student’s ¢ test were used to compare continuous
variables, and the chi-square or Fisher’s exact test for categori-
cal variables comparison among patients with and without per-
sistent symptoms. To compare the curves of viral load, antibody
levels, and biomarkers between groups, generalized additive
mixed models were used. Interpolations in the graphs were car-
ried out with cubic splines. Covariates with a p-value <0.05 in
the crude comparison between groups and clinical relevant vari-
ables were included in multivariate analyses. Binomial logistic
regression models were used to identify predictors of persis-
tence of symptoms at 2 and 6 months. A receiver operating
characteristic (ROC) curve analysis was performed to find the
most discriminative serum level of anti-SARS-CoV-2 antibod-
ies predicting persistence of symptoms. Statistical analysis was
performed using R-project version 3.6.2.

Results
Patient’s Characteristics

A total of 162 patients were hospitalized with SARS-CoV-2
infection, 23 (14%) were admitted to the ICU and 12 (7.4%)
died during hospital stay. After hospital discharge, 4 patients
were lost to follow-up. Flow chart of patients is shown in
Figure S-2. One hundred and four and 116 patients com-
pleted the SCQ at 2 and 6 months, respectively.

Baseline characteristics of the 146 included patients are
shown in Table S-1. Median age was 64 years, 88 (60.3%)
were male, and 72.6% had coexisting comorbid diseases.
Clinical status on admission and therapy administered dur-
ing hospital stay are detailed in Table S-1.

Clinical and Biological Outcomes

During follow-up, 30 patients (20%) were readmitted to hos-
pital (Table S-2). The most frequent reasons for hospital
readmission were underlying disease exacerbation (23 events
in 13 patients, 8.9%), bacterial infection (12 in 5 patients,
3.4%), thrombohemorrhagic events (9 in 9, 6.1%), and per-
sistent COVID-19 symptoms (8 in 6, 4.1%) patients. Eight
(5.5%) patients died. Detailed information of causes of in-
hospital and after discharge deaths are shown in Table S-2.

Persistent symptoms of moderate or severe intensity at
the 2-month visit were observed in 9.6%, 7.4%, and 2.9%
patients for general, gastrointestinal, and respiratory symp-
toms, respectively, and in 7.8%, 4.3%, and 1.0% patients,
respectively, at the 6-month visit (Fig. 1).

@ Springer

Serum inflammatory biomarkers showed an initially steep
and later flatter substantial decrease during follow-up, fol-
lowed by stabilization or non-significant ulterior increase.
The most prominent initial decrease was observed with
C-reactive protein (CRP). Temporal changes in the levels
of several biomarkers throughout the study period are shown
in Fig. 1.

Virological Outcomes

SARS-CoV-2 RNA shedding lasted a median (Q1-Q3)
of 13 (2.2-33.8) days in those with the last RT-PCR test
negative (Table S-1), resulting in a proportion of patients
who tested negative at 2-month and 6-month follow-up
visits of 88% and 97%, respectively. Viral RNA shedding
of low intensity was detected in some patients in subse-
quent nasopharyngeal tests beyond the acute phase of the
disease. Thus, 40/146 (27%; median [Q1-Q3] Ct=34
[31-37]), 15/127 (11.8%; median Ct=38 [37.25-39]),
and 4/134 (3.0%; median Ct=36 [36-36]) individuals
tested positive at month 1, 2, and 6 visits, respectively.
SARS-CoV-2 RT-PCR results during follow-up are dis-
played in Fig. 2a. Although none of the four patients with
positive SARS-CoV-2 RNA at month 6 met the CDC
criteria for suspected reinfection [9], sequencing could
be performed in three of them for whom paired stored
samples were available. Patients’ age ranged from 44 to
73 years, two were men and two had subjacent comorbidi-
ties (breast cancer in remission in one patient and epilepsy
and mental retardation in another). Two patients received
immunomodulatory therapy (high-dose corticosteroids or
interferon-p-1b) during COVID-19 hospital admission.
The same clade 20B (lineage B.1.1) was present in all
cases (see Figure S-3 for phylogenetic assignment of the
samples and current notable variants). In two patients, the
clade showed the same hallmark single nucleotide vari-
ants (individuals #88 and #95, Table S-3), and in the third
patient, two new mutations were detected in the most
recent sample (a K374R substitution in the N gene and an
A222V substitution in the S gene), probably developed
due to persistent infection.

Serological Outcomes

Median [Q1-Q3] time from illness onset to seropositivity
was 12 (8-15) days. Peak S-IgG was significantly higher
compared to N-IgG (median 5.9 vs. 4.1 absorbance/cut-
off [S/CO]J; p<0.001, respectively) (Table S-1). Figure 2b
shows S-IgG and N-IgG S/CO values of all determinations
of the study patients over time.
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Fig. 1 Temporal changes in symptom scores and serum levels of bio-
markers during follow-up. Panel A shows the scores of self-reported
general, respiratory, and gastrointestinal symptoms included in
the COVID-19 symptoms questionnaire at baseline, 2 months and
6 months. Panels B, C, D, E represent the temporal changes in the
serum levels of C-reactive protein (panel B), interleukin-6 (panel C),
ferritin (panel D), and D-dimer (panel E) since COVID-19 diagnosis.
Panel A: General symptoms include fatigue, myalgia, sweating, head-
ache; respiratory symptoms include cough, difficulty breathing, nasal
congestion, sore throat, anosmia; gastrointestinal symptoms include

Antibody titers gradually waned, and 29 (28.7%) patients
became seronegative for either N-IgG or S-IgG during
follow-up: 23 for N-IgG alone, 2 for S-IgG alone, and 4

o
E 2
[
&
<
=
o
& -
- |
15-
= 1.0-
€
>
o
£
5 0.5-
£
bid
a
= 0.0-
=]
j=2}
o
-

-0.5-

Days since hospital admission

diarrhea, vomiting, abdominal pain. “Pearson’s Chi-squared test P
value <0.05. Panels B, C, D, E: Each dot represents a serum bio-
marker value in an individual subject since hospital admission, with
interpolation line and 90% confidence interval. Biomarkers normal
ranges: C-reactive protein, below 5 mg/L; IL-6, below 7 pg/mL; fer-
ritin, normal ranges values depend on patient’s sex and age (17-464
nr/mL for men older than 20 years and 6-137 ng/mL and 11-264
ng/mL for women between 20 and 50 and older than 50 years old,
respectively); D-dimer, below 0.5 pg/mL. IL-6, interleukin-6

for both N-IgG and S-IgG. The majority of cases of seror-
eversion were observed at the 6-month visit (25/29 [86.2%]
patients).
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Fig.2 SARS-CoV-2 sero-virological changes during follow-up. Panel A:
SARS-CoV-2 RT-PCR test results during follow-up in the entire cohort.
Panel B: Temporal changes in anti-SARS-CoV-2 surface S1 domain of

the spike protein and nucleocapsid protein IgG antibodies. Panel A: Each
horizontal level represents the RT-PCR SARS-CoV-2 results for each
patient in the cohort throughout follow-up, since the first positive result to
the last available one. Red dots represent positive results and green dots
negative results. Black dots mark those patients who died and time of
death since the first positive SARS-CoV-2 RT-PCR result. Colored lines
join two consecutive dots in the same patient with the same result and less
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than 90 days between dots. Patient #143 moved to another country after
discharge. Patients #139, #142, and #145 could only be reached by phone.
Patients #136 and #137 refused to have a new nasopharyngeal sample taken
but agreed to continue with the clinical follow-up. RT-PCR, reverse tran-
scriptase-polymerase chain reaction. Panel B: Each dot represents an S-IgG
(continuous line and circle symbols) or N-IgG (dashed line and plus sym-
bols) value in an individual subject, with interpolation line and 90% confi-
dence interval. S/CO, absorbance/cut-off; S-IgG, S-IgG antibody against
the SARS-CoV-2 surface S1 domain of the spike protein; N-IgG, antibody
against the SARS-CoV-2 internal nucleocapsid protein. Positive S/CO >1.1
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Fig.3 Temporal changes in SARS-CoV-2 IgG antibodies and serum
inflammatory biomarkers during follow-up by symptomatic sta-
tus. Serum levels of S-IgG (panel A), N-IgG (panel B), C-reactive
protein (panel C), interleukin-6 (panel D), ferritin (panel E), and
D-dimer (panel F) during follow-up. Dashed lines and plus symbols
represent individuals with the highest scores in COVID-19 symp-
toms questionnaire; continuous lines and circle symbols represent all

Characterization and Predictors of Short-term
Persistence of Symptoms

A significant number (76 [73%]) of patients scored any
symptom-CSQ, being fatigue (54.8%), myalgia (30.8%),
dyspnoea (26.9%), and cough (25%) the most frequent. The
most frequent symptoms reported by patients with the high-
est CSQ scores were fatigue (12.5%), myalgia (7.6%), and
dyspnoea (6.7%).

Table 1 shows the characteristics of the patients with the
highest CSQ scores at 2 months. In the univariate analy-
sis, they were more frequently active smokers (p =0.013),
had more frequently bilateral lung infiltrates (p =0.015),
exhibited at hospital admission lower baseline ferritin lev-
els (p=0.002), a trend to lower CRP (p=0.055), and had
received less frequently tocilizumab (p =0.013) during the
acute episode of COVID-19.

No differences were found between groups in the Ct
values on admission (E-gene, 29.1 [26.5-32.8] vs. 29.7
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other patients filling the questionnaire. S-IgG, IgG antibody against
the SARS-CoV-2 surface S1 domain of the spike protein; N-IgG, IgG
antibody against the SARS-CoV-2 internal nucleocapsid protein; S/
CO, absorbance/cut-off. P value for the comparison between groups
according to the score in COVID-19 symptoms questionnaire. Posi-
tive S/CO >1.1

[26.2-34.3]; p=0.909), time to first negative RT-PCR results
(8 vs. 13 days; P=0.237), the proportion of individuals who
tested positive beyond 1-month (19% vs. 35%; p=0.174)
and 2-month (7.4% vs. 16.8%; p=0.375) visits (Table 1),
and in the Ct values at 1-month (E-gene, 35 [33.0-36.0]
vs. 36 [31.5-37.5]; p=0.754) or 2-month (E-gene, 38.5
[38.2-38.8] vs. 38.0 [37.0-39.0]; p=1.000) visits.

There was a weaker antibody response against SARS-
CoV-2 in the highest CSQ scores group, consisting of a
longer time to either S-IgG or N-IgG seroconversion from
illness onset (median 16 vs. 11 days; p=0.012), a flatter
slope (+0.4 [0-0.5] vs.+ 1.0 [0.5-3.2] change in S/CO per
day; p <0.001) until reaching peak levels, and lower peak
S-IgG value (4.1 vs. 6.4 S/CO; p=0.002) (Table 1 and
Fig. 3). Accordingly, fewer patients within the highest CSQ
scores showed seroconversion at 2 months for S-IgG and for
N-IgG (55.6% vs. 86.7%; p=0.002).

Receiver operating characteristic (ROC) curve analysis
showed that a SARS-CoV-2 S-IgG value below 5.4 S/CO at
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Fig.4 Predictors of the highest A
scores in COVID-19 symptoms
questionnaire in multivariate
regression logistic model at
2-month and 6-month follow- Tosizumab use (Yes)- fo]
up. Panel A represents 2-month,

and panel B 6-month follow-up.
WHO, World Health Organi-
zation; S-IgG, IgG antibody
against the SARS-CoV-2 sur-
face S1 domain of the spike pro-
tein; S/CO, absorbance/cut-off;
RT-PCR, reverse transcriptase-
polymerase chain reaction. “P Age-
value <0.05

WHO severity ordinal scale score -

Sex (Female)-

'—0—' 257 (1,2-5,86) *
H 0.44 (0,14-1,31) 1 H—— 15(072-310)
|——————J>288(096939)

1(0,95-1,07 )

-

-0—| 1.16 (0,73-1,84 )

f—o—' 2.41(1,20-4,82) *

Peak S-IgG S/CO- H 0.8(0,66-0,94 ) * 1 H 0.89(0,79-0,99) *

Charlson Comorbidity Index - |-<-{ 0.95(0,63-1,36 ) b |—'>—| 1.03(0.82-1.28)

0.99 (0,96-1,03 )

1st-month SARS-CoV-2 RT-PCR (positive) - '——' 1.08(0,29-3,72) 1 '——0—| 1.23(0.60-252)

1-month post-discharge predicted the highest CSQ scores
at 2 months with an AUC [CI 95%] of 0.66 [0.54—0.79]
(Figure S-4).

A differential profile in the dynamics of CRP levels
was observed according to group, with a trend to lower
levels at baseline in individuals with highest CSQ scores,
and subsequent inversion in the trend at 1-month and
2-month visits (Fig. 3 and Table 1). Baseline ferritin lev-
els were higher in the group with highest CSQ scores. No
differences were found in other inflammatory biomarkers
among groups.

In the multivariate logistic regression analysis includ-
ing age, sex, Charlson comorbidity index, WHO severity
ordinal scale score, peak S-IgG values, testing positive
for SARS-CoV-2 RT-PCR at 1-month visit and tocili-
zumab use, we found that a lower peak in SARS-CoV-2
S-1gG value (OR [95% CI] 0.80 [0.66—0.94]), and a
higher WHO severity scale score (2.57 [1.20-5.86] per
point increase) were independent predictors of the high-
est CSQ scores at 2 months after discharge (Fig. 4a).
Sensitivity analyses with the outcomes median-CSQ
score or any symptom-CSQ showed similar trends
(Figure S-5a-b).

Characterization and Predictors of Long-term
Persistence of Symptoms

One hundred and sixteen individuals, including 85 who also
had completed the survey at 2 months, voluntarily agreed to fill
out the CSQ at the 6-month visit. The most frequent symptoms
reported by patients with the highest CSQ scores were fatigue
(10.3%), myalgia (6.9%), dyspnoea (4.3%), cough (4.3%), and
nasal congestion (4.3%).

@ Springer
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Patients with the highest CSQ scores showed lower CRP
levels on admission and a trend to lower peak S-IgG value
(Table 1).

In the multivariate logistic regression analysis including
the same variables as in 2-month visit, a lower peak in SARS-
CoV-2 S-IgG (OR [95% CI] 0.89 [0.79-0.99]) and female sex
(2.41 [1.20-4.82] were predictors of the highest CSQ scores at
the 6-month visit (Fig. 4b). Sensitivity analyses with median-
CSQ score and any symptom-CSQ showed similar trends
(Figure S-5 c-d).

Discussion

In this closely followed-up cohort evaluating the clini-
cal, serological, and virological outcomes of patients
admitted to hospital for COVID-19 during a 6-month
period, we observed a high frequency of clinical events
following hospital discharge. Most of these events were
related to patients’ underlying comorbidities, second-
ary bacterial infections, and recurrence or complications
associated with COVID-19, including thrombohemor-
rhagic events. A proportion of patients reported per-
sistent symptoms in the medium (2 month) and half of
them in the long term (6 month). Chronic persistence
of symptoms was associated with a distinct serologi-
cal, inflammatory, and clinical profile, which differed
according to duration of symptoms. Patients with the
highest CSQ scores both in the mid-term and long-
term exhibited a weaker initial antibody response and
lower inflammation during the acute phase of the dis-
ease. Lasting symptoms in the mid-term were associated
with persistent inflammation at months 1 and 2 after
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discharge and higher WHO severity score. Female sex
predicted long-term complaints.

Patients included in this longitudinal study were compre-
hensively monitored. From the virological perspective, after
a median duration of viral shedding of around 2 weeks, we
found evidence of prolonged viral replication, as shown by
persistent RT-PCR test positivity (or re-positivity) 2 months
after discharge in 12% of the patients, but only four cases
had a RT-PCR positive in the very late phases of follow-up.
Interestingly, most patients with late RT-PCR positivity had
high Ct values, and none of them fulfilled the CDC criteria
for potential reinfection [9]. Moreover, genotypic sequencing
confirmed the same clade in all analyzed samples, suggest-
ing that they represented persistent infection/reactivation.

S-IgG antibodies reached higher titers, followed by a
gradual decline of both S-IgG and N-IgG. Seroreversion
was observed for N-IgG titers in more than one fourth of
patients at 6 months after discharge, but it was infrequent
with the potentially neutralizing S-IgG antibodies, which
implies a durable antibody response in patients with severe
COVID requiring hospitalization, in contrast to the rapid
waning of antibodies reported in patients with mild COVID
[10-12]. Severity of disease has actually been associated
with the magnitude and duration of the antibody response
[13].

While long-COVID is increasingly being described
after acute infection, the pathogenesis and duration of this
multifaceted syndrome remain unknown. Data about long-
COVID with such a lengthy follow-up are very scarce [14].
Our data suggest an involvement of the antibody response in
the occurrence of long-COVID. The highest CSQ scores in
the medium and long term were associated with a lower peak
of S-IgG, and in patients with mid-term symptoms a delayed
antibody response was additionally observed, the latter also
showing to be a predictor of the highest CSQ scores in mul-
tivariate analysis (data not shown). Experimental studies
have demonstrated that, in addition to T-cell response, IgG,
and neutralizing antibodies are crucial to control viral infec-
tions [15, 16]. Besides the antimicrobial activity, antibodies
contribute to modulate the inflammatory response via the
Fc-gamma receptor, toll-like receptors, and activation of the
complement, all of them inducing the secretion or repression
of various pro-inflammatory and anti-inflammatory media-
tors [17-20]. Both the antiviral and the immunomodula-
tory effects of antibodies might have been involved in the
enhanced recovery of patients with higher antibody levels
in our cohort. The protective effects of immunoglobulins are
actually the basis for the use of convalescent plasma [21, 22]
or neutralizing monoclonal antibodies against SARS-CoV-2
spike protein [23] to treat patients with acute COVID-19.
Unfortunately, no patient in our study was treated with con-
valescent plasma or neutralizing monoclonal antibodies to
test this hypothesis. Monoclonal antibodies or boosting the

antibody response with vaccination might be potential strate-
gies to prevent long-COVID in patients with low antibody
titers. This hypothesis warrants further research.

Post-COVID syndrome was associated with additional
distinctive innate and adaptive immune traits, consisting of
a weaker initial inflammatory response, as shown by lower
baseline levels of CRP and ferritin. This is aligned with the
poorer antibody response observed in this subset of patients,
and supports the correlation described between antibody
levels and inflammation biomarkers [24]. A less intense
immune/inflammatory response may lead to impaired or
incomplete control of viral replication and eventually greater
long-term sequelae and symptoms. On the other hand, potent
innate and adaptive immune responses during acute infec-
tion might potentially lead to a more efficient control of
illness and lower residual inflammation and incidence of
subsequent sequelae. Interestingly, patients with mid-term
lasting symptoms showed persistent residual inflammation.
Elevated markers of inflammation and autoimmunity have
been reported in post-infectious syndromes linked with Chi-
kungunya or Epstein-Barr viruses, or in myalgic encepha-
lomyelitis [25-27].

Besides the immune response, demographic and clini-
cal factors were found to be predictors of long-COVID.
Long-term persistent symptoms were associated with
female sex, a finding also supported by other studies [14,
28]. Higher severity of disease showed to be a predictor
of mid-term persistent symptoms. Severe disease and the
hyperinflammatory response occurring in the late phase
would be expected to induce greater organ injury, which
might be associated with higher incidence of sequelae, as
supported by the higher prevalence of persistent symptoms
found in patients with COVID-19 admitted to the ICU
[14, 29]. Although post-discharge complaints have also
been described in patients with milder forms of COVID,
critically ill patients have more frequently shown subjacent
structural causes contributing to explain the symptoms
[30], and up to 80% of them develop physical, cognitive,
or mental health impairments that persist beyond hospital
discharge [31]. Differences in patients’ characteristics and
in the intensity of symptoms might have contributed to the
higher degree of reversibility potentially occurring in our
patients, in whom severity of disease did not show to be a
predictor of long-term high-score symptoms compared to
the results of Huang et al. [14].

The sample size is a limitation of the study. Long-COVID
is a heterogeneous syndrome and the associations found
might differ according to the nature of the symptoms ana-
lyzed. We focused on subjects reporting the highest scores
in the questionnaire to identify those symptoms that were
more likely to be meaningful to patients and avoid over-
representation of long-COVID cases. However, sensitivity
analyses including patients with any symptom, or those with

@ Springer



1500

Journal of Clinical Immunology (2021) 41:1490-1501

a score above the median, showed similar results. For some
of the figures, the interpolation lines in certain intervals were
developed with relatively low number of data. Strengths are
the longitudinal design with consecutive sampling, close
monitoring, and thorough investigations conducted in the
patients.

In conclusion, long-term follow-up of patients hospital-
ized for COVID shows a high frequency of clinical events
after hospitalization, a durable antibody response of S-IgG,
and frequent RT-PCR test positivity/re-positivity occurring
beyond 2 months after acute infection, but with no evi-
dence of reinfection. Persistent symptoms are common in
the medium and long term. Gender, severity of illness and
the immune response are associated with long-COVID, but
with different implication according to the temporality of
symptoms. The antibody response predicts both mid-term
and long-term clinical outcomes, and consequently the use
of monoclonal antibodies or boosting the antibody response
with vaccination might be potential strategies to prevent
long-COVID.
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