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Abstract: With the routine use of effective severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) vaccines, the number of life-threatening coronavirus disease 2019 (COVID-19) courses have
largely been reduced. However, multiple COVID-19 convalescents, even after asymptomatic to
moderate disease, suffer from post-COVID syndrome, with relevant limitations in daily life. The
pathophysiologic mechanisms of post-COVID syndrome are still elusive, with dysregulation of the
immune system suggested as a central mechanism. Here, we assessed COVID-19 post-infectious
symptoms (5–6 months after PCR-confirmed acute infection) together with the humoral immune
response against SARS-CoV-2 in non-hospitalized COVID-19 convalescents, early (5–6 weeks) and
late (5–6 months) after their first positive SARS-CoV-2 PCR result. Convalescents reporting several
post-infectious symptoms (>3) showed higher anti-spike and anti-nucleocapsid antibody levels
5–6 weeks after PCR-confirmed infection with the latter remained increased 5–6 months after positive
PCR. Likewise, a higher post-infectious symptom score was associated with increased antibody levels.
Of note, convalescents displaying neuro-psychiatric symptoms such as restlessness, palpitations,
irritability, and headache, as well as general symptoms such as fatigue/reduced power had higher
SARS-CoV-2-specific antibody levels compared with asymptomatic cases. The increased humoral
immune response in convalescents with post-COVID syndrome might be useful for the detection of
individuals with an increased risk for post-COVID syndrome.

Keywords: SARS-CoV-2; COVID-19; post-COVID syndrome; humoral immune response

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing coronavirus
disease 2019 (COVID-19), is still spreading around the world, so far reaching more than
600 million documented cases [1]. With approval of effective SARS-CoV-2 vaccines, the
number of life-threatening COVID-19 courses has largely been reduced. However, multiple
COVID-19 convalescents, even after asymptomatic to moderate disease, suffer from post-
COVID syndrome with relevant limitations in daily life [2]. Recently, it was reported that
after a mild course of COVID-19 11% of patients still could not fully participate in everyday
and work life seven months after disease onset [3]. One of the key challenges for health
systems in general and for physicians, dealing with post-COVID patients in particular, is
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the identification of COVID-19 patients who are at high risk for developing post-COVID
syndrome [4].

Post-COVID syndrome is defined as the occurrence or continuation of post-infectious
symptoms 3 months after COVID-19 that are not explained by an alternative cause [5–7].
The clinical course of post-COVID syndrome is very variable, with frequently reported
symptoms being fatigue, dyspnea, anosmia, ageusia, headache, muscle pain, arthralgia,
cough, cognitive impairment, and insomnia [8–16]. Patients experiencing severe COVID-19
are at increased risk for post-COVID syndrome, whereas the risk is lower for convalescents
after asymptomatic to moderate COVID-19 [13–16]. A large population survey reported
the prevalence of post-COVID syndrome in approximately 73% of hospitalized and 46% of
non-hospitalized convalescents over 12 weeks after acute COVID-19 infection [14]. Thus
far, the pathophysiological mechanisms of post-COVID syndrome are not fully understood.
Direct viral toxicity, endothelial damage, endocrine alterations, dysregulation of the renin–
angiotensin–aldosterone system, and dysregulated immune responses, including the devel-
opment of autoantibodies, have been discussed as probable mechanisms [6,17–25]. While
the development of the SARS-CoV-2-directed humoral immune response, in terms of the
induction of SARS-CoV-2-specfic antibodies, is required for viral clearance in infected indi-
viduals and has been reported to be increased in patients with severe COVID-19 [26–31] the
association of humoral immune response and post-COVID syndrome, in particular in non-
hospitalized COVID-19 convalescents, is still sparse and even contradictory [3,32–38]. In
this study, we analyzed the occurrence of different post-infectious symptoms (5–6 months af-
ter the first positive PCR result) related to early (5–6 weeks after PCR-confirmed COVID-19)
and late (5–6 months after positive PCR) humoral immune response against SARS-CoV-2 in
51 non-hospitalized COVID-19 convalescents.

2. Materials and Methods
2.1. Participants and Serum Sample Collection

Serum samples from convalescent adults after asymptomatic, mild or moderate SARS-
CoV-2 infection according to WHO criteria [39] (n = 51) were collected at the University
Hospital Tübingen between April 2020 and August 2020. Informed consent was obtained
in accordance with the Declaration of Helsinki protocol. The study was approved by and
performed according to the guidelines of the local ethics committees (179/2020/BO2).
SARS-CoV-2 infection was confirmed by polymerase chain reaction (PCR) test after na-
sopharyngeal swab. Serum samples were taken 35–56 days (TE “early” timepoint) and
141–183 days (TL “late” timepoint) after positive PCR (Table 1). Data on antibody levels
and post-infectious symptoms were retrieved from previous publications [28,40].

Table 1. Donor characteristics and post-infectious symptoms of COVID-19 convalescent donors.

Donors
Number 51

Age (years)
Mean 43.3
SD 13.7

Sex (n [%])
Female 26 (51)
Male 25 (49)

Number of post-infectious symptoms at TL (n)
Median 2
Range 0–9

Number of post-infectious symptoms at TL (n [%])
≥ 3 21 (41)
1–2 18 (35)
0 12 (24)
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Table 1. Cont.

Symptom score at TL (score value)
Median 3
Range 0–17

Distribution of symptom score at TL (n [%])
>3 19 (37)
1–3 20 (39)
0 12 (24)

Self-classification of donors at TL (n [%])
Asymptomatic donors 12 (24)
Symptomatic donors 39 (76)

- attributed to COVID-19 14 (27)
Single symptoms at TL (n [%])

Fatigue 23 (45)
Anosmia and ageusia 15 (29)
Headache 14 (28)
Reduced performance 14 (28)
Irritability 11 (22)
Dyspnea 8 (16)
Restlessness 7 (14)
Palpitations 7 (14)
Cough 6 (12)
Hearing loss 5 (10)

SARS-CoV-2 antibody test positivity (n [%])
Anti-spike antibody TE 43 (84)
Anti-spike antibody TL 38 (75)
Anti-nucleocapsid antibody TE 45 (88)
Anti-nucleocapsid antibody TL 45 (88)

n: number. SD: standard deviation. TE: “early” timepoint 5–6 weeks after positive PCR. TL: “late” timepoint
5–6 month after positive PCR.

2.2. Assessment of Post-Infectious Symptoms

A questionnaire-based assessment of ten post-infectious symptoms, including grading
of severity (no, mild, moderate and severe), was performed at TL. Symptoms were classified
into four categories: general symptoms (“fatigue” and “reduced performance”), altered
sensory perception (“anosmia/ ageusia” and “hearing loss”), neuro-psychiatric symptoms
(“restlessness”, “palpitations”, “irritability”, and “headache”), and pulmonary symptoms
(“cough” and “dyspnea”). Patients were included in a category if at least one symptom for
that category was reported by the patient. The symptom score was calculated by summing
up the self-reported grading (no = 0, mild = 1, moderate = 2, severe = 3) of all of the
reported symptoms.

2.3. Antibody Responses

Anti-SARS-CoV-2 nucleocapsid antibody and anti-SARS-CoV-2-spike IgG-antibody
titers were determined at TE and TL. Data on anti-SARS-CoV-2 nucleocapsid antibody index
values (including IgG and IgA) were assessed by Elecsys® anti-SARS-CoV-2 immunoassay
(Roche Diagnostics, Basel, Switzerland) and anti-SARS-CoV-2-spike IgG-antibody titers
were assessed by Euroline Anti-SARS-CoV-2® (Euroimmune, Luebeck, Germany).

The 96-well Euroline Anti-SARS-CoV-2® (Euroimmune, 2606A_A_DE_C03, as con-
stituted on 22 April 2020) was performed on an automated BEP 2000 Advance system
(Siemens Healthcare Diagnostics GmbH) according to the manufacturer’s instructions. The
ELISA assay detected anti-SARS-CoV-2 IgG directed against the S1 domain of the viral
spike protein (including the immunologically relevant RBD) and relied on an assay-specific
calibrator to report a ratio of specimen absorbance to calibrator absorbance. The final
interpretation of positivity was determined by a ratio above a threshold value given by the
manufacturer: positive (ratio ≥ 1.1), borderline (ratio 0.8–1.0), or negative (ratio < 0.8). The
levels of anti-spike IgG-antibodies are shown in the graphs as a ratio above the threshold
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value. Quality control was performed following the manufacturer’s instructions on each
day of testing.

The Elecsys® anti-SARS-CoV-2 immunoassay is an ECLIA (electro-generated chemilu-
minescence immunoassay) designed by Roche Diagnostics GmbH and was used according
to the manufacturer’s instructions (V1.0, as constituted in May 2020). It is intended for the
detection of high-affinity antibodies (including IgG and IgA) directed against the nucleo-
capsid protein of SARS-CoV-2 in human serum. Readout was performed on the Cobas e411
analyzer (Roche Diagnostics). Negative results were defined by a cut-off index of <1.0. The
levels of anti-nucleocapsid antibodies are shown in the graphs as an index value. Quality
control was performed following the manufacturer’s instructions on each day of testing.

Data on antibody levels and post-infectious symptoms were retrieved from previous
publications [28,40].

2.4. Software and Statistical Analysis

Data are displayed as mean with standard deviation (SD), box plots with median and
25th and 75th quartile, min/max whiskers, and individual data points. Groups were tested
using the Mann–Whitney U test or Kruskal–Wallis test and were corrected for multiple
comparison if applicable. Statistical analyses were conducted using JMP Pro (SAS Institute,
v.16, Cary, NC, USA) software. p-values < 0.05 were considered statistically significant.
Missing data were denoted in tables and in the descriptive analysis. Graphs were plotted
using GraphPad Prism v.9.1.2 (San Diego, CA, USA).

3. Results
3.1. Clinical Characteristics of COVID-19 Convalescents and Prevalence of Post-Infectious Symptoms

For this study, we analyzed post-infectious symptoms after SARS-CoV-2 infection
at TL (5–6 months after PCR-confirmed COVID-19) with SARS-CoV-2-specific antibody
responses at TE (5–6 weeks after positive PCR) and TL of 51 convalescent individuals with
an asymptomatic to moderate COVID-19 course. The mean age of convalescents at the
time of infection was 43.4 (SD ± 13.7) years, with an equal gender distribution (female
to male ratio of 1.04:1). No convalescent in this study had severe symptoms according
to WHO criteria and no one was hospitalized due to COVID-19 infection [39]. Most
convalescents (76%) reported at least one post-infectious symptom at TL (median 2, range 0
to 9 symptoms, Table 1).

Here, 41%, 35%, and 24% of convalescents reported ≥ three, one to two, or no post-
infectious symptoms, respectively (Table 1). The most frequent post-infectious symptoms
were “fatigue” (45%), “anosmia and ageusia” (29%), “headache” (28%), “reduced per-
formance” (28%), and “irritability” (21%). Pulmonary post-infectious symptoms such as
“dyspnea” and “cough” were reported by 16% and 12% of convalescents, respectively
(Table 1). A combinatorial symptom score of the number of different symptoms and their
severity was determined. This score of > three, one to two, and 0 points was observed in
37%, 39%, and 24% of convalescents, respectively (range 0–17 points, median 3) (Table 1). In-
terestingly, only 14 of the convalescents attributed their symptoms as being post-infectious.
For further analysis, all reported (post-infectious) symptoms were evaluated. In this work,
convalescents with ≥ three symptoms (41%) or a symptom score > three points (37%)
were considered as presenting with post-COVID syndrome (Table 1). Further details on
convalescents’ characteristics are presented in Table 1.

3.2. Anti-SARS-CoV-2 Antibody Levels and Number of Post-Infectious Symptoms

Anti-SARS-CoV-2 anti-nucleocapsid and anti-spike antibody levels were assessed at
TE and TL. 84% and 75% of convalescents were positive for anti-spike antibodies at TE and
TL, respectively, whereas positivity for anti-nucleocapsid antibodies remained stable with a
seroconversion rate of 88% at both timepoints (Table 1).

To assess SARS-CoV-2-directed humoral immune responses in convalescents with
different post-infectious symptoms, convalescents were grouped according to the number
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of reported symptoms into two groups (≤2 symptoms (n = 30) versus ≥3 symptoms (n = 21)
corresponding to post-COVID syndrome). Convalescents with post-COVID syndrome
displayed significantly increased anti-nucleocapsid antibody levels at TE and TL, as well
as significantly increased anti-spike-antibody levels at TE, as well as a trend for increased
anti-spike levels at TL (p-values: 0.007, 0.045, 0.024, and 0.062, respectively; Figure 1A,B).
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Figure 1. Number of post-infectious symptoms and antibody response in SARS-CoV-2 convalescents.
Anti-nucleocapsid antibody (Ab) (left) and anti-spike Ab levels (right) were assessed in convalescent

donors (n = 51) at TE (“early” timepoint 5–6 weeks after positive PCR, (A,C)) and TL (“late” timepoint
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25th and 75th percentiles and min/max whiskers. p-values were calculated using the Mann–Whitney
U test (A,B) and Kruskal–Wallis test (C,D). p, p-value; Ab, antibody.

In the next step, we divided the group of convalescents without post-COVID-syndrome
into asymptomatic individuals and individuals reporting one to two symptoms to further
investigate the differences in SARS-CoV-2-specific humoral immune response especially
between these two populations. Therefore, three groups were evaluated (asymptomatic,
1–2 symptoms and ≥3 symptoms corresponding to post-COVID syndrome). In line with
the previous findings, convalescents reporting post-COVID syndrome had significantly
increased anti-nucleocapsid antibody levels at TE in comparison with both asymptomatic
individuals and convalescents with only one to two symptoms (p-values: 0.035 and 0.019,
respectively; Figure 1C), with a similar trend at TL (p-values: 0.161 and 0.059, respectively;
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Figure 1D). Anti-spike antibody levels were similarly increased in convalescents reporting
many symptoms (≥3) at TE, being only significant in between strongly affected and mildly
affect individuals (p-value: 0.032; Figure 1C). At TL the same trend for higher anti-spike
antibody levels in individuals with post-COVID syndrome was observed, failing to reach
significance in comparison to asymptomatic or mildly affected convalescents (p-values:
0.270 and 0.057, respectively; Figure 1D). Of note, there were no significant differences
between asymptomatic individuals and convalescents with one to two symptoms for anti-
nucleocapsid and anti-spike antibody levels at both timepoints TE and TL (p-values: 0.849,
0.597, 0.751, and 0.446; Figure 1C,D).

Taken together, our data showed elevated SARS-CoV-2-specific humoral immune
response in individuals with post-COVID syndrome (≥3 symptoms) in comparison with
both asymptomatic and mildly affected convalescents, whereas the antibody levels did not
differ significantly between the last two mentioned.

3.3. Anti-SARS-CoV-2 Antibody Levels and Severity of Post-Infectious Symptoms

To assess humoral immune response and the severity of post-infectious symptoms
convalescents were grouped according to the symptom score into two groups (score ≤ 3
(n = 32) versus score > 3 (n = 19) corresponding to post-COVID syndrome). Convalescents
with post-COVID-syndrome showed significantly higher anti-nucleocapsid antibody levels
at TE as well as significantly increased anti-spike antibody levels at TE and TL (p-values:
0.019, 0.031 and 0.033, respectively; Figure 2A,B).

To further investigate differences in SARS-CoV-2-specific humoral immune response,
especially between asymptomatic individuals and individuals with a score of one to three,
we divided the group of convalescents without post-COVID-syndrome into these two pop-
ulations. Therefore, three groups were evaluated (asymptomatic with a score of 0, low
with a score of 1–3, and high with a score >3 corresponding to post-COVID syndrome).
As observed before, convalescents with a high symptom score had significantly increased
anti-nucleocapsid antibody levels at TE in comparison with both asymptomatic individuals
and convalescents with a low symptom score (p-values: 0.049 and 0.045, respectively;
Figure 2C), with a similar trend also at TL (p-values: 0.162 and 0.103; Figure 2D). Anti-spike
antibody levels were increased likewise in convalescents with a high symptom score in
comparison to both other groups at TE and TL, being significant only when compared with
mildly affected convalescents at both time points (p-values: 0.128, 0.040, 0.167, and 0.036;
Figure 2C,D). Of note, there were no significant differences between asymptomatic indi-
viduals and convalescents with a low symptom score for anti-nucleocapsid or anti-spike
antibody titers at any time point (p-values: 0.923, 0.712, 0.892, and 0.381; Figure 2C,D).

In summary, we observed increased SARS-CoV-2-specific antibody levels in individu-
als with post-COVID syndrome (symptom score > 3) in comparison to both asymptomatic
and mildly affected convalescents, whereas no differences could be found in between the
last two mentioned.

3.4. Anti-SARS-CoV-2 Antibody Levels and Single Post-Infectious Symptoms

In the next step, a potential association of SARS-CoV-2-directed humoral immune
response with specific single post-infectious symptoms was assessed. Significant differ-
ences were observed for the single post-infectious symptoms “headache” and “irritability”.
Convalescents reporting “headache” exhibited higher anti-nucleocapsid antibody levels
at TE, with a similar trend at TL (p-values: 0.023 and 0.316, respectively; Figure 3A). No
relevant differences were shown for anti-spike antibody levels at TE and TL (p-values: 0.272
and 0.858, respectively; Figure 3B).

In terms of the symptom “irritability”, convalescents had significantly higher anti-
nucleocapsid antibody levels at TL and trended to elevated anti-nucleocapsid antibody
levels at TE (p-values; 0.026 and 0.065, respectively; Figure 3C). In addition, anti-spike
antibody levels were significantly increased at TE with a similar, but not significant, trend
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at TL (p-values; 0.026 and 0.056; Figure 3D). For all other symptoms no relevant differences
in anti-SARS-CoV-2 antibody levels were observed (Figure 3E–J, Figure S1A–H).
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Figure 2. Severity of post-infectious symptoms and antibody response after SARS-CoV-2 infec-
tion. Anti-nucleocapsid antibody (Ab) levels (left) and anti-spike Ab levels (right) were assessed in
COVID-19 convalescent donors (n = 51) at TE (“early” timepoint 5–6 weeks after positive PCR, (A,C))
and TL (“late” timepoint 5–6 months after positive PCR, (B,D)). Convalescents were grouped ac-
cording to post-infectious symptom severity at TL, as defined by the symptom score. The existence
and severity (no, mild, moderate, and severe) of 10 individual symptoms were assessed using a
questionnaire. The symptom score was determined by adding up the gradings of all single symp-
toms according to self-reported grading (no = 0, mild = 1, moderate = 2, severe = 3). The levels of
anti-spike Ab are shown as a ratio above the threshold value. Levels of anti-nucleocapsid Ab are
shown as an index value. Data are presented as box plots showing the median with 25th and 75th
percentiles and min/max whiskers. p-values were calculated using the Mann–Whitney U test (A,B)
and Kruskal–Wallis test (C,D). p, p-value; Ab, antibody.

3.5. Anti-SARS-CoV-2 Antibody Levels and Classification of Symptoms

For further analysis, post-infectious symptoms were classified according to general
symptoms, altered sensory perception, neuro-psychiatric, and pulmonary symptoms. The
appearance of general symptoms (“fatigue” and “reduced performance”) was observed
in convalescents with significantly higher anti-spike antibody levels at TL, with the same
trend at TE (p-values: 0.047 and 0.149, respectively; Figure 4A,B).
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Figure 3. Single post-infectious symptoms in correlation with antibody response after SARS-CoV-2
infection. Anti-nucleocapsid antibody (Ab) levels (left) and anti-spike Ab levels (right) were assessed
in COVID-19 convalescent donors (n = 51) at TE (“early” timepoint 5–6 weeks after positive PCR,
(A,C,E,G,I)) and TL (“late” timepoint 5–6 months after positive PCR, (B,D,F,H,J)). Convalescents were
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grouped according to the existence (no/yes) of single post-infectious symptoms at TL. The levels
of anti-spike Ab are shown as a ratio above the threshold value. Levels of anti-nucleocapsid Ab are
shown as an index value. Data are presented as box plots showing the median with 25th and 75th
percentiles and min/max whiskers. p-values were calculated by Mann–Whitney U test. p, p-value;
Ab, antibody.
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CoV-2 convalescents. Anti-nucleocapsid antibody (Ab) levels (left) and anti-spike Ab levels (right)
were assessed in COVID-19 convalescent donors (n = 51) at TE (“early” timepoint 5–6 weeks after
positive PCR, (A,C,E,G)) and TL (“late” timepoint 5–6 months after positive PCR, (B,D,F,H) grouped
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according to the existence (no/yes) of categorized post-infectious symptoms at TL. The existence of
single symptoms was assessed using a questionnaire. The categorization of single symptoms was
based on the similar nature of the symptoms: general symptoms included fatigue and reduced per-
formance; altered sensory perception combined anosmia, ageusia, and hearing loss; neuropsychiatric
symptoms comprised restlessness, palpitations, irritability, and headache; and pulmonary symptoms
included cough and dyspnea. Levels of anti-spike Ab are shown as a ratio above the threshold value.
Levels of anti-nucleocapsid Ab are shown as an index value. Data are presented as box plots showing
the median with 25th and 75th percentiles and min/max whiskers showing all points. p-values were
calculated using the Kruskal–Wallis-test. p, p-value; Ab, antibody.

Individuals that reported altered sensory perceptions (“anosmia/ageusia” and “hear-
ing loss”) had significantly higher anti-nucleocapsid antibody levels at TE, with the same
tendency at TL (p-values: 0.008 and 0.102, respectively; Figure 4C,D). Convalescents with
a neuro-psychiatric symptom (“restlessness”, “palpitations”, “irritability”, and “headache”)
showed significantly higher anti-nucleocapsid antibody levels at TE with a similar trend
at TL (p-values: 0.016 and 0.150, respectively; Figure 4E,F). A tendency towards higher
anti-spike antibody levels could also be noticed at TE in this classification (p-values: 0.118;
Figure 4E). Interestingly, for pulmonary symptoms (“cough” and “dyspnea”) no significant
differences in anti-nucleocapsid and anti-spike antibody levels were observed at both time
points (p-values: 0.974, 0.574, 0.795 and 0.574, respectively; Figure 4G,H).

4. Discussion

The clinical course of post-COVID syndrome can be very variable and it is frequently
reported even in non-hospitalized convalescents with an asymptomatic to moderate course
of COVID-19 [14–16]. In this work, we observed post-COVID syndrome in about 40%
of all individuals 5–6 months after PCR-confirmed acute infection, as well as increased
anti-SARS-CoV-2-specific antibody levels (5–6 weeks and 5–6 months after positive PCR)
in post-COVID syndrome patients. In addition, convalescents reporting general symptoms,
altered sensory perceptions, or neuropsychiatric symptoms showed higher anti-SARS-CoV-
2-specific antibody levels.

In this non-hospitalized group of convalescents, 76% of individuals reported at least
one post-infectious symptom 5–6 months after PCR-confirmed COVID-19, which was
higher compared with another study reporting at least one post-infectious symptom in
about 40% of convalescents six months after positive PCR [33]. Of note, in hospitalized con-
valescents similar rates (73%) of post infectious symptoms were observed [14]. Differences
in the prevalence of post-COVID syndrome were most likely due to differing assessment
with regards to time points and methods, divergent definitions of post-COVID syndrome,
and the baseline characteristics of the convalescents [9,10,14,33,37,41]. Currently, the defi-
nition of post-COVID syndrome relies on the persistence of symptoms, which cannot be
explained by an alternative cause 3 months after COVID-19 and a general definition of
symptoms for the diagnosis is missing [42]. In this study, most convalescents reporting
symptoms 5–6 months after PCR confirmed acute infection attributed symptoms to be
post-infectious after COVID-19. Of note, this study was conducted early in the SARS-CoV-2
pandemic and was influenced by a lack of awareness of post-COVID syndrome and in
addition, the self-reported assessment of symptoms by questionnaire has to be taken with
caution [43,44]. Therefore, all of the reported (post-infectious) symptoms were evaluated
and convalescents with more than two symptoms or a symptom score > 3 were considered
as presenting with post-COVID syndrome. This rate is in line with a prospective and
longitudinal study reporting that 35% of non-hospitalized COVID-19 patients suffer from
post-COVID syndrome 7 months after infection [3]. The most frequently documented
symptoms in our cohort were “fatigue”, “anosmia and ageusia”, “headache”, and “reduced
performance”, as previously reported [14].

Post-COVID syndrome significantly limits the activity of daily life and can thus lead to
tremendous socioeconomical consequences [2,4]. Therefore, a key challenge for physicians
is the identification of COVID-19 patients being at high risk of developing post-COVID



Viruses 2023, 15, 701 11 of 15

syndrome [4]. So far, the cause of post-COVID syndrome is not fully understood and is
even discussed contradictory, which further complicates the search for reliable predictive
markers [6,17–25]. Some risk factors for post-COVID syndrome have been identified, such
as age, body mass index, gender, and severity of symptoms during acute COVID-19 [45–48].
In addition, our and other studies have reported on differential SARS-CoV-2-specific
humoral immune responses in convalescents with post-COVID syndrome and the role of
the SARS-CoV-2-specific humoral immune response in post-COVID syndrome is still a
matter of debate as data are incomplete and even partially contradictory, which may be
attributable to the different methodological approaches [3,32–38]. In our cohort, 84% and
75% of convalescents were positive for anti-spike antibodies at TE and TL, respectively,
whereas positivity for anti-nucleocapsid antibodies remained stable with a seroconversion
rate of 88% at both timepoints. In this work, we used the Elecsys® anti-SARS-CoV-2 anti-
N immunoassay (Roche Diagnostics) for the detection of anti-nucleocapsid antibodies.
This assay is known to be more sensitive during the complete course of a SARS-CoV-2
infection compared to many other assays, which is consistent with our results [49,50]. In
addition, the competitive Elecsys® immunoassay showed longer seropositivity rates, while
antibody titers over time decreased over time [40,49,50]. This is most likely explained by the
influence of antibody avidity and the relative abundance of the different immunoglobulin
classes in the competitive assay [49–51]. Recently, increased SARS-CoV-2-specific antibody
levels (anti-spike and anti-nucleocapsid) were observed in patients with post-COVID
syndrome 6 months after infection [33]. Likewise, we could show that anti-nucleocapsid
antibody levels 5–6 months after PCR-confirmed acute infection were associated with
post-COVID syndrome, significantly for the quantity and tendentially for the severity of
the experienced post-infectious symptoms. In addition, we observed significantly increased
anti-nucleocapsid antibody levels in post-COVID syndrome patients at an earlier time
point 5–6 weeks after positive PCR, which might help to identify convalescents with an
increased risk for post-COVID syndrome, as anti-nucleocapsid antibodies are not induced
by most of the EMA-approved vaccines. Moreover, faster symptom resolution of acute
COVID-19 is associated with higher anti-nucleocapsid antibody levels during the first week
after diagnosis, which additionally underlines their importance [37].

In this work, we observed significantly increased anti-spike-antibody levels early and
late after acute infection in convalescents with post-COVID syndrome, while the overall
anti-spike-antibodies in all convalescents decreased over time. This is consistent with re-
ports by others showing that anti-spike antibody levels wane over time and convalescents
with more and more severe post-infectious symptoms have higher anti-spike antibody lev-
els after infection [26–32]. Our results resemble the observations made by Durstenfeld et al.
reporting on higher anti-receptor-binding-domain antibody levels in convalescents with
post-infectious cardio-pulmonary symptoms 7 months after acute infection [35].

Besides the number and severity of post-infectious symptoms, we also assessed the
character of post-infectious symptoms with SARS-CoV-2-specific humoral immune re-
sponse. Convalescents reporting post-infectious neuropsychiatric symptoms had signifi-
cantly higher anti-nucleocapsid antibody levels 5–6 weeks after PCR-confirmed COVID-19.
This is of special importance, as post-infectious neuropsychiatric symptoms have been
observed in many convalescents suffering from post-COVID syndrome [41,52]. In addi-
tion, we showed in convalescents with altered sensory perception significantly higher
anti-nucleocapsid antibody levels, including both IgG and IgA, 5–6 weeks after positive
PCR. Interestingly, others reported on lower anti-spike IgA antibody levels in convalescents
with persisting post-infectious up to 3 months after acute infection anosmia or ageusia,
highlighting the importance of IgA antibodies on mucosal tissue [38].

With increasing reports of post-COVID syndrome and post-infectious fatigue in SARS-
CoV-2 convalescents, COVID-19, similar to many other viral infections (e.g., Epstein–
Barr virus, human herpes virus-6, or the human parvovirus B19), has become increas-
ingly discussed as a trigger for Myalgic Encephalomyelitis/Chronic Fatigue Syndrome
(ME/CFS) [53,54]. In this study, we observed higher anti-spike antibody levels early after
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COVID-19 infection in convalescents reporting post-infectious “fatigue” and/or a “reduced
performance”. Of note, a post-infectious dysregulated immune response and autoimmunity,
including the development of autoantibodies, have been intensively discussed as a key
feature of the ME/CFS pathophysiology [53,55,56].

Together, this study provides further insights into the association of SARS-CoV-2-
specific humoral immune response with post-COVID syndrome: increased SARS-CoV-2-
specific antibody levels were observed early after infection in convalescents with more and
more severe post-infectious symptoms approximately 6 months after infection, in particular
in individuals suffering from neuro-psychiatric symptoms. Based on this observation, it
is tempting to hypothesize that assessment of the humoral immune response, including
anti-nucleocapsid antibody levels, can help to identify convalescents who are at increased
risk for post-COVID syndrome.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v15030701/s1, Figure S1: Additional single post-infectious symptoms in
correlation to antibody response after SARS-CoV-2 Infection.

Author Contributions: J.S.W., A.N. and J.S.H. designed the study. Y.M., A.N. and J.S.H. collected
convalescent data. C.H., C.M.T. and J.S.H. analyzed data and performed statistical analyses. C.H.
and J.S.H. drafted the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Federal Ministry of Education and Research (BMBF
16LW0005 and BMBF/SEA-Europe Joint Funding 2020/01DP21014, J.S.W.), the German Research
Foundation (DFG, German Research Foundation, Grant WA 4608/1-2, J.S.W.), the German Research
Foundation under Germany’s Excellence Strategy (Grant EXC2180-390900677, J.S.W.), the German
Cancer Consortium (DKTK, J.S.W.), the Wilhelm Sander-Stiftung (Grant 2016.177.3, J.S.W.), Deutsche
Krebshilfe (Grant 70114948, J.S.W.), and a Publication Cost Grant by the Open Access Publication
Fund of the University of Tübingen.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and was approved by the local ethics committees (179/2020/BO2).

Informed Consent Statement: Informed consent was obtained in accordance with the Declaration of
Helsinki protocol from all of the subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO. WHO Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int/ (accessed on 12 September 2022).
2. Briggs, A.; Vassall, A. Count the cost of disability caused by COVID-19. Nature 2021, 593, 502–505. [CrossRef] [PubMed]
3. Augustin, M.; Schommers, P.; Stecher, M.; Dewald, F.; Gieselmann, L.; Gruell, H.; Horn, C.; Vanshylla, K.; Cristanziano, V.D.;

Osebold, L.; et al. Post-COVID syndrome in non-hospitalised patients with COVID-19: A longitudinal prospective cohort study.
Lancet Reg. Health Eur. 2021, 6, 100122. [CrossRef] [PubMed]

4. Pink, I.; Welte, T. Frequency, spectrum and risk factors of long COVID. Inn. Med. 2022, 63, 813–818. [CrossRef]
5. Koczulla, A.R.; Ankermann, T.; Behrends, U.; Berlit, P.; Böing, S.; Brinkmann, F.; Franke, C.; Glöckl, R.; Gogoll, C.;

Hummel, T.; et al. S1 Guideline Post-COVID/Long-COVID. Pneumologie 2021, 75, 869–900. [CrossRef]
6. Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.;

Sehrawat, T.S.; et al. Post-acute COVID-19 syndrome. Nat. Med. 2021, 27, 601–615. [CrossRef]
7. NICE. National Institute for Health and Care Excellence: Clinical Guidelines. In COVID-19 Rapid Guideline: Managing the

Long-Term Effects of COVID-19; National Institute for Health and Care Excellence (NICE) Copyright© NICE 2020: London,
UK, 2020.

8. Seeßle, J.; Waterboer, T.; Hippchen, T.; Simon, J.; Kirchner, M.; Lim, A.; Müller, B.; Merle, U. Persistent Symptoms in Adult Patients
1 Year After Coronavirus Disease 2019 (COVID-19): A Prospective Cohort Study. Clin. Infect Dis. 2022, 74, 1191–1198. [CrossRef]

9. Lund, L.C.; Hallas, J.; Nielsen, H.; Koch, A.; Mogensen, S.H.; Brun, N.C.; Christiansen, C.F.; Thomsen, R.W.; Pottegård, A.
Post-acute effects of SARS-CoV-2 infection in individuals not requiring hospital admission: A Danish population-based cohort
study. Lancet Infect Dis. 2021, 21, 1373–1382. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/v15030701/s1
https://www.mdpi.com/article/10.3390/v15030701/s1
https://covid19.who.int/
http://doi.org/10.1038/d41586-021-01392-2
http://www.ncbi.nlm.nih.gov/pubmed/34040204
http://doi.org/10.1016/j.lanepe.2021.100122
http://www.ncbi.nlm.nih.gov/pubmed/34027514
http://doi.org/10.1007/s00108-022-01370-4
http://doi.org/10.1055/a-1551-9734
http://doi.org/10.1038/s41591-021-01283-z
http://doi.org/10.1093/cid/ciab611
http://doi.org/10.1016/S1473-3099(21)00211-5
http://www.ncbi.nlm.nih.gov/pubmed/33984263


Viruses 2023, 15, 701 13 of 15

10. Davis, H.E.; Assaf, G.S.; McCorkell, L.; Wei, H.; Low, R.J.; Re’em, Y.; Redfield, S.; Austin, J.P.; Akrami, A. Characterizing long
COVID in an international cohort: 7 months of symptoms and their impact. EClinicalMedicine 2021, 38, 101019. [CrossRef]

11. Stavem, K.; Ghanima, W.; Olsen, M.K.; Gilboe, H.M.; Einvik, G. Persistent symptoms 1.5–6 months after COVID-19 in non-
hospitalised subjects: A population-based cohort study. Thorax 2021, 76, 405–407. [CrossRef] [PubMed]

12. Dennis, A.; Wamil, M.; Alberts, J.; Oben, J.; Cuthbertson, D.J.; Wootton, D.; Crooks, M.; Gabbay, M.; Brady, M.; Hishmeh, L.; et al.
Multiorgan impairment in low-risk individuals with post-COVID-19 syndrome: A prospective, community-based study. BMJ
Open 2021, 11, e048391. [CrossRef]

13. Arnold, D.T.; Hamilton, F.W.; Milne, A.; Morley, A.J.; Viner, J.; Attwood, M.; Noel, A.; Gunning, S.; Hatrick, J.; Hamilton, S.; et al.
Patient outcomes after hospitalisation with COVID-19 and implications for follow-up: Results from a prospective UK cohort.
Thorax 2021, 76, 399–401. [CrossRef]

14. Förster, C.; Colombo, M.G.; Wetzel, A.J.; Martus, P.; Joos, S. Persisting Symptoms after COVID-19. Dtsch. Arztebl. Int. 2022,
119, 167–174. [CrossRef]

15. Nakamichi, K.; Shen, J.Z.; Lee, C.S.; Lee, A.; Roberts, E.A.; Simonson, P.D.; Roychoudhury, P.; Andriesen, J.; Randhawa, A.K.;
Mathias, P.C.; et al. Hospitalization and mortality associated with SARS-CoV-2 viral clades in COVID-19. Sci. Rep. 2021, 11, 4802.
[CrossRef] [PubMed]

16. Wu, Z.; McGoogan, J.M. Characteristics of and Important Lessons From the Coronavirus Disease 2019 (COVID-19) Outbreak
in China: Summary of a Report of 72 314 Cases From the Chinese Center for Disease Control and Prevention. JAMA 2020,
323, 1239–1242. [CrossRef] [PubMed]

17. Gupta, A.; Madhavan, M.V.; Sehgal, K.; Nair, N.; Mahajan, S.; Sehrawat, T.S.; Bikdeli, B.; Ahluwalia, N.; Ausiello, J.C.;
Wan, E.Y.; et al. Extrapulmonary manifestations of COVID-19. Nat. Med. 2020, 26, 1017–1032. [CrossRef] [PubMed]

18. Su, Y.; Yuan, D.; Chen, D.G.; Ng, R.H.; Wang, K.; Choi, J.; Li, S.; Hong, S.; Zhang, R.; Xie, J.; et al. Multiple early factors anticipate
post-acute COVID-19 sequelae. Cell 2022, 185, 881–895.e820. [CrossRef] [PubMed]

19. Gaebler, C.; Wang, Z.; Lorenzi, J.C.C.; Muecksch, F.; Finkin, S.; Tokuyama, M.; Cho, A.; Jankovic, M.; Schaefer-Babajew, D.;
Oliveira, T.Y.; et al. Evolution of antibody immunity to SARS-CoV-2. Nature 2021, 591, 639–644. [CrossRef] [PubMed]

20. Hopkinson, N.S.; Jenkins, G.; Hart, N. COVID-19 and what comes after? Thorax 2021, 76, 324–325. [CrossRef] [PubMed]
21. Douaud, G.; Lee, S.; Alfaro-Almagro, F.; Arthofer, C.; Wang, C.; McCarthy, P.; Lange, F.; Andersson, J.L.R.; Griffanti, L.;

Duff, E.; et al. SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature 2022, 604, 697–707. [CrossRef]
22. Verger, A.; Kas, A.; Dudouet, P.; Goehringer, F.; Salmon-Ceron, D.; Guedj, E. Visual interpretation of brain hypometabolism

related to neurological long COVID: A French multicentric experience. Eur. J. Nucl. Med. Mol. Imaging 2022, 49, 3197–3202.
[CrossRef]

23. Zuo, Y.; Estes, S.K.; Ali, R.A.; Gandhi, A.A.; Yalavarthi, S.; Shi, H.; Sule, G.; Gockman, K.; Madison, J.A.; Zuo, M.; et al.
Prothrombotic autoantibodies in serum from patients hospitalized with COVID-19. Sci. Transl. Med. 2020, 12, 18. [CrossRef]

24. Hu, F.; Chen, F.; Ou, Z.; Fan, Q.; Tan, X.; Wang, Y.; Pan, Y.; Ke, B.; Li, L.; Guan, Y.; et al. A compromised specific humoral
immune response against the SARS-CoV-2 receptor-binding domain is related to viral persistence and periodic shedding in the
gastrointestinal tract. Cell Mol. Immunol. 2020, 17, 1119–1125. [CrossRef] [PubMed]

25. Liu, B.; Han, J.; Cheng, X.; Yu, L.; Zhang, L.; Wang, W.; Ni, L.; Wei, C.; Huang, Y.; Cheng, Z. Reduced numbers of T cells and B cells
correlates with persistent SARS-CoV-2 presence in non-severe COVID-19 patients. Sci. Rep. 2020, 10, 17718. [CrossRef] [PubMed]

26. Woodruff, M.C.; Ramonell, R.P.; Nguyen, D.C.; Cashman, K.S.; Saini, A.S.; Haddad, N.S.; Ley, A.M.; Kyu, S.; Howell, J.C.; Ozturk,
T.; et al. Extrafollicular B cell responses correlate with neutralizing antibodies and morbidity in COVID-19. Nat. Immunol. 2020,
21, 1506–1516. [CrossRef] [PubMed]

27. Horton, D.B.; Barrett, E.S.; Roy, J.; Gennaro, M.L.; Andrews, T.; Greenberg, P.; Bruiners, N.; Datta, P.; Ukey, R.; Velusamy, S.K.; et al.
Determinants and dynamics of SARS-CoV-2 infection in a diverse population: 6-month evaluation of a prospective cohort study.
J. Infect Dis. 2021, 224, 1345–1356. [CrossRef] [PubMed]

28. Nelde, A.; Bilich, T.; Heitmann, J.S.; Maringer, Y.; Salih, H.R.; Roerden, M.; Lübke, M.; Bauer, J.; Rieth, J.; Wacker, M.; et al.
SARS-CoV-2-derived peptides define heterologous and COVID-19-induced T cell recognition. Nat. Immunol. 2021, 22, 74–85.
[CrossRef] [PubMed]

29. Van Elslande, J.; Oyaert, M.; Ailliet, S.; Van Ranst, M.; Lorent, N.; Vande Weygaerde, Y.; André, E.; Lagrou, K.; Vandendriessche, S.;
Vermeersch, P. Longitudinal follow-up of IgG anti-nucleocapsid antibodies in SARS-CoV-2 infected patients up to eight months
after infection. J. Clin. Virol. 2021, 136, 104765. [CrossRef]

30. Eberhardt, K.A.; Meyer-Schwickerath, C.; Heger, E.; Knops, E.; Lehmann, C.; Rybniker, J.; Schommers, P.; Eichenauer, D.A.; Kurth,
F.; Ramharter, M.; et al. RNAemia Corresponds to Disease Severity and Antibody Response in Hospitalized COVID-19 Patients.
Viruses 2020, 12, 1045. [CrossRef] [PubMed]

31. Marklund, E.; Leach, S.; Axelsson, H.; Nyström, K.; Norder, H.; Bemark, M.; Angeletti, D.; Lundgren, A.; Nilsson, S.; Andersson,
L.M.; et al. Serum-IgG responses to SARS-CoV-2 after mild and severe COVID-19 infection and analysis of IgG non-responders.
PLoS ONE 2020, 15, e0241104. [CrossRef]

32. García-Abellán, J.; Padilla, S.; Fernández-González, M.; García, J.A.; Agulló, V.; Andreo, M.; Ruiz, S.; Galiana, A.; Gutiérrez,
F.; Masiá, M. Antibody Response to SARS-CoV-2 is Associated with Long-term Clinical Outcome in Patients with COVID-19:
A Longitudinal Study. J. Clin. Immunol. 2021, 41, 1490–1501. [CrossRef]

http://doi.org/10.1016/j.eclinm.2021.101019
http://doi.org/10.1136/thoraxjnl-2020-216377
http://www.ncbi.nlm.nih.gov/pubmed/33273028
http://doi.org/10.1136/bmjopen-2020-048391
http://doi.org/10.1136/thoraxjnl-2020-216086
http://doi.org/10.3238/arztebl.m2022.0147
http://doi.org/10.1038/s41598-021-82850-9
http://www.ncbi.nlm.nih.gov/pubmed/33637820
http://doi.org/10.1001/jama.2020.2648
http://www.ncbi.nlm.nih.gov/pubmed/32091533
http://doi.org/10.1038/s41591-020-0968-3
http://www.ncbi.nlm.nih.gov/pubmed/32651579
http://doi.org/10.1016/j.cell.2022.01.014
http://www.ncbi.nlm.nih.gov/pubmed/35216672
http://doi.org/10.1038/s41586-021-03207-w
http://www.ncbi.nlm.nih.gov/pubmed/33461210
http://doi.org/10.1136/thoraxjnl-2020-216226
http://www.ncbi.nlm.nih.gov/pubmed/33589513
http://doi.org/10.1038/s41586-022-04569-5
http://doi.org/10.1007/s00259-022-05753-5
http://doi.org/10.1126/scitranslmed.abd3876
http://doi.org/10.1038/s41423-020-00550-2
http://www.ncbi.nlm.nih.gov/pubmed/33037400
http://doi.org/10.1038/s41598-020-73955-8
http://www.ncbi.nlm.nih.gov/pubmed/33077873
http://doi.org/10.1038/s41590-020-00814-z
http://www.ncbi.nlm.nih.gov/pubmed/33028979
http://doi.org/10.1093/infdis/jiab411
http://www.ncbi.nlm.nih.gov/pubmed/34387310
http://doi.org/10.1038/s41590-020-00808-x
http://www.ncbi.nlm.nih.gov/pubmed/32999467
http://doi.org/10.1016/j.jcv.2021.104765
http://doi.org/10.3390/v12091045
http://www.ncbi.nlm.nih.gov/pubmed/32962125
http://doi.org/10.1371/journal.pone.0241104
http://doi.org/10.1007/s10875-021-01083-7


Viruses 2023, 15, 701 14 of 15

33. Peghin, M.; Palese, A.; Venturini, M.; De Martino, M.; Gerussi, V.; Graziano, E.; Bontempo, G.; Marrella, F.; Tommasini, A.; Fabris,
M.; et al. Post-COVID-19 symptoms 6 months after acute infection among hospitalized and non-hospitalized patients. Clin.
Microbiol. Infect. 2021, 27, 1507–1513. [CrossRef] [PubMed]

34. Pereira, C.; Harris, B.H.L.; Di Giovannantonio, M.; Rosadas, C.; Short, C.E.; Quinlan, R.; Sureda-Vives, M.; Fernandez, N.;
Day-Weber, I.; Khan, M.; et al. The Association Between Antibody Response to Severe Acute Respiratory Syndrome Coronavirus
2 Infection and Post-COVID-19 Syndrome in Healthcare Workers. J. Infect. Dis. 2021, 223, 1671–1676. [CrossRef] [PubMed]

35. Durstenfeld, M.S.; Peluso, M.J.; Kelly, J.D.; Win, S.; Swaminathan, S.; Li, D.; Arechiga, V.M.; Zepeda, V.; Sun, K.; Shao, S.; et al. Role
of antibodies, inflammatory markers, and echocardiographic findings in postacute cardiopulmonary symptoms after SARS-CoV-2
infection. JCI Insight 2022, 7. [CrossRef] [PubMed]

36. Meisinger, C.; Goßlau, Y.; Warm, T.D.; Leone, V.; Hyhlik-Dürr, A.; Linseisen, J.; Kirchberger, I. Post-COVID-19 Fatigue and
SARS-CoV-2 Specific Humoral and T-Cell Responses in Male and Female Outpatients. Front. Immunol. 2022, 13, 902140. [CrossRef]
[PubMed]

37. Jia, X.; Cao, S.; Lee, A.S.; Manohar, M.; Sindher, S.B.; Ahuja, N.; Artandi, M.; Blish, C.A.; Blomkalns, A.L.; Chang, I.; et al.
Anti-nucleocapsid antibody levels and pulmonary comorbid conditions are linked to post-COVID-19 syndrome. JCI Insight 2022,
7, e156713. [CrossRef]

38. Rank, A.; Tzortzini, A.; Kling, E.; Schmid, C.; Claus, R.; Löll, E.; Burger, R.; Römmele, C.; Dhillon, C.; Müller, K.; et al. One
Year after Mild COVID-19: The Majority of Patients Maintain Specific Immunity, But One in Four Still Suffer from Long-Term
Symptoms. J. Clin. Med. 2021, 10, 3305. [CrossRef]

39. Son, K.B.; Lee, T.J.; Hwang, S.S. Disease severity classification and COVID-19 outcomes, Republic of Korea. Bull. World Health
Organ. 2021, 99, 62–66. [CrossRef] [PubMed]

40. Bilich, T.; Nelde, A.; Heitmann, J.S.; Maringer, Y.; Roerden, M.; Bauer, J.; Rieth, J.; Wacker, M.; Peter, A.; Hörber, S.; et al. T cell and
antibody kinetics delineate SARS-CoV-2 peptides mediating long-term immune responses in COVID-19 convalescent individuals.
Sci. Transl. Med. 2021, 13, eabf7517. [CrossRef]

41. Huang, C.; Huang, L.; Wang, Y.; Li, X.; Ren, L.; Gu, X.; Kang, L.; Guo, L.; Liu, M.; Zhou, X.; et al. 6-month consequences of
COVID-19 in patients discharged from hospital: A cohort study. Lancet 2021, 397, 220–232. [CrossRef]

42. Baig, A.M. Chronic COVID syndrome: Need for an appropriate medical terminology for long-COVID and COVID long-haulers.
J. Med. Virol. 2021, 93, 2555–2556. [CrossRef]

43. Maddox, G.L.; Douglass, E.B. Self-assessment of health: A longitudinal study of elderly subjects. J. Health Soc. Behav. 1973,
14, 87–93. [CrossRef] [PubMed]

44. Ward, M.; Gruppen, L.; Regehr, G. Measuring self-assessment: Current state of the art. Adv. Health Sci. Educ. Theory Pract. 2002,
7, 63–80. [CrossRef] [PubMed]

45. Sudre, C.H.; Murray, B.; Varsavsky, T.; Graham, M.S.; Penfold, R.S.; Bowyer, R.C.; Pujol, J.C.; Klaser, K.; Antonelli, M.;
Canas, L.S.; et al. Attributes and predictors of long COVID. Nat. Med. 2021, 27, 626–631. [CrossRef] [PubMed]

46. Bliddal, S.; Banasik, K.; Pedersen, O.B.; Nissen, J.; Cantwell, L.; Schwinn, M.; Tulstrup, M.; Westergaard, D.; Ullum, H.;
Brunak, S.; et al. Acute and persistent symptoms in non-hospitalized PCR-confirmed COVID-19 patients. Sci. Rep. 2021, 11, 13153.
[CrossRef] [PubMed]

47. Sigfrid, L.; Drake, T.M.; Pauley, E.; Jesudason, E.C.; Olliaro, P.; Lim, W.S.; Gillesen, A.; Berry, C.; Lowe, D.J.; McPeake, J.; et al.
Long Covid in adults discharged from UK hospitals after COVID-19: A prospective, multicentre cohort study using the ISARIC
WHO Clinical Characterisation Protocol. Lancet Reg. Health Eur. 2021, 8, 100186. [CrossRef]

48. Boscolo-Rizzo, P.; Guida, F.; Polesel, J.; Marcuzzo, A.V.; Capriotti, V.; D’Alessandro, A.; Zanelli, E.; Marzolino, R.; Lazzarin, C.;
Antonucci, P.; et al. Sequelae in adults at 12 months after mild-to-moderate coronavirus disease 2019 (COVID-19). Int. Forum.
Allergy Rhinol. 2021, 11, 1685–1688. [CrossRef] [PubMed]

49. Favresse, J.; Eucher, C.; Elsen, M.; Gillot, C.; Van Eeckhoudt, S.; Dogné, J.M.; Douxfils, J. Persistence of Anti-SARS-CoV-2
Antibodies Depends on the Analytical Kit: A Report for Up to 10 Months after Infection. Microorganisms 2021, 9, 556. [CrossRef]
[PubMed]

50. Di Germanio, C.; Simmons, G.; Kelly, K.; Martinelli, R.; Darst, O.; Azimpouran, M.; Stone, M.; Hazegh, K.; Grebe, E.;
Zhang, S.; et al. SARS-CoV-2 antibody persistence in COVID-19 convalescent plasma donors: Dependency on assay format
and applicability to serosurveillance. Transfusion 2021, 61, 2677–2687. [CrossRef] [PubMed]

51. Van Elslande, J.; Oyaert, M.; Lorent, N.; Vande Weygaerde, Y.; Van Pottelbergh, G.; Godderis, L.; Van Ranst, M.; André, E.;
Padalko, E.; Lagrou, K.; et al. Lower persistence of anti-nucleocapsid compared to anti-spike antibodies up to one year after
SARS-CoV-2 infection. Diagn Microbiol. Infect Dis. 2022, 103, 115659. [CrossRef]

52. Taquet, M.; Geddes, J.R.; Husain, M.; Luciano, S.; Harrison, P.J. 6-month neurological and psychiatric outcomes in 236 379
survivors of COVID-19: A retrospective cohort study using electronic health records. Lancet Psychiatry 2021, 8, 416–427. [CrossRef]
[PubMed]

53. Kedor, C.; Freitag, H.; Meyer-Arndt, L.; Wittke, K.; Hanitsch, L.G.; Zoller, T.; Steinbeis, F.; Haffke, M.; Rudolf, G.; Heidecker,
B.; et al. A prospective observational study of post-COVID-19 chronic fatigue syndrome following the first pandemic wave in
Germany and biomarkers associated with symptom severity. Nat. Commun. 2022, 13, 5104. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cmi.2021.05.033
http://www.ncbi.nlm.nih.gov/pubmed/34111579
http://doi.org/10.1093/infdis/jiab120
http://www.ncbi.nlm.nih.gov/pubmed/33675366
http://doi.org/10.1172/jci.insight.157053
http://www.ncbi.nlm.nih.gov/pubmed/35389890
http://doi.org/10.3389/fimmu.2022.902140
http://www.ncbi.nlm.nih.gov/pubmed/35693828
http://doi.org/10.1172/jci.insight.156713
http://doi.org/10.3390/jcm10153305
http://doi.org/10.2471/BLT.20.257758
http://www.ncbi.nlm.nih.gov/pubmed/33658735
http://doi.org/10.1126/scitranslmed.abf7517
http://doi.org/10.1016/S0140-6736(20)32656-8
http://doi.org/10.1002/jmv.26624
http://doi.org/10.2307/2136940
http://www.ncbi.nlm.nih.gov/pubmed/4708417
http://doi.org/10.1023/A:1014585522084
http://www.ncbi.nlm.nih.gov/pubmed/11912336
http://doi.org/10.1038/s41591-021-01292-y
http://www.ncbi.nlm.nih.gov/pubmed/33692530
http://doi.org/10.1038/s41598-021-92045-x
http://www.ncbi.nlm.nih.gov/pubmed/34162913
http://doi.org/10.1016/j.lanepe.2021.100186
http://doi.org/10.1002/alr.22832
http://www.ncbi.nlm.nih.gov/pubmed/34109765
http://doi.org/10.3390/microorganisms9030556
http://www.ncbi.nlm.nih.gov/pubmed/33800489
http://doi.org/10.1111/trf.16555
http://www.ncbi.nlm.nih.gov/pubmed/34121205
http://doi.org/10.1016/j.diagmicrobio.2022.115659
http://doi.org/10.1016/S2215-0366(21)00084-5
http://www.ncbi.nlm.nih.gov/pubmed/33836148
http://doi.org/10.1038/s41467-022-32507-6
http://www.ncbi.nlm.nih.gov/pubmed/36042189


Viruses 2023, 15, 701 15 of 15

54. Tokumasu, K.; Honda, H.; Sunada, N.; Sakurada, Y.; Matsuda, Y.; Yamamoto, K.; Nakano, Y.; Hasegawa, T.; Yamamoto, Y.; Otsuka,
Y.; et al. Clinical Characteristics of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) Diagnosed in Patients with
Long COVID. Medicina 2022, 58, 850. [CrossRef] [PubMed]

55. Sotzny, F.; Blanco, J.; Capelli, E.; Castro-Marrero, J.; Steiner, S.; Murovska, M.; Scheibenbogen, C. Myalgic Encephalomyeli-
tis/Chronic Fatigue Syndrome–Evidence for an autoimmune disease. Autoimmun. Rev. 2018, 17, 601–609. [CrossRef] [PubMed]

56. Jason, L.A.; Katz, B.Z.; Shiraishi, Y.; Mears, C.J.; Im, Y.; Taylor, R. Predictors of Post-Infectious Chronic Fatigue Syndrome in
Adolescents. Health Psychol. Behav. Med. 2014, 2, 41–51. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/medicina58070850
http://www.ncbi.nlm.nih.gov/pubmed/35888568
http://doi.org/10.1016/j.autrev.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29635081
http://doi.org/10.1080/21642850.2013.869176
http://www.ncbi.nlm.nih.gov/pubmed/24660116

	Introduction 
	Materials and Methods 
	Participants and Serum Sample Collection 
	Assessment of Post-Infectious Symptoms 
	Antibody Responses 
	Software and Statistical Analysis 

	Results 
	Clinical Characteristics of COVID-19 Convalescents and Prevalence of Post-Infectious Symptoms 
	Anti-SARS-CoV-2 Antibody Levels and Number of Post-Infectious Symptoms 
	Anti-SARS-CoV-2 Antibody Levels and Severity of Post-Infectious Symptoms 
	Anti-SARS-CoV-2 Antibody Levels and Single Post-Infectious Symptoms 
	Anti-SARS-CoV-2 Antibody Levels and Classification of Symptoms 

	Discussion 
	References

