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Immunoglobulin signature predicts risk of post-
acute COVID-19 syndrome
Carlo Cervia 1, Yves Zurbuchen 1, Patrick Taeschler1, Tala Ballouz2, Dominik Menges 2, Sara Hasler 1,

Sarah Adamo 1, Miro E. Raeber 1, Esther Bächli3, Alain Rudiger4, Melina Stüssi-Helbling5, Lars C. Huber5,

Jakob Nilsson1, Ulrike Held 2, Milo A. Puhan 2 & Onur Boyman 1,6✉

Following acute infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) a significant proportion of individuals develop prolonged symptoms, a serious condition

termed post-acute coronavirus disease 2019 (COVID-19) syndrome (PACS) or long COVID.

Predictors of PACS are needed. In a prospective multicentric cohort study of 215 individuals,

we study COVID-19 patients during primary infection and up to one year later, compared to

healthy subjects. We discover an immunoglobulin (Ig) signature, based on total IgM and IgG3

levels, which – combined with age, history of asthma bronchiale, and five symptoms during

primary infection – is able to predict the risk of PACS independently of timepoint of blood

sampling. We validate the score in an independent cohort of 395 individuals with COVID-19.

Our results highlight the benefit of measuring Igs for the early identification of patients at

high risk for PACS, which facilitates the study of targeted treatment and pathomechanisms

of PACS.
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Infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) can cause asymptomatic or symptomatic cor-
onavirus disease 2019 (COVID-19). As of October 25, 2021,

more than 244 million SARS-CoV-2 infections have been con-
firmed worldwide that have caused at least 5 million deaths.
Symptoms of acute SARS-CoV-2 infection can include fever,
fatigue, myalgia, weakness, headache, rhinorrhea, dry cough,
shortness of breath (dyspnea), change in smell or taste, nausea,
vomiting, and diarrhea1. Following infection, a rapid systemic
immune response is mounted against SARS-CoV-2, characterized
by increased serum concentrations of chemokines and pro-
inflammatory cytokines, such as interleukin (IL)-6 and tumor
necrosis factor (TNF), and the appearance of activated mono-
cytes, followed by SARS-CoV-2-specific immunoglobulin M
(IgM), IgA, and IgG antibodies and interferon-γ-producing
T cells2–7. This concerted action of the immune system controls
the replication of SARS-CoV-2, and infectious SARS-CoV-2
cannot be isolated from the respiratory tract after 3 weeks8. This
typically coincides with the recovery of most individuals with
symptomatic COVID-19.

However, about one-third of individuals report one or more
COVID-19-related symptoms that last for more than 4 weeks (i.e.
29 days and more) after the onset of the first COVID-19-related
symptom9,10, a condition termed post-acute COVID-19 syn-
drome (PACS) or long COVID. Community prevalence of PACS
has been estimated in most studies to lie between 10% and 60%,
which depends on the definition of PACS used and patient care
level10,11. PACS can be further subdivided into subacute COVID-
19 when COVID-19-related symptoms last 12 weeks (84 days) or
less versus post-COVID-19 syndrome, which defines patients
with COVID-19-related symptoms persisting for more than
84 days after onset of their first symptoms of COVID-1912. The
most frequent symptoms of PACS are reported to be fatigue,
dyspnea, and cognitive impairment (also termed “brain fog”,
which includes loss of concentration and memory), as well as
pain and aches at different sites (including headache), cough,
change in smell or taste, and diarrhea12,13. As PACS is increas-
ingly recognized as a serious consequence of SARS-CoV-2
infection, early identification of individuals at risk of developing
PACS is needed.

A recent study analyzed PACS in individuals who self-reported
their symptoms by using an app. The authors found PACS to
correlate with increased hospitalization rate and comorbidities,
such as lung disease, asthma bronchiale, and heart disease, and
they concluded that age, female sex, and number of symptoms
during the first week of disease could be used to estimate an
individual’s risk for PACS14. However, self-reported data and
telehealth are at risk for bias, and risk factors associated with a
severe course of primary SARS-CoV-2 infection complicate the
detection of underlying risk factors for PACS independent of
disease severity. To address these issues, we have characterized a
prospective cohort of 215 individuals by clinical visits and
laboratory analyses up to one year of follow-up. We found dis-
tinct patterns of total immunoglobulin (Ig) levels in patients with
COVID-19 and integrated these in a clinical prediction score,
which allowed early identification of both outpatients and hos-
pitalized individuals with COVID-19 that were at high risk
for PACS.

Results
Characteristics of COVID-19 patients with and without PACS.
Our multicentric cohort included 175 individuals with reverse-
transcriptase quantitative polymerase chain reaction-confirmed
SARS-CoV-2 infection as well as 40 healthy controls without
acute symptoms and negative SARS-CoV-2-specific immunoassays.

A total of 134 individuals were followed up, including 123 patients
at about 6 months and 50 patients at one year after primary SARS-
CoV-2 infection (Fig. 1). Based on the classification by the World
Health Organization15, we distinguished 89 mild and 45 severe
COVID-19 cases attending follow-up and further subclassified them
into four cases of asymptomatic disease, 76 mild illness, nine mild
pneumonia, 20 severe pneumonia, and 25 acute respiratory distress
syndrome (ARDS), including five mild, 10 moderate, and 10 severe
ARDS cases (Table 1).

53.9% of mild COVID-19 cases and 82.2% of patients that
developed severe COVID-19 had PACS, defined—as aforemen-
tioned—by the persistence of one or more COVID-19-related
symptoms for more than four weeks (i.e. 29 days and more) after
the onset of the first COVID-19-related symptom (Table 1).
Conversely, only 8.6% of healthy controls experienced one or
more symptoms for more than 28 days during the one-year
follow-up period (Table 1). The most common prolonged
symptoms were fatigue, dyspnea, a change in smell or taste,
and anxiety or depression. Symptoms of PACS were about 2–6.5-
fold more frequent in severe compared to mild COVID-19 cases
overall, with the exception of smell or taste disorders (Table 1).

In patients with severe disease, laboratory values taken at
primary infection showed signs of lymphopenia and systemic
inflammation, including increased concentrations of C-reactive
protein (CRP), IL-6, and TNF, and some of these inflammatory
markers remained perturbed at 6-month follow-up (Table 1).

When studying the above-mentioned demographic character-
istics, comorbidities, and laboratory values at primary SARS-
CoV-2 infection in individuals experiencing PACS, we observed
several differences (Table 2). Compared to individuals without
PACS, the group of patients experiencing PACS contained a
larger percentage of severe COVID-19 cases (odds ratio 3.87;
p= 0.001), showed more COVID-19-related symptoms during
primary infection (odds ratio 1.81; p= 0.001), were of higher age
(odds ratio 1.67; p= 0.008), and more often required hospitaliza-
tion (odds ratio 2.55; p= 0.014) (Table 2). Sex distribution
between the groups of our cohort with and without PACS was
similar (p= 0.840). Moreover, we observed an association of risk
of developing PACS with a history of lung disease (odds ratio
6.29; p= 0.004) and, particularly, asthma bronchiale (odds ratio
9.74; p= 0.003) (Table 2). Furthermore, CRP and TNF
concentrations were slightly higher at primary SARS-CoV-2
infection in individuals later developing PACS, although the
inflammatory parameters did not have largely increased odds
ratios (odds ratios 1.01 and 1.07; p= 0.022 and 0.049,
respectively) (Table 2). Collectively, we observed that several
determinants of severe COVID-19, including age, hospitalization,
and an increase of certain inflammatory markers, present during
primary infection correlated with an increased risk of developing
PACS.

Distinct immunoglobulin signature correlating with develop-
ment of PACS. We assessed serum concentrations of IgA and
IgG antibodies specific for the SARS-CoV-2 spike protein subunit
1 (S1) and of total Igs. Compared to healthy controls, we detected
increased serum titers of SARS-CoV-2 S1-specific IgA and IgG, in
both mild and severe COVID-19 cases, with higher titers found in
severe COVID-19 cases (Table 1), confirming the previous
findings6. Comparison of individuals with and without PACS
revealed that at primary infection S1-specific IgA and IgG values
were similar between these two groups (Table 2).

On measuring total serum concentrations of different Igs, we
made several interesting findings. Compared to healthy controls,
IgM and IgG1 were indifferent in COVID-19 patients, whereas
IgG3 was significantly increased in COVID-19 patients (Fig. 2a).
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Differentiating mild versus severe COVID-19, IgM was lower in
severe compared to mild COVID-19 patients and healthy
controls, both at primary infection and 6-month follow-up.
IgG1 was indifferent, whereas IgG3 was higher in both mild and
severe COVID-19 cases, compared to healthy controls (Fig. 2b
and Supplementary Fig. 1a). IgM levels negatively correlated with
age, whereas none of the IgG subclasses showed a significant
trend with age (Fig. 2c).

In individuals developing PACS, we detected decreased IgM,
both at primary infection and 6-month follow-up (Fig. 2d).
Whereas IgG1 was unaltered, IgG3 tended to be lower in patients
with PACS (Fig. 2d), which was contrary to the increased IgG3
concentrations in both mild and severe COVID-19 cases (Fig. 2a).
IgA, IgG2, and IgG4 were neither significantly different in
patients with PACS compared to without PACS nor did they
show a trend that differed from the one observed in mild and

severe COVID-19 cases (Supplementary Fig. 1b–e). Assessment
of temporal changes in COVID-19 patients, of whom we had
blood samples at primary infection, 6-month, and 1-year follow-
up, showed that these total serum Ig concentrations remained
stable over time (Fig. 2e and Supplementary Fig. 1f).

In notable contrast to the increased IgG3 concentrations in
both mild and severe COVID-19 cases (Fig. 2b), IgG3 showed a
trend to being lower in patients developing PACS (Fig. 2d, f). This
discrepancy in IgG3 was also evident when analyzing the
proportion of IgG3 within total IgG during primary infection,
with severe COVID-19 patients without PACS demonstrating
increased IgG3, whereas severe COVID-19 patients developing
PACS failed to show such increase in IgG3 (Fig. 2g). Other IgG
subclasses did not show such changes (Supplementary Fig. 1g).

Notably, individuals with either low IgM or low IgG3 had an
increased risk of developing PACS, whereas patients with both

Fig. 1 Flow chart of COVID-19 patients and healthy controls enrolled in the study. Flow chart of individuals with confirmed SARS-CoV-2 infection
(COVID-19 patients; n= 175) and healthy controls (Control group; n= 40) with no history of COVID-19-related symptoms, a negative SARS-CoV-2 S1-
specific immunoassay, no history of autoimmune disease, and no active illness prior to blood sampling. Medical history and a blood sample were obtained
at the first visit (n= 175), corresponding to primary SARS-CoV-2 infection in COVID-19 patients, second visit (n= 123) at about 6 months after primary
infection (6-month follow-up), and third visit (n= 50) at about one year after primary infection. At 6-month follow-up, n= 39 patients declined follow-up
or were unreachable, n= 2 patients deceased, and n= 5 healthy controls got COVID-19. At 6-month follow-up n= 8 and at 1-year follow-up n= 12
patients only declined laboratory testing. n= 134 patients were followed-up at least once, including 11 patients that only attended a 1-year follow-up.
Healthy controls were clinically followed-up after 6 months (n= 35) and 1 year (n= 28). Data were validated in a separate validation cohort of n= 395
individuals with confirmed COVID-19 that were followed up for 6 months.
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high IgM and high IgG3 were less likely to develop PACS
(Fig. 2h). In line with this finding, we observed in healthy controls
that contracted COVID-19 during the course of this study
(Supplementary Table 1), those developing PACS had low IgM
prior to SARS-CoV-2 infection, which remained low during the
observation period (Supplementary Fig. 1h).

Building of an immunoglobulin signature-based score pre-
dicting PACS. We extended the identified Ig signature to com-
prise additional parameters readily available during primary
infection. Building on a previously published prediction model14,
we considered patient age and number of symptoms during
primary infection. For all continuous variables a linear relation-
ship with the outcome PACS was accepted (Supplementary
Fig. 2a). We found patient age and number of symptoms were
increased in patients developing PACS (Fig. 3a and Supplemen-
tary Fig. 2b), whereas sex was not (Table 2). The symptom count
during primary infection correlated with the maximal followed-
up disease severity of COVID-19 patients (Fig. 3b). Vice versa,
disease severity was associated with an increased risk of PACS
(Supplementary Fig. 2c).

Regardless of their COVID-19 severity, 94% of individuals with
a history of asthma bronchiale developed PACS and 71%
developed post-COVID-19 syndrome defined as prolonged
symptoms for more than 12 weeks after symptom onset. This is
in stark contrast to 59% of individuals without a history of
asthma bronchiale developing PACS and 42% developing post-
COVID-19 syndrome (Fig. 3c). Interestingly, healthy controls
and COVID-19 patients with a history of asthma bronchiale had
lower serum IgG3 concentrations compared to their counterparts
(Fig. 3d).

We applied our data obtained during primary infection to test
different models predicting PACS. Use of a symptom-based
score14, reliant on age, sex, and a number of symptoms during
primary infection revealed an area under the curve (AUC) value
of the receiver operating characteristic curve of 68% (CI 59–78%)
and moderately underestimated the risk for PACS with a
calibration-in-the-large of 1.76, a calibration slope of 0.57 and a
Brier score of 0.328 (Fig. 3e). Based on our findings, we assessed
previously identified predictors, such as patient age, sex, number
of symptoms, body-mass-index, comorbidities, disease severity,
and level of care as well as different combinations of serum Ig
concentrations during primary infection to support development
of a model predicting PACS (Supplementary Table 2). By
combining patient age, number of symptoms during primary
infection, history of asthma bronchiale, and an Ig signature
consisting of IgM and IgG3 during primary infection, we were
able to calculate a risk score—which we termed PACS score—that
resulted in an AUC value of 77% (CI 69–85%) with a calibration-
in-the-large of 0, a calibration slope of 1 and a Brier score of
0.185. To minimize overfitting, we modified the PACS score by
shrinkage of the estimated coefficients. In a sensitivity analysis,
the PACS score demonstrated, using the corresponding 6-month
follow-up Ig measurements of our COVID-19 patients, a
preserved calibration and ability to identify individuals with
PACS with an AUC of 74% (CI 65–84%), a calibration-in-the-
large of 0, a calibration slope of 1.2 and a Brier score of 0.191
(Fig. 3f). The addition of an interaction term between IgM and
IgG3 significantly improved our PACS score (ANOVA; p= 0.02)
compared to a model without interaction of IgM and IgG3
(Fig. 3g and Supplementary Tables 2 and 3).

Comparison of our PACS score to a recently published
symptom-based score by Sudre et al.14 showed optimal
performance of our PACS score in hospitalized patients of our
cohort (Fig. 3h, i). We used our PACS score in an independentT
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validation cohort of 395 individuals with confirmed COVID-19,
including a small subgroup of hospitalized COVID-19 cases. This
validated the improved predictive performance of our PACS score
in the subgroup of hospitalized patients, resulting in an AUC of
99%, while the use of our PACS scores in the entire validation
cohort resulted in an AUC of 64% (CI 58–69%) with a
calibration-in-the-large of –0.3, a calibration slope of 0.8, and a
Brier score of 0.239 (Fig. 3j and Supplementary Table 2). The
PACS score performed well in the validation cohort, which
consisted mainly of outpatients that showed a tendency to low
IgG3 in individuals that had not recovered after 6 months
(Supplementary Fig. 3a, b). Consistent with optimal performance
in hospitalized patients, when applied to mild and severe
COVID-19 patients, the PACS score performed better in the
latter across all grades of severe COVID-19 (Supplementary

Fig. 4a). Moreover, sensitivity analysis using different definitions
of PACS showed a maintained ability of the PACS score to
identify patients developing post-COVID-19 syndrome with
symptoms lasting for more than 12 weeks and patients of the
validation cohort that had not recovered after 6 months
(Supplementary Fig. 4b).

Finally, we performed decision curve analyses, thus weighing
the relative harms of false-positive and false-negative predictions.
These decision curve analyses assessed the clinical utility of our
PACS score and identified a range of threshold probabilities, in
which the model could support clinical decision making
compared to alternative intervention strategies, e.g. treating
nobody or treating everybody with COVID-1916. The PACS
score showed the best clinical utility within threshold probability
ranges of 40% and 100% and an independently validated utility in

Table 2 Characteristics of patients during primary SARS-CoV-2 infection correlating with post-acute COVID-19 syndrome
(PACS).

COVID-19 cases Without PACS
(n= 49)

With PACS (n= 85) Odds ratio (CI)a p value

Symptom duration categories Acute COVID-19
(<4 weeks)

Subacute COVID-19
(>4 weeks)

Post-COVID-19 syndrome
(>12 weeks)

– –

Symptom duration—no. 49 24 61 – –
Severe COVID-19 cases—no. (%) 8 (16.3) 7 (29.2) 30 (49.2) 3.87 (1.67–9.89) 0.001
Demographicsb

Age—median (IQR) 34 (27–50) 52 (34–65) 1.67 (1.15–2.49) 0.008
Sex—male no. (%) 28 (57.1) 47 (55.3) 0.93 (0.45–1.89) 0.840
Level of carec—hospitalized
no. (%)

13 (26.5) 41 (48.2) 2.55 (1.20–5.65) 0.014

Days hospitalized—median (IQR) 0 (0–1) 1 (0–16) 1.06 (1.02–1.12) 0.008
No. of symptoms (IQR)d 2 (1–3) 3 (2–3) 1.81 (1.31–2.58) 0.001
Pre-existing comorbidities and treatments—no. (%)
Hypertension 9 (18.4) 22 (25.9) 1.53 (0.65–3.86) 0.331
Diabetes mellitus 4 (8.2) 15 (17.6) 2.34 (0.78–8.87) 0.135
Cardiovascular disease 6 (12.2) 12 (14.1) 1.16 (0.41–6.32) 0.779
Lung disease 2 (4.1) 19 (22.4) 6.29 (1.70–44.36) 0.004
Asthma bronchiale 1 (2.0) 16 (18.8) 9.74 (1.88–240.26) 0.003
Kidney disease 5 (10.2) 10 (11.8) 1.16 (0.38–4.02) 0.805
History of malignancy 2 (4.1) 6 (7.1) 1.70 (0.36–13.24) 0.525
Systemic immunosuppression 1 (2.0) 8 (9.4) 4.42 (0.76–113.71) 0.109
Body-Mass-Index—median (IQR)e 25 (22–27) 26 (23–29) 1.07 (0.99–1.18) 0.116
Laboratory characteristics during primary infection—median (IQR)
Timepoint of first sampling [days]f 9 (6–15) 12 (7–19) 1.05 (1.01–1.10) 0.022
CRP (mg/L) 2.4 (0.6–8.8) 11.0 (0.9–60.5) 1.01 (1.00–1.02) 0.022
IL-6 (pg/mL) 2.0 (0.1–9.3) 5.2 (0.8–20.3) 1.01 (1.00–1.02) 0.113
TNF (pg/mL) 10.2 (8.2–13.0) 11.2 (9.1–17.4) 1.07 (1.01–1.15) 0.049
Leukocytes (109/L) 6.0 (5.0–7.0) 5.8 (4.5–7.1) 1.04 (0.95–1.16) 0.472
Neutrophils (109/L) 3.4 (2.6–4.5) 3.5 (2.7–4.4) 1.08 (0.93–1.27) 0.340
Lymphocytes (109/L) 1.8 (1.4–2.2) 1.3 (0.7–2.0) 0.96 (0.77–1.21) 0.711
NLR 1.7 (1.3–2.4) 2.2 (1.6–4.3) 1.01 (0.99–1.06) 0.540
SARS-CoV-2 IgA (OD ratio) 2.5 (0.9–6.1) 3.1 (0.8–8.4) 1.03 (0.99–1.08) 0.218
SARS-CoV-2 IgG (OD ratio) 0.7 (0.3–3.2) 1.1 (0.3–6.3) 1.08 (0.98–1.20) 0.149
Total IgM [g/L] 1.2 (0.9–1.6) 0.9 (0.6–1.3) 0.73 (0.44–1.19) 0.204
Total IgA [g/L] 2.2 (1.7–2.8) 2.4 (1.9–3.1) 1.18 (0.82–1.71) 0.389
Total IgG [g/L] 11.8 (10.3–13.6) 10.9 (9.1–12.8) 0.95 (0.85–1.06) 0.342
Total IgG1 [g/L] 6.1 (4.8–6.9) 5.7 (4.3–6.8) 0.94 (0.79–1.13) 0.522
Total IgG2 [g/L] 4.1 (3.0–5.2) 3.7 (2.8–4.4) 0.84 (0.64–1.09) 0.186
Total IgG3 [g/L] 0.7 (0.5–1.1) 0.6 (0.5–1.0) 0.71 (0.35–1.42) 0.324
Total IgG4 [g/L] 0.3 (0.2–0.6) 0.3 (0.2–0.4) 0.61 (0.24–1.52) 0.284

CI confidence interval, CRP C-reactive protein, Ig immunoglobulin, IL interleukin, IQR interquartile range, NRL neutrophil-to-lymphocyte ratio, OD optical density, PACS post-acute COVID-19 syndrome,
TNF tumor necrosis factor, wks weeks.
aFor categorical variables, odds ratios compare the odds of the occurrence of PACS, given the presence of a categorical variable. For continuous variables, odds ratios were calculated using an unadjusted
(univariate) logistic regression model predicting the occurrence of PACS.
bDemographics during primary infection (1st visit).
cLevel of care was prospectively followed until recovery.
dFive symptoms were systematically recorded during primary infection: fever, fatigue, cough, dyspnea, and gastrointestinal symptoms.
eMissing information on Body-Mass-Index of 23 patients.
fDays after onset of first COVID-19-related symptoms.
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ranges between 40% and 60% (Fig. 3k). Subgroup analysis in
hospitalized patients revealed best clinical utility within prob-
ability threshold ranges of 35–100% and 55–100% in the
derivation and validation cohort, respectively (Fig. 3l). Next, we
calculated two probability thresholds as rule-in cut-offs for
different clinical settings with the disparate prevalence of PACS.
One threshold (0.52) was selected as optimal cut-off maximizing
both sensitivity and specificity in the validation cohort. A second

threshold (0.75) was calculated as the optimal cut-off for
hospitalized patients of both derivation or validation cohorts
independently (Supplementary Table 4). With a positive
predictive value (PPV) of 0.88 in the derivation cohort and 0.90
in hospitalized patients, the upper threshold of 0.75 identifies
with high specificity patients at very high risk for developing
PACS. Conversely, with a PPV of 0.76 in the derivation cohort
and 0.67 in outpatients, the lower threshold differentiates between

Fig. 2 Specific and total immunoglobulins at primary infection and follow-up. a and b Total serum concentrations of IgM, IgG1, and IgG3 in healthy
controls (n= 40) versus (a) all (n= 134 at primary infection; n= 115 at 6-month follow-up) or (b) mild and severe COVID-19 cases at indicated timepoints
(n= 89 and 45 respectively). c Ig titers at primary infection as a function of age in COVID-19 patients (n= 134), with adjusted R2 (R2adj) and p values of
linear models (shown with 95% confidence interval [CI]). d Ig signatures in patients without and with PACS, during primary infection (n= 49 and 85
respectively) and 6-month follow-up (n= 41 and 74 respectively). e Ig titers in patients attending all follow-up visits (n= 34) as a function of days after
symptom onset, with R2adj and p values of generalized additive model (shown with 95% CI). Corresponding patients without (circles) and with PACS
(dots) are connected, with a spline visualized for both groups. Green horizontal line indicates median in healthy controls. f Radar plots with wedge sizes
representing median Ig concentrations of patients without and with PACS (n= 49 and 85 respectively), normalized to median concentrations of all
patients. g IgG3 percentages of total IgG in healthy controls (n= 40) and mild and severe COVID-19 cases without (left; n= 41 and 8, respectively) and
with PACS (right; n= 48 and 37, respectively) during primary infection. h Interaction plot showing the conditional effects of IgM and IgG3 titers on the
predicted probability of PACS in patients with high or low Ig titers (mean ± 1 standard deviation [SD]; n= 134, with 85 having PACS), using a logistic
regression model (PACS score) adjusted for age, number of symptoms during primary infection, and history of asthma bronchiale (shown with 80% CI for
visualization). Variables were compared using a two-sided Wilcoxon’s test.
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Fig. 3 Prediction of post-acute COVID-19 syndrome (PACS) based on clinical features and immunoglobulin signature. a Age and number of symptoms
during primary infection (0–5; fever, fatigue, cough, dyspnea, gastrointestinal symptoms) in patients without or with PACS. b Number of symptoms during
primary infection in COVID-19 patients with different disease severities (n= 134, with 85 having PACS). c PACS and post-COVID-19 syndrome in patients
without and with history of asthma bronchiale. d IgG3 titers in healthy controls (green symbols) and all COVID-19 patients (n= 215; disease severity
indicated by colors) at primary infection, without or with history of asthma bronchiale. e and f Receiver operating characteristic (ROC) curves (top) and
calibration plots (bottom) reporting the area under the curve (AUC) with 95% confidence intervals (CI) or calibration-in-the-large, calibration slopes, and
Brier scores of logistic regression models for predicting PACS. Use of (e) a symptom-based model14 and (f) the PACS score on data of our patient cohort at
primary infection (e and f, left; n= 134, with 85 having PACS) and after shrinkage of coefficients on 6-month follow-up-data (f, right; n= 115, with 74
having PACS). g Regression coefficients of PACS score with 95% CI and p values. h and i ROC curves reporting AUC with CI of PACS score in outpatients
(blue) and hospitalized patients (red) of derivation cohort (n= 80 and 54, with 44 and 41 having PACS, respectively). j Validation of PACS score in
independent cohort at primary infection (n= 389, with 212 having PACS) and subgroup analysis in outpatients (blue; n= 372, with 201 having PACS) and
hospitalized patients (red; n= 17, with 11 having PACS). k Decision curve analysis of PACS score in derivation (left) and validation cohort (right) comparing
the PACS score to a symptom-based score14 and clinical strategies of predicting none or all subjects with COVID-19 develop PACS. l Decision curve
analysis of PACS score in hospitalized patients. m Estimated risk groups based on two probability thresholds (0.523 and 0.746) with corresponding
positive (PPV) and negative (NPV) predictive values in the derivation cohort. Boxplots represent median (middle line) with upper and lower quartiles (box
limits), and 1.5*interquartile ranges (whiskers). Variables were compared using a two-sided Wilcoxon’s test if not specified otherwise.
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patients at moderate versus high risk for developing PACS, while
maintaining high sensitivity and negative predictive value (NPV)
(Fig. 3m and Supplementary Table 4).

Discussion
Collectively, we demonstrate that the development of PACS
correlates with a distinct Ig signature as well as patient age, his-
tory of asthma bronchiale, and a number of symptoms, all
measured during primary infection. We translated these findings
into a model, termed PACS score. When applied to our cohort
comprising 134 followed-up and extensively characterized
COVID-19 patients, the PACS score performed better than a
symptom-based score14, was independent of timepoint of testing
and sex, and only required broadly available Ig measurements
rather than specialized tests, such as SARS-CoV-2-specific
immunoassays. Despite previous reports on female sex as a risk
factor for PACS, male sex is associated with a worse outcome of
acute COVID-19, and a sex-independent prediction score benefits
from improved applicability to different healthcare settings1,14.

Compared to symptom-based prediction scores, the measure-
ment of an Ig signature allows the identification of patients at risk
for developing PACS, particularly, in hospitalized patients. This
finding suggests a possible pathomechanism distinct from merely
increased inflammation and immune activation. Moreover,
unspecific Ig levels are stable over time, unlike inflammatory
markers that only transiently increase early in the disease course.
This biological stability of Igs further increases their utility as
biomarkers, as independence of sampling timepoint facilitates
clinical application and Ig signatures can be determined already
before infection.

Limitations of our study comprise a non-excludable selection
bias of patients enrolled in our study affecting the transferability
of our findings to all SARS-CoV-2 RT-qPCR-positive patients, a
non-excludable selection bias of patients agreeing to follow-up
despite a high follow-up rate of 77%, as well as a limited number
of hospitalized patients and differences in study design of the
validation cohort. Moreover, our study included only a small
number of participants of non-white ethnicity due to Central
European demographics, potentially affecting the transferability
of our findings.

Based on decision curve analyses we determined the highest
clinical benefit of our PACS score to lie between threshold
probability ranges of 40–60%, and above 55% in hospitalized
patients, meaning that a clinician would advise preventive mea-
sures against PACS if the probability of PACS were above 55%.
Thus, depending on future intervention strategies, associated side
effects, and costs, our PACS score can be applied in a setting
where false-positive predictions are of greater harm than false
negatives. This would enable clinical studies and prevention
strategies targeting high specificity patients at very high risk for
developing PACS. We, therefore, suggest our PACS score can be
applied to identify outpatients at risk, high-risk asthmatic
patients, and hospitalized patients, the latter of which are already
at high risk for developing PACS. Reliable identification of high-
risk patients not only allows precise recommendation of early
medical consultations but also facilitates the study of preventive
treatment strategies, such as the use of inhaled corticosteroids in
asthmatic and non-asthmatic patients and possibly intravenous Ig
therapies17,18. Early measurement of Ig titers upon hospitalization
of COVID-19 patients can support clinical decision-making and
personalized treatment strategies.

In reflecting on the association of the identified Ig signature
correlating with increased risk of PACS, the following aspects are
worth considering. IgM and, particularly, IgG3 secretion by B cells
is induced by interferons and antagonized by IL-4 signals19–21.

Thus, reduced production of type I interferons, as proposed to
occur in poorly controlled SARS-CoV-2 infection22,23, or a pre-
disposition to secreting increased IL-4 concentrations, as present
in asthma bronchiale24, may contribute to a failure to efficiently
induce Ig isotype switching to IgG3. This hypothesis is consistent
with our finding of low IgG3 in asthma bronchiale patients.
Conversely, immune responses dominated by IgG3 can occur with
similar temporal dynamics as IgM responses and have been
associated with viral infections at mucosal tissues25,26. Thus, the
reduced IgG3 concentrations in patients with PACS might support
a role for IgG3 in Fc receptor-dependent viral control. Low IgG3
levels have also been linked to chronic fatigue syndrome, a
debilitating condition resembling certain symptoms of PACS, as
well as an increased rate of respiratory infections18,27.

PACS has been proposed to result from tissue damage due to
direct effects of the virus, excessive inflammation, or thrombotic
events; alternatively, PACS could be the consequence of bystander
or virus-mediated activation of autoreactive T and B cells28.
Recent observations of PACS resolution after SARS-CoV-2 vac-
cination might hint at the depletion of persisting viral
reservoirs29. Our results highlight the benefit of measuring Igs for
the early identification of patients at high risk for PACS, which in
turn is crucial for understanding the pathomechanisms of PACS
and identification of preventive measures for treatment and care.

Methods
Experimental study design. Adult individuals were included in the study and
visited between April 2020 and August 2021. The study was approved by the
Cantonal Ethics Committee of Zurich (BASEC #2016-01440). The majority of
participants were of white ethnicity.

Coronavirus disease 2019 (COVID-19) patients. Following written informed con-
sent, 175 patients with quantitative reverse-transcriptase quantitative polymerase
chain reaction (RT-qPCR)-confirmed severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) infection were recruited for clinical evaluation and
sampling of blood. Patients were included based on the selection criteria of SARS-
CoV-2 PCR positivity and experiencing acute COVID-19. The multicentric study
design comprised patient recruitment at four different hospitals in the area of
Zurich, Switzerland, including the University Hospital Zurich (n= 111), the City
Hospital Triemli Zurich (n= 35), the Limmattal Hospital (n= 15), and the Uster
Hospital (n= 14). No exclusion criteria were applied on the analysis of the 175
COVID-19 patients, with the aim of generating a broadly applicable prediction
score. Thus, SARS-CoV-2-specific RT-qPCR-positive individuals were included
independently of comorbidities and medication. COVID-19 patients were sampled
a first time during their primary SARS-CoV-2 infection (termed “primary infec-
tion”), a second time 6 months, and a third time one year after the initial blood
sampling (Fig. 1). 39 patients declined follow-up or were not reachable and two
patients were deceased. Eight patients only declined laboratory testing at 6-month
follow-up and 12 patients at 1-year follow-up, whereas their medical history could
be obtained by phone. In all followed-up COVID-19 patients (n= 134) medical
history was obtained at least 3.5 months (105 days) after symptom onset to detect
the presence or absence of PACS. Blood samples of COVID-19 patients were
obtained during primary infection, around six months after symptom onset
(n= 115) at an average of 199 days after symptom onset (interquartile range
185–216) and around one year after symptom onset (n= 38) at an average time
point of 383 days (interquartile range 371–397) after symptom onset (Supple-
mentary Fig. 5). The follow-up rate was 77% and followed-up patients are con-
sidered representative of the larger population of patients initially enrolled in the
study (Supplementary Table 5).

Definitions. COVID-19 patients were grouped according to the World Health
Organization classification criteria into (a) mild cases, comprising asymptomatic
and symptomatic cases of mild illness and mild pneumonia, versus (b) severe cases,
including severe pneumonia and acute respiratory distress syndrome (ARDS). Mild
illness was defined as patients with uncomplicated respiratory tract infection and/
or non-specific symptoms. Pneumonia was defined as the presence of respiratory
symptoms, abnormal vital signs such as fever, and pathological lung examination
findings, whereas patients with mild pneumonia showed no signs of severe
pneumonia and did not require supplemental oxygen therapy. Severe pneumonia
was defined as respiratory infection or fever with an observed respiratory rate
greater than 30 breaths per minute, severe respiratory distress, and/or a SpO2 ≤
93% on room air. Patients with severe pneumonia mostly required supplemental
oxygen therapy. ARDS classification relied on measured oxygenation impairments
(PaO2/FiO2a in mild ARDS ≤ 300 mmHg, moderate ARDS ≤ 200 mmHg, and

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27797-1 ARTICLE

NATURE COMMUNICATIONS |          (2022) 13:446 | https://doi.org/10.1038/s41467-021-27797-1 | www.nature.com/naturecommunications 9

www.nature.com/naturecommunications
www.nature.com/naturecommunications


severe ARDS ≤ 100 mmHg)15,30,31. Our COVID-19 derivation cohort did not
contain any patients with sepsis or septic shock. For the validation cohort, patients
with severe COVID-19 were identified as hospitalized patients reporting supple-
mental oxygen therapy during hospitalization. If not otherwise specified, all ana-
lyses were performed using the maximal followed-up disease severity of COVID-19
patients. We defined patients with PACS as individuals with PCR-confirmed
COVID-19 experiencing one or more symptoms associated with COVID-19 that
lasted for more than 4 weeks (i.e. 29 days and more) after the onset of the first
COVID-19-related symptom12. Symptoms were assessed in a standardized manner
by trained study physicians, both during primary infection (acute COVID-19) and
at follow-up visits. During primary infection, five symptoms (fever, fatigue, cough,
dyspnea, and gastrointestinal symptoms) were recorded systematically, which were
subsequently used for our PACS prediction model. All five symptoms were patient-
reported symptoms and, based on a standardized questionnaire, individually asked
by a trained physician whether they were present during primary infection. Patient-
reported temperature can be inaccurate for various reasons, including individual
body temperature norms that vary with patient age as well as method and time-
point of measurement. Therefore, the following was considered as patient-reported
“fever”: (i) reported increase of body temperature, (ii) fever chills, or (iii)
sweating32,33. Gastrointestinal symptoms were counted as one symptom, also when
multiple gastrointestinal symptoms were reported, including nausea, loss of
appetite, heartburn, abdominal pain, flatulence, diarrhea, and obstipation. The
severity of symptoms was not assessed. During follow-up visits, patients were asked
whether and when they recovered from COVID-19 and which symptoms persisted.
A total of nine symptoms were recorded systematically at follow-up visits (fever,
cough, dyspnea, fatigue, gastrointestinal symptoms, headache, chest pain, anxiety
and/or depression, and disorders of smell and/or taste; Table 1). Additional
patient-reported prolonged symptoms were also recorded. Symptom severity was
not assessed. When using the more stringent definition of PACS as symptoms
lasting for more than 12 weeks, termed post-COVID-19 syndrome12, we found the
preserved performance of our PACS prediction model (Supplementary Fig. 4b).
For our validation cohort, we used the same definition of PACS as for our deri-
vation cohort, i.e. patient-reported COVID-19-related symptoms lasting longer
than four weeks, and we performed a sensitivity analysis showing preserved model
performance using a different outcome based on whether patients had recovered
after six months (Supplementary Fig. 4b).

Healthy controls. Following written informed consent, we additionally included 40
healthy controls who had no history of SARS-CoV-2 infection-associated symp-
toms, such as fever, rhinorrhea, respiratory symptoms (e.g. dry cough or shortness
of breath), change in smell or taste, nausea, vomiting, and diarrhea1 and had a
negative SARS-CoV-2 spike S1 protein-specific immunoassay, whereby individuals
with borderline and positive values were excluded. Moreover, our healthy controls
had no acute or active illness prior to or at blood sampling and no history of
autoimmune disorder. We obtained a medical history from all 40 healthy controls
at their blood sampling and at least 6 months thereafter in 35 healthy controls. Five
healthy controls got infected with SARS-CoV-2 during the follow-up period and
were therefore excluded from clinical follow-up (Supplementary Table 1). Parti-
cipants were not compensated.

Validation cohort. Prognostic models were validated in a separate cohort of 395
PCR-confirmed COVID-19 patients that were enrolled at diagnosis between 06
August 2020 and 19 January 2021 and prospectively followed-up for 6 months after
infection34. All serum samples were obtained during primary infection and in 98%
of patients at 2 weeks after the diagnosis of COVID-19 with a median sampling
time point of 19 days (interquartile range 17–22 days) after the onset of the first
COVID-19-related symptom (Table 1). Pre-existing comorbidities and COVID-19
symptoms were recorded at baseline using standardized, self-administered, elec-
tronic questionnaires. Details regarding relevant medical history were clarified via
phone by trained study personnel. Patient-reported symptoms were reassessed 1, 3,
and 6 months after diagnosis. After 6 months, patients were asked whether they
had recovered from COVID-19 or not.

Immunoassays. All laboratory tests were performed in accredited laboratories at
the University Hospital Zurich. Blood samples were collected in BD Vacutainer
CAT serum tubes (Becton Dickinson; Cat# 367896). Different serum immu-
noglobulins subsets and IgG subclasses were measured using the commercially
available turbidimetric Optilite® assays using an Optilite® analyzer (The Binding
Site Group Ltd; Cat# NK004.OPT, NK006–NK010.OPT, NK012.OPT). Laboratory
reference values are as follows (g/l): IgM (0.4–2.8), IgA (0.7–4.0), IgG (7.0–16.0),
IgG1 (2.8–8.0), IgG2 (1.15–5.70), IgG3 (0.24–1.25), IgG4 (0.052–1.25). SARS-CoV-
2-specific IgA and IgG antibodies were measured, as previously established6, by
using a commercial enzyme-linked immunosorbent assay (ELISA) specific for the
SARS-CoV-2 spike S1 protein (Euroimmun SARS-CoV-2 IgA and IgG immu-
noassay; Cat# EI 2606-9601A and G). Interleukin IL-6 and tumor necrosis factor
(TNF) were quantified using R&D Systems assays (Cat# S6050 and LHSCM210,
respectively). Antibody dilutions were prepared according to the manufacturer’s
instructions. Blood samples obtained after SARS-CoV-2 vaccination were excluded
from comparisons of SARS-CoV-2-specific Ig titers. We observed no sex

differences in the measured total Igs and S1-specific antibody titers (Supplementary
Fig. 6).

Clinical prediction model. The sample for the development of our prediction
model was obtained by including and following up all consecutive patients between
April 2020 and August 2021 and resulted in a total of 134 followed-up patients.
The number of outcome events was 85, which corresponds to the number of
patients experiencing PACS. The required sample size for the development of
clinical prediction models is a matter of active discussion and research. Our PACS
score was developed using 14.2 events per predictor parameter, which is in line
with the rule of thumb of 15 events per predictor parameter as well as several other
recommendations on the required number of events per predictor parameter for
accurate modeling in logistic regression analysis35. More precise estimates of the
required sample size could be calculated based on published parameters of the
previous studies36. However, as only one previous model for PACS prediction was
available at the time of our study, and as definitions and prevalence of PACS in
different populations vary significantly, we were unable to calculate precise
requirements for model development. This might be reflected by some optimism in
predictor effect estimates of our model (yielding a global shrinkage factor of 0.72)
and a small overestimation of the overall risk for PACS (after shrinkage) in the
validation cohort, that might be promoted by shrinkage of predictor effect
estimates37.

Thus, the sample size was considered adequate to develop a prediction model
with six predictor variables. These predictor variables were based on previous
publications (age+ number of symptoms during primary infection+ history of
asthma bronchiale)14,38 and include two new variables (total IgM+ total IgG3) as
well as one interaction term (total IgM * total IgG3), yielding 14.2 events per
predictor parameter35,39–43. The validation cohort amounted to a sample size of
395 and counted 216 events, which was in line with a suggested sample size of 400
and an outcome event size of 200 in order to obtain precise calibration curves44.

The symptom-based prediction score was calculated using a previously
published model14 and modified by applying it on five recorded symptoms instead
of 14. The following five symptoms were recorded during primary infection: fever,
fatigue, cough, shortness of breath (dyspnea), and gastrointestinal symptoms.

Our prediction model (PACS score) was built on a published prediction
model14 that was based on “age+ sex+ number of symptoms during primary
infection”. We have evaluated the three suggested predictors, together with other
reported risk factors for PACS, such as asthma bronchiale14,38. Selection of new
variables was a hypothesis-driven process based on the observation that total
immunoglobulins are altered in COVID-19 patients experiencing long-term
symptoms (Fig. 2), and previous studies connecting low total IgG3 levels to chronic
fatigue syndrome and increased susceptibility to infection18,45. As some variables
such as “age” represent risk factors for severe COVID-19 disease, a risk factor for
PACS itself38, we further explored the influence of COVID-19 disease severity as
well as associated risk factors (Table 2, Supplementary Table 2, and Supplementary
Fig. 2c).

Moreover, we modified the estimated coefficients of the PACS score by
shrinkage. As prognostic models tend to describe optimally the evaluated dataset
but may perform less well in other datasets, we addressed this phenomenon of
overfitting by applying the statistical method of shrinkage. Estimated coefficients of
the generalized linear model were multiplied with a global shrinkage factor (0.72)
that was calculated using the dfbeta-method46,47. Original and regression
coefficients after shrinkage are summarized in Supplementary Table 3 with 95%
confidence intervals (CI) and corresponding p values. Areas under the curve
(AUC) of receiver operating characteristic (ROC) curves and calibration plots were
calculated as previously described48,49. The PACS score was validated in a separate
validation cohort using the same patient-centered outcome definition for PACS as
in the derivation cohort. The PACS score (after shrinkage) can be calculated and
the logistic regression model reproduced using the following R code:
PACS_score < - glm(PACS_score ~ –1+ offset(–0.981011+ 0.2616998*scale(age)
+0.3307986*number of symptoms during primary infection+ 1.896502*history of
asthma bronchiale+ 0.8429766*total IgM (g/l)+ 1.3716198*total IgG3 (g/
l)–1.5316550*IgM*IgG3), family= binomial, data= patient_data_to_test), with
the variables “age” in years, “number of symptoms during primary infection”
ranging from zero to five, and “history of asthma bronchiale” as number zero if
absent and number one if present. Individual risk for PACS can further be
predicted using the following R code: predictions <−predict(PACS_score,
patient_data_to_test, type= “response”). The number of symptoms can be
determined by counting the occurrence of the following five symptom categories in
tested COVID-19 patients (all self-reported): fever, fatigue, cough, shortness of
breath (dyspnea), and gastrointestinal symptoms.

Statistics. Descriptive statistics for the followed-up healthy controls, COVID-19
patients, and validation cohort are presented as numbers and percentages of the
total for categorical variables, as well as the median and interquartile range (IQR)
for continuous variables. Comparison of variables was performed using non-
parametric Wilcoxon’s rank-sum test if not otherwise specified. Evidence was
quantified on a continuous scale, as results were considered exploratory. Thus, p
values are to be interpreted as quantified evidence of the hypothesis without spe-
cified significance thresholds. In Table 2, odds ratios of categorical variables were
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calculated by median-unbiased estimation and odds ratios of continuous variables
were calculated using univariate, unadjusted regression models for the outcome
PACS. Horizontal lines in split violin plots indicate median values. Wedge sizes of
radar plots visualize median values of measured immunoglobulins in patients with
or without PACS, normalized by dividing the respective median with the overall
median measured in COVID-19 patients. Microsoft Office Excel (version 2102)
was used for data collection. Statistical analyses were performed with R (version
4.1.2) and using the packages “biostatUZH” (version 1.8.0), “CalibrationCurves”
(version 0.1.2), “dcurves” (version 0.2.0), “epitools” (version 0.5-10.1), “interac-
tions” (version 1.1.5), “gbm” (version 2.1.8), “ggstatsplot” (version 0.9.0), “inter-
actions”, “pROC” (version 1.18.0), “mgcv” (version 1.8-38), “shrink” (version
1.2.1), and “sjPlot” (version 2.8.9), and missing values were omitted. The present
study is reported according to the STROBE (Statement for reporting cohort stu-
dies) and TRIPOD (Statement for reporting clinical prediction models)
guidelines50,51.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All relevant data generated in this study are provided in the Supplementary Information.
A PACS score calculator is accessible online (www.pacs-score.com). Source data are
provided with this paper.

Code availability
R code for immunoglobulin signature analysis and prediction model development is
provided in the Supplementary Software 1.
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