
Vol.: (0123456789)
1 3

GeroScience 
https://doi.org/10.1007/s11357-023-00887-2

ORIGINAL ARTICLE

Distinct subsets of anti‑pulmonary autoantibodies correlate 
with disease severity and survival in severe COVID‑19 
patients

Emese Tóth · Miklós Fagyas · Béla Nagy Jr. · Ivetta Mányiné Siket · Blanka Szőke · Lilla Mártha · 
Mohamed Mahdi · Gábor Erdősi · Zsófia Pólik · János Kappelmayer · Zoltán Papp · Attila Borbély · 
Tamás Szabó · József Balla · György Balla · Attila Bácsi · Zoltán Szekanecz · Péter Bai · Attila Tóth 

Received: 25 April 2023 / Accepted: 24 July 2023 
© The Author(s) 2023

Abstract Autoantibodies targeting the lung tissue were 
identified in severe COVID-19 patients in this retrospec-
tive study. Fifty-three percent of 104 patients developed 
anti-pulmonary antibodies, the majority of which were 
IgM class, suggesting that they developed upon infec-
tion with SARS-CoV-2. Anti-pulmonary antibodies cor-
related with worse pulmonary function and a higher risk 
of multiorgan failure that was further aggravated if 3 or 

more autoantibody clones were simultaneously present 
(multi-producers). Multi-producer patients were older 
than the patients with less or no autoantibodies. One of 
the identified autoantibodies (targeting a pulmonary 
protein of ~ 50 kDa) associated with worse clinical out-
comes, including mortality. In summary, severe COVID-
19 is associated with the development of lung-specific 
autoantibodies, which may worsen the clinical outcome. 
Tissue proteome-wide tests, such as the ones applied 
here, can be used to detect autoimmunity in the post-
COVID state to identify the cause of symptoms and to 
reveal a new target for treatment.
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Introduction

The extreme immune system activation occurring in 
severe SARS-CoV-2 infection may lead to long-last-
ing nonspecific symptoms, referred to as long or post-
COVID syndrome [1, 2]. Some of these symptoms are 
the direct result of unrepairable organ damage during the 
acute phase of coronavirus disease 2019 (COVID-19), 
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while others seem to be independent of that. These lat-
ter cases may be explained by the initiation of autoim-
mune pathologies during the acute phase of COVID-19. 
Indeed, SARS-CoV-2 infection initiates the development 
of autoantibodies [3–9], including those associated with 
systemic autoimmune rheumatic diseases [10], as well as 
interferons [11].

Some of these autoantibodies were implicated in 
COVID-19 mortality by suppressing immune responses 
[12]. Nevertheless, it is likely that autoantibodies in 
COVID-19 affecting the clinical outcome may not be 
limited to the elements of the immune system. Indeed, 
testing the whole extracellular and secreted proteome, a 
wide range of autoantibodies were found [13], suggest-
ing an untargeted, general humoral response. Develop-
ment of anti-cardiac autoantibodies correlated with the 
(nonspecific) cardiac damage in severe acute COVID-19, 
suggesting that organ damage may play an important role 
in the initiation of autoantibodies by providing potential 
intracellular antigens in large quantities [14].

SARS-CoV-2, the virus that causes COVID-19, pri-
marily targets the upper and lower respiratory tract. 
The primary target of SARS-CoV-2 is the angiotensin-
converting enzyme 2 (ACE2) receptor, which is present 
on many types of cells in the body, including cells in the 
lung [15]. Virus invasion and replication within cells 
may lead to direct organ damage and hyper-inflammation 
in the lungs.

Here, we tested the appearance of anti-pulmonary 
autoantibodies in the hyperinflammatory lungs of severe 
COVID-19 patients. We used a tissue-wide proteome 
bait (i.e., whole human lung homogenate) to detect all 
potential autoantibodies, and tested both IgG and immu-
noglobulin (Ig)M classes. We found that more than half 
of the severe COVID-19 patients developed autoantibod-
ies against various pulmonary proteins. Most of these 
autoantibodies belonged to the IgM class, suggesting 
an acute COVID-19-related development. A number 
of autoantibody clones had been associated with organ 
damage and older age, while some other clones (recog-
nizing a distinct pulmonary protein) might be associated 
with mortality.

Results

The presence of lung-specific autoreactive antibodies 
correlates with worse clinical outcome

We identified lung-specific autoantibodies in severe 
COVID-19 patients. Half of the patients (53.85%) 
developed IgM or IgG antibodies (Fig.  1A and 
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Table 1). The majority of these autoantibodies were 
of IgM isotype (43.27%) suggesting that these B 
cell clones developed during the course of the cur-
rent COVID-19 infection (Fig.  1A and Table  1). 
The proportions of Ig + patients among COVID-19 
patients (53.85%) is drastically larger than among 

COPD patients (28.57%) who were taken as con-
trols (Fig. 1A and Table 1).

Next, we compared the Horowitz index, a read-
out of lung function and SOFA score, a value 
indicating multiorgan failure, of the immuno-
globulin-negative and immunoglobulin-positive 

Fig. 1  Autoantibody production in COVID-19 patients worsen 
the clinical status of the disease. A The proportions of the 
IgM and/or IgG positive patients are provided among COPD 
patients (denoted as controls) and COVID-19 patients. B 
The Horowitz quotient and the SOFA score of the immuno-
globulin-negative (Ig −) and immunoglobulin-positive (Ig +) 
patients. Data cleaned of outliers are presented on box-whisk-
ers diagrams. Asterisks (**) represent statistically significant 

differences among the groups at p < 0.01 using Student’s t-test. 
C A representative image of the time course of autoantibody 
production during hospitalization of a patient. D Sign of IgM 
to IgG transition in a patient. E Histogram of the distribution 
of the apparent molecular mass of the targets of the immuno-
globulins. Bin size = 10 kDa. F Histogram of the number of all 
autoantibody clones in a patient. G Histogram of the number 
of IgM and IgG autoantibody clones in a patient

Table 1  Percent composition of the immunoglobulin producer patients among COVID-19 patients and non-COVID-19, non-autoim-
mune lung patients. Number of patients and the percent as of the total of the group (in brackets) is presented

IgM − IgG- IgM − IgG + IgM + IgG- IgM + IgG + 

COVID-19 patients 48 (46.15%) 11 (10.58%) 35 (33.65%) 10 (9.62%)
COPD patients 15 (71.43%) 2 (9.52%) 1 (4.76%) 3 (14.29%)
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patients without discriminating between IgM and 
IgG isotypes. Immunoglobulin-positive patients 
had lower Horowitz quotient than immunoglobu-
lin-negative patients, indicating more severe lung 
damage (Fig.  1B). Furthermore, SOFA score of 
the immunoglobulin-positive patients was higher 
than the immunoglobulin-negative ones, signify-
ing a worse overall condition of patients (Fig. 1B). 
Apparently, the presence of lung-specific autoan-
tibodies coincides with a worse clinical picture of 
the patients. For certain patients, we observed a 
time-dependent increase in the titer of an autoanti-
body (Fig. 1C); however, in other cases, the inten-
sity of the autoantibodies did not change during 
the course of hospitalization. These antibodies 
are likely natural antibodies generated by B1 cells 
[16]. Furthermore, in the case of one patient, we 
observed the transition of an IgM clone to an IgG 
clone (Fig. 1D).

The protein targets of the IgM antibodies were in 
the range of 20–60  kDa, being somewhat different 
than that of the IgG (30–80  kDa range) (Fig.  1E). 
Nevertheless, there were targets with higher molecu-
lar weight in a small number of patients.

Most patients had 1 or 2 autoreactive clones, 
while a minority of the patients had 3 or more 
autoreactive clones. The highest number of clones 
observed was 7 (Fig.  1F). For patients with 3 or 
more autoreactive clones, we used the collective 
term “multi-producer.” When comparing the num-
ber of IgM and the IgG clones in the case of one 
patient, we observed that the maximal number of 
IgM clones was higher than the maximal number 
of IgG clones (6 vs. 3) (Fig. 1G).

We compared serum chemistry parameters 
of the immunoglobulin-positive and -negative 
patients. Importantly, markers of higher immune 
reaction, such as serum interlekin-6 (IL-6) lev-
els, serum ferritin, serum glutamic oxaloacetic 
transaminase (GOT) levels, and kidney function 
markers (serum creatinine, glomerular filtration 
rate (GFR)), were higher in the immunoglobulin-
positive patients as compared to immunoglobu-
lin-negative patients (Fig.  2A). Serum creatinine 
levels and GFR values of the patients correlated 
with the number of autoreactive clones among all 
patients (i.e., immunoglobulin positive + negative 
patients) (Fig. 2B), as well as among the immuno-
globulin-positive cases (Fig. 2C).

Patients with multiple anti-lung autoreactive clones 
have adverse clinical outcome

We stratified patients as a function of the number of 
lung-specific autoreactive clones yielding a group 
with no autoreactive clones, 1–2 autoreactive clones, 
and 3 or more autoreactive clones (multi-producer 
patients) (Fig.  3). We have not identified multi-pro-
ducers in the COPD (control) group. While the pro-
portions of the deceased versus convalescent patients 
were not different between the immunoglobulin-
negative patients and the patients with 1–2 clones, 
the ratio of the deceased patients was significantly 
higher among the multi-producer patients than among 
the immunoglobulin-negative and the 1–2 antibody 
groups (Fig.  4A). In good agreement with that, the 
Horowitz quotient of the multi-producer patients 
was lower than the immunoglobulin-negative and the 
group expressing 1–2 antibodies (Fig. 4B). Similarly, 
the SOFA score of the multi-producer patients was 
higher than the immunoglobulin-negative and the 1–2 
antibody group (Fig. 4B).

Importantly, the multi-producer patients were 
older than those who produced 1–2 autoantibodies 
and the non-producers (Fig. 4C). Age correlated with 
the number of autoantibody clones present (Fig. 4C). 
Multi-producer patients had worse inflammatory con-
ditions, marked by higher serum C-reactive protein 
(CRP) and IL-6 levels, as compared to patients with 
maximum 2 autoantibody clones (Fig. 4D). Further-
more, serum ferritin levels were higher in multi-pro-
ducer patients as compared to patients with up to 2 
autoantibody clones (Fig. 4D). Finally, serum creati-
nine levels were also higher, while GFR was lower in 
multi-producer patients as compared to patients with 
up to 2 autoantibody clones, evidencing correlation 
with impaired kidney function (Fig. 4D).

Only a subset of autoantibodies affects disease 
outcome in severe COVID-19 patients

We assessed the correlation between the molecu-
lar targets of the autoantibodies and the clinical 
outcome of the disease. To that end, we stratified 
patients as a function of the apparent molecular 
mass of the protein targets of the autoantibodies, 
and we treated IgM and IgG antibodies as separate 
entities even if the apparent molecular weight of 
the targets were similar, with the exception of high 
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molecular weight targets due to the little number 
of targets in that range. For each set of autoanti-
bodies, we assessed the proportions of the con-
valescent and deceased individuals among (1) 
autoantibody-negative patients, (2) autoantibody-
positive patients, lacking antibody against the 
indicated target, (3) patients exclusively producing 
autoantibody or autoantibodies against the indi-
cated target, and (4) patients with multiple autoan-
tibodies including one(s) recognizing the indicated 
target.

In most cases (IgM 20–22  kDa, IgM, 
34–47  kDa, IgM 51–67  kDa, IgG 71–76  kDa, 
high molecular weight IgM + IgG), there was no 
difference in disease outcome that can be specifi-
cally attributed to the presence of an autoantibody 
or autoantibodies (Fig.  5 and Table  2). Neverthe-
less, we have identified three targets that specifi-
cally associated with worse clinical outcome. The 
worst proportions of the deceased vs. convalescent 
patients were observed in the case of IgM autoan-
tibody or autoantibodies in the range of ~ 50 kDa. 

Fig. 2  Autoantibody production positively correlate with 
markers of tissue and organ damage. A Serum chemistry data 
of the immunoglobulin-negative (Ig −) and immunoglobulin-
positive (Ig +) patients is presented. Data cleaned of outliers 
are presented on box-whiskers diagrams. Asterisks (* and **) 
represent statistically significant differences among the groups 

at p < 0.05 and p < 0.01, respectively, using Student’s t-test. B 
and C Correlation between the number of all immunoglobulin 
clones in a patient and serum creatinine or glomerular filtration 
rate (GFR) was assessed using Spearman correlation on all 
patients (B) or on only patients producing autoantibodies (note, 
missing values at “0” clones, C)
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We found only deceased patients among those 
who produced only IgM autoantibodies with 
a ~ 50  kDa target. Similarly, among the patients 
with multiple autoantibody clones that included 
an IgM autoantibody with ~ 50 kDa IgM target, we 
observed higher proportions of deceased patients 
(Fig.  6A). Patients producing the ~ 50  kDa IgM 
autoantibody or autoantibodies were character-
ized by lower Horowitz quotient and higher SOFA 
score (Fig. 6B), both suggesting an overall severe 
course of the disease. In good agreement with 
that, serum ferritin and creatinine levels were 
higher in patients expressing the autoantibody 
in question (Fig.  6C). Furthermore, we prefer-
entially found multi-producers among patients 
expressing the autoantibody with a ~ 50 kDa target 
(Fig. 6D). When patient serum samples containing 
the ~ 50 kDa IgM antibody were probed using the 
same blot, there was little to no variability among 
the molecular weight of the target of the autoan-
tibody (Fig.  6E). More male patients were found 

among those expressing the IgM autoantibody 
with ~ 50 kDa target (77.78% of males (7 males vs. 
2 females) vs. 64.42% of males (67 males vs. 37 
females) among the study population or 67.86% 
of males (38 males vs. 18 females) among the 
immunoglobulin-positive patients). None of the 
Ig + patients among the COPD patients (controls) 
produced immunoglobulins recognizing targets 
with an apparent molecular weight of ~ 50 kDa.

Another set of autoantibodies that associ-
ated with poor survival recognized various tar-
gets in the molecular weight range of ~ 28  kDa. 
The production of both IgM and IgG autoanti-
bodies were associated with worse clinical out-
come of the disease (Fig.  7A). It is important to 
note that in the case of one patient, we observed 
signs of an IgM to IgG transition of a clone with 
a target of ~ 28  kDa (Fig.  1D). Although the 
changes did not reach statistical significance, 
patients producing IgG autoantibodies had lower 
Horowitz quotient and similar SOFA score as 

Fig. 3  The representation of the IgM and IgG autoantibod-
ies of the multi-producer patients identified in this study. 
Lung-specific IgM and IgG autoantibodies were detected as 

described in the Materials and Methods. All multi-producer 
patients are presented in the figure. Red circles indicate the 
location of the anti-lung IgM or IgG bands
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compared to autoantibody-negative COVID-19 
patients (Fig.  7B). Furthermore, patients produc-
ing the ~ 28  kDa IgG autoantibody had higher 
serum creatinine levels and lower GFR values 
as compared to the patients not producing the 
autoantibodies (Fig.  7C). In addition, we prefer-
entially found multi-producers among patients 
expressing the IgG autoantibody with ~ 28  kDa 
target (Fig.  7D). More male patients were found 
among those expressing the IgG autoantibody 
with ~ 28  kDa target (87.50% of males (7 males 
vs. 1 female) vs. 64.42% of males (67 males vs. 37 
females) among the study population or 67.86% of 
males (38 males vs. 18 females) among the immu-
noglobulin-positive patients). One COPD (control) 
patient was identified with an IgM clone recogniz-
ing a target protein of ~ 28 kDa.

Discussion

Viruses have long been shown to transiently per-
turb the immune system, leading to its dysregula-
tion and the generation of autoantibodies [17, 18]. 
Molecular mimicry and cross-reactivity between 
viral and tissue antigens, direct cytopathic effects 
of viral replication and apoptosis, and dysregula-
tion of B-cells have all been proposed as patho-
mechanisms for their development [19, 20]. To 
mention few examples, infection with Epstein-
Barr virus has been associated with higher fre-
quency of autoantibodies reacting with cardi-
olipin and cytoskeletal proteins. Autoantibodies 
directed against liver and kidney tissues were also 
described in the context of infection with viral 
hepatitis [21]. On the other hand, many patients 

Fig. 4  Multi-producer patients develop more severe COVID-
19 disease. Patients enrolled in the study were stratified as (i) 
autoantibody negative, (ii) 1–2 autoantibody clones, and (iii) 
3 or more autoantibody clones (multi-producers) using human 
lung tissue proteome as bait. Among these 3 groups, A the 
pattern of disease outcome, B the Horowitz quotient and the 
SOFA score, C patient age, and D serum chemistry readouts 
were compared. On panel A, chi-square test was applied, and 
p values were normalized for multiple comparisons. On pan-
els B and D, data was cleaned of outliers and normality was 

checked. Subsequently, one-way ANOVA test was used fol-
lowed by a post hoc test as a function of the normality of the 
values. Information on normality and the post hoc test can be 
found in the shared primary data files. Data are presented on 
box-whiskers diagrams. Asterisks represent statistically sig-
nificant differences among the groups at p < 0.05 (*), p < 0.01 
(**), and p < 0.001 (***). On panel C, the correlation between 
the number of all immunoglobulin clones and patient age was 
assessed using Spearman correlation. Abbreviation: n.s. not 
significant
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Fig. 5  Certain molecular 
targets of the autoantibod-
ies do not associate with 
disease outcome. Patients 
enrolled into the study 
were stratified as indicated 
on the panels. To assess 
differences in the distribu-
tion of the convalescent 
and deceased patients, chi-
square test was applied, and 
p values were normalized 
for multiple comparisons

Table 2  The number of 
patients as a function of the 
molecular mass of the target 
of the autoantibodies in the 
COVID-19 patient cohort. 
Those molecular mass 
ranges are marked in bold 
that affect patient survival

Target Patients negative 
for the target

Patients with only 
the Ig against the 
target

Patients with Ig 
against the target 
among other Igs

Conv Deceased Conv Deceased Conv Deceased

IgM 20–22 kDa 19 28 2 0 3 4
IgM ~ 28 kDa 21 27 1 3 2 2
IgM, 34–47 kDa 20 23 3 1 1 8
IgM ~ 50 kDa 44 21 0 3 1 4
IgM 51–67 kDa 15 25 4 2 5 5
IgG ~ 28 kDa 22 26 1 2 1 4
IgG 71–76 kDa 20 24 3 4 1 4
High MW IgM + IgG (> 80 kDa) 17 25 2 2 5 5
Number of Ig − patients 22 26
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infected with the human immunodeficiency virus 
(HIV) were found to have a wide range of autoan-
tibodies, reacting against platelets, and erythro-
cytes, smooth muscle, in addition to antinuclear 
antibodies, rheuma factor, and anti-phospho-
lipid antibodies [22]. More recently, antinuclear/
extractable-nuclear antibodies and autoantibodies 
reacting with type I IFNs, Anti-Platelet Factor 4, 
were associated with COVID-19 [3–11], although 
causation or correlation has not yet been estab-
lished with the infection.

Here, we tested the appearance of lung-specific 
autoantibodies in severe COVID-19 patients during 
their hospital care. More than half of these patients 
featured one or more clones of autoantibodies, rec-
ognizing human pulmonary proteins. Mortality 
increased among patients with at least 3 autoantibody 
clones recognizing different pulmonary proteins, 
similar to previous observations linking autoim-
munity to disease severity [23]. In addition, multi-
producer patients were elder than the mean age of 
the patients enrolled which is in good correlation 

Fig. 6  Autoantibody-recognizing targets with a molecu-
lar mass of ~ 50  kDa associate with poor survival. Patients 
enrolled in the study were stratified as indicated on the panels. 
A The proportions of the deceased and convalescent patients 
were plotted, and statistical evaluation was performed on the 
absolute number of patients. For the same patient groups, B 
the Horowitz quotient, the SOFA score, and C serum chemis-
try readouts were compared. D The proportions of the multi-
producer and non-multi-producer patients were determined. E 
A blot image of the autoantibodies recognizing the ~ 50  kDa 
target in all patients positive for this autoantibody. On panels A 

and D, chi-square test was applied, and p values were normal-
ized for multiple comparisons. On panels B and C, data was 
cleaned of outliers, and normality was checked. Subsequently, 
one-way ANOVA test was used followed by a post hoc test as 
a function of the normality of the values. Information on nor-
mality and the post hoc test can be found in the shared pri-
mary data files. Data are presented on box-whiskers diagrams. 
Asterisks represent statistically significant differences among 
the groups at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). 
Abbreviation: n.s. not significant
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with previously published data [4]. Of note, the study 
represents correlations between age and the number 
of autoantibody clones that cannot be considered an 
established causative relationship, nevertheless, other 
studies have already established that autoimmunity 
is more likely among the elderly (e.g., [24]).

These results show that anti-pulmonary autoan-
tibodies are frequently developing in acute 
COVID-19 patients, over 50% of the study popula-
tion. It appears that excessive tissue damage and 
hyper-inflammation in severe acute COVID-19 
promote autoantibody production. It is not clear 

Fig. 7  Autoantibody-recognizing targets with a molecu-
lar mass of ~ 28  kDa associate with poor survival. Patients 
enrolled into the study were stratified as indicated on the 
panels. A The proportions of the deceased and convalescent 
patients were plotted and statistical evaluation was performed 
on the absolute number of patients. For the same patient 
groups, B the Horowitz quotient, the SOFA score, and C 
serum chemistry readouts were compared. D The proportions 
of the multi-producer and non-multi-producer patients were 
determined. On panels A and D, chi-square test was applied, 

and p values were normalized for multiple comparisons. On 
panels B and C, data was cleaned of outliers and normality 
was checked. Subsequently, one-way ANOVA test was used 
followed by a post hoc test as a function of the normality of the 
values. Information on normality and the post hoc test can be 
found in the shared primary data files. Data are presented on 
box-whiskers diagrams. *, **, and *** represent statistically 
significant differences among the groups at p < 0.05, p < 0.01, 
and p < 0.001 using between the groups indicated. Abbrevia-
tion: n.s. not significant
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whether these autoantibodies are only biomarkers of 
general organ damage in severe acute COVID-19, or 
whether they also contribute to the deterioration of physio-
logical functions and worsening of the patient’s condition.

Studies have already identified multiple targets of 
autoantibodies as anti-cardiac autoantibodies [14], autoan-
tibodies to antigens related to systemic autoimmune 
rheumatic conditions [10], interferons [11], and other tar-
gets [3–7]. In our study, we also observed a multitude of 
autoantibodies against the lung tissue and importantly, the 
distribution of autoantigens was not random, a definite 
accumulation of some specific targets was seen in the case 
of pulmonary autoantibodies. In other words, some of the 
pulmonary proteins proved to be better immunogens. This 
observation is in contrast to our previous study on cardiac 
autoantibodies as, apparently, there are no apparent pre-
ferred targets in the case of the cardiac tissue [14].

Importantly, the presence of anti-lung autoantibod-
ies showed correlation with mortality and worse clini-
cal picture of the disease, in contrast to anti-cardiac 
autoantibodies that did not associate with mortality 
[14]. Moreover, we identified a specific ~ 50 kDa anti-
gen in the pulmonary tissue that was highly associated 
with mortality. This suggests that there may be a molec-
ular mimicry between the pulmonary protein and the 
SARS-CoV-2 (facilitating autoantibody production), 
or we have prevalence of patients with this specifically 
targeted protein. This question cannot be decided based 
on the available data, but it is intriguing that individuals 
with the ~ 50 kDa antigen may have more severe symp-
toms, therefore, presenting at the emergency care unit, 
from where most of our patients were recruited.

In a previous publication [14], we performed a similar 
analysis than that in the present manuscript on heart tissue 
homogenates. We found a similar level of autoimmun-
ity (more, than half of the patients harbored anti-cardiac 
autoantibodies). Nonetheless, we noted three important 
differences: first, in most cases, the anti-lung and anti-
cardiac antibodies recognized different molecular targets 
(different sizes of autoantigens); second, the presence of 
anti-cardiac autoantibodies did not correlate with mor-
tality; and third, anti-cardiac autoantibodies did not 
recognize a cluster of similarly sized autoantigens. 
All these differences suggest that the anti-pulmonary 
autoantibodies are targeting specifically the lungs.

There are limitations to this study. It represents 
patients infected by the delta strain, and it is most 
likely that different strains of SARS-CoV-2 induce 
different immune responses. This is a retrospective 

study performed in a population with severe COVID-
19; of note, about half of the involved patients died. 
We do not have information on the titer of the SARS-
CoV-2 at the time of blood sampling, making us 
unable to correlate the autoimmunity with the sever-
ity of infection. This did not allow identifying cer-
tain variables, such as the time of infection and the 
time of hospitalization relative to that. The lack of 
sufficient human biological samples precluded the 
identification of the antigens. Another limitation of 
the study is that with the available methodology, we 
cannot determine the affinity of the autoantibodies, 
as the signal on blots does not necessarily correlate 
with binding affinity but is affected by the quantity 
of the autoantibodies in serum and the quantity of the 
antigens in the lung tissue homogenate used as bait.

Independently of their role in mortality, novel 
autoantibodies generated during COVID-19 may re-
activate after the acute phase of the disease and can 
cause symptoms related to the targeted organ, contrib-
uting to long (or post-) COVID syndrome. The occur-
rence of anti-pulmonary autoantibodies (54% among 
the severe COVID-19 patients) correlated well with 
the observed occurrence of long-COVID syndrome 
in severe (up to 83%) [25] and in mild (up to 35%) 
COVID-19 patients [26] during the same phase (delta 
strain) of COVID-19 pandemic. It appears that auto-
immunity may be an important contributor to long 
COVID-19, and may require an adequate, targeted 
therapeutic approach to treatment.

Significance

In this study, we showed that half of the patients with 
severe COVID-19 produce anti-pulmonary autoanti-
bodies, the majority of which were IgM class autoan-
tibodies. The presence of autoantibodies correlated 
with worse pulmonary function that was aggravated 
in a subset of patients characterized by the simultane-
ous presence of 3 or more autoantibody clones. These 
patients were than the patients with less or no autoan-
tibodies. Importantly, we identified two autoantibod-
ies that associated with worse clinical outcomes, 
including mortality. These autoantibodies may pro-
mote autoimmune reactions, which can complicate 
post-COVID recuperation, contributing to post-
acute sequelae of COVID-19 (long COVID).



 GeroScience

1 3
Vol:. (1234567890)

STAR methods

Key resources table

Reagent or 
resource

Source Identifier

Nitrocellulose 
membrane 
0,45um

Bio-Rad Labora-
tories

CAT: 1,620,115
LOT: A17567266

Anti-Human 
IgM (Fc5μ)-
Peroxidase anti-
body produced in 
rabbit

Merck CAT: SAB3701404
LOT: RI34003

Peroxidase- con-
jugated Affini 
Pure Donkey 
Anti- Human 
IgG (H + L)

Jackson Immuno 
Research Labora-
tories

CAT: 709,035,149
LOT: 70,065

Western Lightning 
Plus- ECL

Perkin Elmer CAT: 
NEL105001EA

LOT: 203–12431
ProSieve Quad-

Color protein 
marker

Lonza CAT: 001938837

ImageLab software Bio-Rad Labora-
tories

v 6.1.0

GraphPad Prism GraphPad v 8.0.1

Contacts for reagent and resource sharing
All requests for reagents and resources should be directed 
to the lead contacts, Attila Tóth (atitoth@med.unideb.hu).

Patient recruitment

Patient recruitment, demographic, and laboratory anal-
yses were published earlier [14]. Serum samples of 
patients with COPD were collected at the Institute of 
Laboratory Medicine at the University of Debrecen. The 
characteristics of the patient cohorts are in Table 3.

Ethical approval

Ethical approvals were issued by the Scientific and 
Research Ethics Committee of the University of Debre-
cen and the Ministry of Human Capacities. Recruiting 
COVID-19 patients was approved under the registration 
number 32568-32020EÜIG. The human lung samples 
used for the identification of the autoantibodies were 
collected and banked under the cover of an ethical per-
mit issued by the Hungarian Ministry of Health UDCC 
RECIEC 4375–2015.

Detection of anti-lung autoantibodies

Autoantibody detection was described earlier [14].

Determination of the molecular weight of pulmonary 
autoantigens

For the molecular weight analysis of pulmonary 
autoantigens, ProSieve QuadColor protein marker 
(Lonza, Basel, Switzerland, Cat. No. 001938837) was 

Table 3  Characteristics of 
patient cohorts

Patients with COVID-19 COPD patients

Number of patients 104 21
Age (years) (median, IQR) 65 (52.25–72) 61 (53–72)
Male/female, n 67/37 11/10
IL-6 (ng/L) (median, IQR) 82 (26–185) N/A
CRP (mg/L) (median, IQR) 157 (62–240) 2.3 (0.9–5.0)
Ferritin (μg/L) (median, IQR) 952 (557–1603) 86 (42.9–260.5)
GFR-EPI (mL/min/1.73m2) (median, IQR) 63 (42–83) 86 (70–90)
Hemoglobin (g/L) (median, IQR) 134 (120–147) 145 (134–152)
White blood cell count (G/L) (median, IQR) 8.91 (6.663–11.80) 7.4 (5.9–8.6)
Diabetes mellitus, n, % 36, 35 5, 24
Hypertension, n, % 78, 75 11, 52
COPD, n, % 14, 13 21, 100
Atrial fibrillation, n, % 24, 23 4, 19
Renal insufficiency, n, % 23, 22 3, 14
Hypothyreosis, n, % 6, 6 1, 5
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applied. Western blot images were processed using 
ImageLab software v 6.1.0. (Bio-Rad Hercules, CA, 
USA). First, lanes and bands were detected, a lane 
profile was created, representing a line-scan of optical 
densities. After the background signal has been sub-
tracted, area of the lanes was calculated.

Next, an individual calibration curve was created 
for each membrane by plotting the molecular weights 
of standard protein bands (in kDa) against the relative 
mobility of the bands from the top of the membrane. 
Data was fit by semi-log regression method. Inaccuracies 
of SDS gel running were corrected by the adjust frame 
tool of the ImageLab software. The accurate molecular 
weights of the autoantigens were determined using the 
standard curve created for the same membrane using the 
built-in Molecular Weight Analysis Tool of the software.

Statistical analysis

Statistical analysis was performed using 8.0.1 version of 
GraphPad Prism. If necessary, values were cleaned of 
outliers using the ROUT method. Values were tested for 
normal distribution using the Shapiro–Wilk normality 
test. When necessary, values were log normalized. For 
comparing two groups, t-test was used. For comparing 
multiple groups, ANOVA test was used following a post 
hoc test as indicated in the figure legends. Chi-square test 
was performed using Excel; p values were corrected for 
multiple comparisons. To assess correlations, the Spear-
man correlation was used. The level of significance is 
indicated in the figure captions.

Abbreviations ACE2: Angiotensin‑converting 
enzyme 2; COVID-19: Coronavirus disease 2019; 
CRP: C‑reactive protein; GFR: Glomerular filtra‑
tion rate; GOT: Glutamic oxaloacetic transami‑
nase; IL-6: Interlekin‑6

Author contribution Emese Tóth – data analysis, manuscript 
drafting, visualization. Miklós Fagyas – design and supervision 
of experiments, database building. Béla Nagy Jr. – sample collec-
tion, database building, manuscript revision. Ivetta Mányiné Siket – 
performing experiments. Blanka Szőke– performing experiments. 
Lilla Mártha – performing experiments. Mohamed Mahdi – con-
ceptualization, manuscript revision. Gábor Erdősi – conceptual-
ization. Zsófia Pólik – sample collection, database building. János 
Kappelmayer – supervision of sample collection and database 
building, manuscript revision. Zoltán Papp – conceptualization, 
manuscript revision. Attila Borbély – sample collection, database 
building. Tamás Szabó – conceptualization, manuscript revision. 
József Balla – conceptualization, manuscript revision. György 

Balla – conceptualization, manuscript revision. Attila Bácsi – 
design of experimentation, conceptualization, manuscript revision. 
Zoltán Szekanecz – conceptualization, manuscript drafting and 
revision. Péter Bai – conceptualization, design and supervision of 
experiments, data curation, visualization, manuscript drafting and 
revision. Attila Tóth – conceptualization, design and supervision of 
experiments, data curation, visualization, manuscript drafting and 
revision.

Funding Open access funding provided by University 
of Debrecen. This study was supported by the Hungar-
ian Academy of Sciences (POST-COVID2021-16, POST-
COVID2021-33, NKM2022-30) and grants from the National 
Research, Development, and Innovation Office (FK135327 to 
BN, K142141 to PB, K132623 to AT, K147243 to MF). Pro-
ject nos. TKP2021-EGA-19 and TKP2021-EGA-20 have been 
implemented with the support provided from the National 
Research, Development and Innovation Fund of Hungary, 
financed under the TKP2021-EGA funding scheme. The The-
matic Excellence Programme of the Ministry for Innovation 
and Technology was also supported by the National Research, 
Development and Innovation Fund of Hungary (TKP2020-
NKA-04) within the frameworks of the preclinical thematic 
program of the University of Debrecen. MF was supported by 
the Bolyai and ÚNKP fellowships (ÚNKP-23–5-DE-482).

Data availability Primary data is available at https:// 
figsh are. com/s/ 4d9bc 4da4b 7c70e 19b8d (DOI: 10.6084/
m9.figshare.22561033).

Declarations 

Conflict of interest The authors declare no competing interests.

Inclusion and diversity statement The inclusion and diver-
sity statement has been filled in.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Raveendran AV, Jayadevan R, Sashidharan S. Long COVID: an 
overview. Diabetes Metab Syndr. 2021;15(3):869–75. https:// 
doi. org/ 10. 1016/j. dsx. 2021. 04. 007.

https://figshare.com/s/4d9bc4da4b7c70e19b8d
https://figshare.com/s/4d9bc4da4b7c70e19b8d
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.dsx.2021.04.007
https://doi.org/10.1016/j.dsx.2021.04.007


 GeroScience

1 3
Vol:. (1234567890)

 2. Galeotti C, Bayry J. Autoimmune and inflammatory diseases fol-
lowing COVID-19. Nat Rev Rheumatol. 2020;16(8):413–4. 
https:// doi. org/ 10. 1038/ s41584- 020- 0448-7.

 3. Liu Y, Sawalha AH, Lu Q. COVID-19 and autoimmune 
diseases. Curr Opin Rheumatol. 2021;33(2):155–62. 
https:// doi. org/ 10. 1097/ bor. 00000 00000 000776.

 4. Fonseca DLM, Filgueiras IS, Marques AHC, Vojdani E, Halp-
ert G, Ostrinski Y, et al. SARS-CoV-2 infection induces the 
production of autoantibodies in severe COVID-19 patients 
in an age-dependent manner. medRxiv. 2022. https:// doi. 
org/ 10. 1101/ 2022. 12. 04. 22282 902.

 5. Woodruff MC, Ramonell RP, Saini AS, Haddad NS, Anam 
FA, Rudolph ME, et al. Relaxed peripheral tolerance drives 
broad de novo autoreactivity in severe COVID-19. medRxiv. 
2021. https:// doi. org/ 10. 1101/ 2020. 10. 21. 20216 192.

 6. Zuo Y, Estes SK, Ali RA, Gandhi AA, Yalavarthi S, Shi H, et al. 
Prothrombotic autoantibodies in serum from patients hospital-
ized with COVID-19. Sci Transl Med. 2020;12(570). https:// 
doi. org/ 10. 1126/ scitr anslm ed. abd38 76.

 7. Wang EY, Mao T, Klein J, Dai Y, Huck JD, Jaycox JR, et al. 
Diverse functional autoantibodies in patients with COVID-
19. Nature. 2021;595(7866):283–8. https:// doi. org/ 10. 1038/ 
s41586- 021- 03631-y.

 8. Son K, Jamil R, Chowdhury A, Mukherjee M, Venegas C, 
Miyasaki K, et al. Circulating anti-nuclear autoantibodies in 
COVID-19 survivors predict long-COVID symptoms. Eur 
Respir J. 2022:2200970. https:// doi. org/ 10. 1183/ 13993 003. 
00970- 2022.

 9. Damoiseaux J, Dotan A, Fritzler MJ, Bogdanos DP, Meroni 
PL, Roggenbuck D, et al. Autoantibodies and SARS-CoV2 
infection: the spectrum from association to clinical implica-
tion: Report of the 15th Dresden Symposium on Autoanti-
bodies. Autoimmun Rev. 2022;21(3):103012. https:// doi. 
org/ 10. 1016/j. autrev. 2021. 103012.

 10. Vlachoyiannopoulos PG, Magira E, Alexopoulos 
H, Jahaj E, Theophilopoulou K, Kotanidou A, et  al. 
Autoantibodies related to systemic autoimmune rheu-
matic diseases in severely ill patients with COVID-19. 
Ann Rheum Dis. 2020;79(12):1661–3. https:// doi. org/ 
10. 1136/ annrh eumdis- 2020- 218009.

 11. Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann 
H-H, Zhang Y, et  al. Autoantibodies against type I IFNs 
in patients with life-threatening COVID-19. Science. 
2020;370(6515):eabd4585. https:// doi. org/ 10. 1126/ scien ce. 
abd45 85.

 12. Combes AJ, Courau T, Kuhn NF, Hu KH, Ray A, Chen WS, 
et  al. Global absence and targeting of protective immune 
states in severe COVID-19. Nature. 2021;591(7848):124–
30. https:// doi. org/ 10. 1038/ s41586- 021- 03234-7.

 13. Woodruff MC, Ramonell RP, Nguyen DC, Cashman KS, 
Saini AS, Haddad NS, et al. Extrafollicular B cell responses 
correlate with neutralizing antibodies and morbidity in 
COVID-19. Nat Immunol. 2020;21(12):1506–16. https:// 
doi. org/ 10. 1038/ s41590- 020- 00814-z.

 14. Fagyas M, Nagy B, Ráduly AP, Mányiné IS, Mártha L, Erdősi 
G, et al. The majority of severe COVID-19 patients develop 
anti-cardiac autoantibodies. GeroScience. 2022;44(5):2347–
60. https:// doi. org/ 10. 1007/ s11357- 022- 00649-6.

 15. Fagyas M, Bánhegyi V, Úri K, Enyedi A, Lizanecz E, 
Mányiné IS, et  al. Changes in the SARS-CoV-2 cellular 
receptor ACE2 levels in cardiovascular patients: a poten-
tial biomarker for the stratification of COVID-19 patients. 
Geroscience. 2021;43(5):2289–304. https:// doi. org/ 10. 1007/ 
s11357- 021- 00467-2.

 16. Fukushima K, Tsujino K, Futami S, Kida H. Natural autoan-
tibodies in chronic pulmonary diseases. Int J Mol Sci. 
2020;21(3). https:// doi. org/ 10. 3390/ ijms2 10311 38.

 17. Schattner A, Rager-Zisman B. Virus-induced autoimmunity. 
Rev Infect Dis. 1990;12(2):204–22. https:// doi. org/ 10. 1093/ 
clini ds/ 12.2. 204.

 18. Hansen KE, Arnason J, Bridges AJ. Autoantibodies and com-
mon viral illnesses. Semin Arthritis Rheum. 1998;27(5):263–
71. https:// doi. org/ 10. 1016/ S0049- 0172(98) 80047-4.

 19. Yamamoto K. Possible mechanisms of autoantibody pro-
duction and the connection of viral infections in human 
autoimmune diseases. Tohoku J Exp Med. 1994;173(1):75–
82. https:// doi. org/ 10. 1620/ tjem. 173. 75.

 20. Barzilai O, Ram M, Shoenfeld Y. Viral infection can 
induce the production of autoantibodies. Curr Opin 
Rheumatol. 2007;19(6):636–43. https:// doi. org/ 10. 1097/ 
BOR. 0b013 e3282 f0ad25.

 21. Terziroli Beretta-Piccoli B, Mieli-Vergani G, Vergani D. 
Autoimmune hepatitis: serum autoantibodies in clinical 
practice. Clin Rev Allergy Immunol. 2022;63(2):124–37. 
https:// doi. org/ 10. 1007/ s12016- 021- 08888-9.

 22. Massabki PS, Accetturi C, Nishie IA, da Silva NP, Sato EI, 
Andrade LE. Clinical implications of autoantibodies in HIV 
infection. AIDS (London, England). 1997;11(15):1845–50. 
https:// doi. org/ 10. 1097/ 00002 030- 19971 5000- 00009.

 23. Bolouri H, Speake C, Skibinski D, Long SA, Hocking AM, 
Campbell DJ, et  al. The COVID-19 immune landscape is 
dynamically and reversibly correlated with disease severity. J 
Clin Invest. 2021;131(3). https:// doi. org/ 10. 1172/ jci14 3648.

 24. Goronzy JJ, Weyand CM. Immune aging and autoimmunity. 
Cell Mol Life Sci. 2012;69(10):1615–23. https:// doi. org/ 10. 
1007/ s00018- 012- 0970-0.

 25 Carfì A, Bernabei R, Landi F, Group ftGAC-P-ACS. 
Persistent symptoms in patients after acute COVID-19. 
JAMA. 2020;324(6):603–5. https:// doi. org/ 10. 1001/ jama. 
2020. 12603.

 26. Tenforde MW, Kim SS, Lindsell CJ, Rose EB, Shapiro NI, 
Files DC, Gibbs KW, Erickson HL, Steingrub JS, Smithline 
HA, Gong MN, Aboodi MS, Exline MC, Henning DJ, Wil-
son JG, Khan A, Qadir N, Brown SM, Peltan ID, Rice TW, 
Hager DN, Ginde AA, Stubblefield WB, Patel MM, Self WH, 
Feldstein LR, IVY Network Investigators; CDC COVID-19 
response team symptom duration and risk factors for delayed 
return to usual health among outpatients with COVID-
19 in a multistate health care systems network — United 
States, March–June 2020. MMWR Morb Mortal Wkly Rep. 
2020;69:993–8. https:// doi. org/ 10. 15585/ mmwr. mm693 0e1.

Publisher’s note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1038/s41584-020-0448-7
https://doi.org/10.1097/bor.0000000000000776
https://doi.org/10.1101/2022.12.04.22282902
https://doi.org/10.1101/2022.12.04.22282902
https://doi.org/10.1101/2020.10.21.20216192
https://doi.org/10.1126/scitranslmed.abd3876
https://doi.org/10.1126/scitranslmed.abd3876
https://doi.org/10.1038/s41586-021-03631-y
https://doi.org/10.1038/s41586-021-03631-y
https://doi.org/10.1183/13993003.00970-2022
https://doi.org/10.1183/13993003.00970-2022
https://doi.org/10.1016/j.autrev.2021.103012
https://doi.org/10.1016/j.autrev.2021.103012
https://doi.org/10.1136/annrheumdis-2020-218009
https://doi.org/10.1136/annrheumdis-2020-218009
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1038/s41586-021-03234-7
https://doi.org/10.1038/s41590-020-00814-z
https://doi.org/10.1038/s41590-020-00814-z
https://doi.org/10.1007/s11357-022-00649-6
https://doi.org/10.1007/s11357-021-00467-2
https://doi.org/10.1007/s11357-021-00467-2
https://doi.org/10.3390/ijms21031138
https://doi.org/10.1093/clinids/12.2.204
https://doi.org/10.1093/clinids/12.2.204
https://doi.org/10.1016/S0049-0172(98)80047-4
https://doi.org/10.1620/tjem.173.75
https://doi.org/10.1097/BOR.0b013e3282f0ad25
https://doi.org/10.1097/BOR.0b013e3282f0ad25
https://doi.org/10.1007/s12016-021-08888-9
https://doi.org/10.1097/00002030-199715000-00009
https://doi.org/10.1172/jci143648
https://doi.org/10.1007/s00018-012-0970-0
https://doi.org/10.1007/s00018-012-0970-0
https://doi.org/10.1001/jama.2020.12603
https://doi.org/10.1001/jama.2020.12603
https://doi.org/10.15585/mmwr.mm6930e1

	Distinct subsets of anti-pulmonary autoantibodies correlate with disease severity and survival in severe COVID-19 patients
	Abstract 
	Introduction
	Results
	The presence of lung-specific autoreactive antibodies correlates with worse clinical outcome
	Patients with multiple anti-lung autoreactive clones have adverse clinical outcome
	Only a subset of autoantibodies affects disease outcome in severe COVID-19 patients

	Discussion
	Significance
	STAR methods
	Key resources table
	Contacts for reagent and resource sharing
	Patient recruitment
	Ethical approval
	Detection of anti-lung autoantibodies
	Determination of the molecular weight of pulmonary autoantigens
	Statistical analysis

	References


