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disease severity in critically ill
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While humoral responses to vaccination and infection have largely focused on

IgG, there is an evolving literature on ways in which IgA may drive neutrophil

activity in lung injury secondary to viral infections, including COVID-19. We

evaluated 238 immune-naïve, critically ill patients in the first year of the

COVID-19 pandemic. Employing a laboratory-developed, multiplexed antibody

testing, clinical history, medical record, and machine learning, we pursued

relationships between systemic IgA and disease severity. Individuals with elevated

anti-N IgA had 4-fold odds of more severe disease. This work emphasizes the

importance of continued work to understand how different elements of the

immune system participate together in contributing to patient outcomes.
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Introduction

Academic medical centers and the Society for Critical Care Medicine established

cooperative cohort studies to allow in-depth assessment of severe acute respiratory infection

(SARI) patients. This work has linked proteomic biomarkers with severe novel coronavirus

disease (COVID-19); discerned relationships between the course of the pandemic and

health system strain; and, afforded a look at ways in which pandemic periods have differed

from each other (1–5). These studies enrolled individuals with severe COVID-19 pneumo-

nia in a prospective, observational cohort study to assess patient risks, allowing observation

of COVID-19 disease experiences from the start of the US COVID-19 pandemic.

Consequently, this work allows observations to be made in the context of a novel threat.

The presence of antibodies against SARS-CoV-2—particularly neutralizing antibodies—

reduces the likelihood of severe disease (6). At the same time, antibody-mediated

immunopathology may increase COVID-19 disease severity through Fc-mediated
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proinflammatory pathways (7). This literature has primarily fo-

cused on anti-RBD IgG, both because those antibodies predominate

neutralizing antibody populations against SARS-Co-2, and they are

the generative target of current vaccine strategies (8). The roles of

anti-Nucleoprotein (N) antibodies and that of IgA are less well

characterized, even as potential roles in immunopathology have

been identified, such as IgA-mediated neutrophil activation (9).

IgA may potentiate neutrophils associated with lung injury.

Interaction of IgA immune complexes with FcaR1 on neutrophils

leads to the release of neutrophil extracellular traps in patients with

severe COVID-19 and influenza (10, 11). Recently, research into the

pathophysiology of severe dengue disease—which also has a lung

injury component—demonstrates that anti-NS1 protein IgA en-

hances neutrophil activation in samples from patients with dengue

hemorrhagic fever or shock syndrome (12). Other IgA actions

include inhibiting surfactant proteins through host:virus epitope

homology (autoantibodies) (13), and thromboembolic complica-

tions linked to glycosylated IgA (14). Yet, IgA in bronchoalveolar

lavage fluid has been associated with decreased COVID-19 mortal-

ity (15). Answering outstanding questions regarding the role of IgA

in severe COVID-19 pneumonia may lead to therapeutic strategies

which can augment current approaches and favorably impact

mortality. In a multi-site, randomized, placebo controlled trial

assessing antiviral (remdesivir) and targeted anti-inflammatory

(baricitinib) therapies under advanced systems of care in patients

with moderate to severe COVID-19 pneumonia, mortality among

patients receiving optimal interventions remained 5 percent (16). In

patients requiring mechanical ventilation or extracorporeal mem-

branous oxygenation at admission, it was over 10 percent.

Using a laboratory-developed immunoassay against multiple

SARS-CoV-2 antigens, we profiled antibody responses and host

factors in a large cohort of the earliest critically-ill COVID-19 SARI

patients, demonstrating the independent contribution of anti-nu-

cleoprotein (N) IgA to the severity of COVID-19 lung disease.
Methods

Study design and participant characterization

COVID-19 patients admitted to the intensive care unit (ICU) at

the University of Washington Medical Center, Seattle, in the first

year of the COVID-19 pandemic (April, 2020, through May, 2021)

were enrolled in the Severe Acute Respiratory Infection –

Preparedness (SARI-PREP) study (UNMC single IRB No. 544-20-

FB; UW IRB No. 9763; NCT04786301). Demographic information,

past medical history, oxygen and other interventional requirements,

as well as APACHE II scoring information were collected on each

enrolled patient (17). NIH Ordinal score (scored 1 through 8) at

time of intake was the primary outcome (18). Factors relevant to

risk for severe COVID-19 pneumonia were selected for incorpora-

tion in into our analytic workflows based upon our previous work

exploring heterogeneity and risk of bias in mortality analyses of

COVID-19. These included age 65 years or older; days of illness ≥14
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days; body mass index (BMI) ≥30 kg/m2; and, a past medical history

of chronic obstructive pulmonary disease (COPD) (19). SARS-

CoV-2 sequencing was performed at the University of

Washington as part of statewide public health response (20).

Laboratory-developed immunoassay

An in-house, multiplexed, bead-based immunoassay was devel-

oped for the quantitation of anti-SARS-CoV-2 IgG and IgA

antibodies. SARS-CoV-2 protein antigens included canonical

Spike receptor binding domain (RBD, expressed in HEK293 cells;

Sino Biological, Ltd., 40592-V08H1) and N (fusion protein with

MBP linker expressed in E. coli; UNMC Structural Biology Facility,

accession: YP_009724397.2). Assay buffers included wash buffer

(1X PBS-TBN with 0.05% Tween, 1% BSA, 0.1% Sodium Azide;

Teknova, P0220) and activation buffer (0.1M NaH2PO4; Sigma-

Aldrich, 7558-80-7) dissolved in MilliQ water. Magnetic micro-

sphere beads with unique fluorescent signatures (Luminex Corp)

were coupled to protein antigens (80 pmol protein/million beads)

following activation of surface carboxyl groups. Beads were washed

and counted for storage at 2 million beads/mL. Diluted beads were

stored as single-plex solutions protected from light at 4 °C.

Secondary antibodies included R-Phycoerythrin-conjugated goat

anti-human IgG, IgA, and IgM (Jackson ImmunoResearch, 109-

115-170, 109-115-011, and 109-116-129, respectively). All second-

ary antibodies were diluted 1:100 in assay buffer prior to second-

ary incubation.

Antibody measurements

Sera were collected within three days of presenting to the ICU

and stored at -80 °C until analysis. Thawed sera were diluted 1:100

in assay buffer. 50uL of diluted sample was mixed with the

multiplexed bead mix at 1,250 beads per reaction. Primary incuba-

tion was performed in a 96-well plate covered in foil on a BioShake

IQ Thermomixer (Bulldog Bio, Inc.) at 37 °C, 600rpm, for 30

minutes. Following primary incubation, the 96-well plate was

placed on a magnet and the paramagnetic beads were allowed to

bind for 2 minutes before the supernatant was removed by vertical

suspension. 200ul of assay buffer was added to each reaction well,

then the plate was placed back on the Bioshake, uncovered, for 2

minutes, shaking at 600rpm, at 37 °C. This wash procedure was

repeated twice between primary and secondary incubation. 100ul of

diluted detection antibody mix was added following the final

removal of the wash buffer. This detection mix was also allowed

to shake at 600rpm, 37 °C, for 30 minutes, covered in foil. Following

secondary incubation, the plate was washed twice and beads were

resuspended in 100uL of assay buffer and allowed to shake, covered

on the Bioshake at 600rpm and 37 °C for 10 minutes prior to

reading on the Luminex IntelliFlex instrument for measurement of

median fluorescent intensity (MFI) using the dual-channel setting.

On each assay run, non-specific binding of secondary antibodies to

protein-coupled beads was measured in wells without sample added

(blank wells). MFI signal from the blank wells for each antigen

target was subtracted from the sample wells for a final MFI value.
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Machine learning and statistical analyses

Microsoft Excel and R Studio version 4.4.2 were used for data

handling and analysis. Descriptive analytics, ordinal and binary

logistic regressions, and gradient boosting machine learning were

performed. Machine learning incorporated K-fold cross-validation

and hyperparametric tuning to < 10% train| test-log-loss difference.

To translate relative influence into odds for the strongest linear

factors, SHAP (SHapley Additive exPlanations) values and direc-

tion of influence were used to create binary breakpoints in revisited

regression models. Breakpoints were selected based upon popula-

tion grouping (clustering) of observations at different levels of

influence (SHAP values) as indicated on the y-axis of the SHAP

curves, and adjusted at boundaries for twice a conservative estimate

of precision for the assay by analyte. The dataset and R code are

available at https://doi.org/10.7910/DVN/UKPNLM.
Results

Between April, 2020, through May, 2021, 241 individuals

contributed 762 specimens, including women (32%), and those

identifying as Hispanic (29%) and Black (14%). Half of participants

presented via an outside hospital. At admission to the ICU, mean

APACHE II scores were 23 (standard deviation 10) and NIH

Ordinal scores indicating COVID-19 pneumonia disease severity

ranged from 4 to 7. Ninety-one participants (38%) died in-hospital.

Half of the participants presented before December 2020, including

periods without targeted medical countermeasures. Virus sequences

were predominantly B1 variants—of 57 resolvable sequences, 50

were B1, 3 A1, 4 P1. Of 241 participants, 238 had data for analysis.

Anti-SARS-CoV-2 antibody levels in the
cohort

Antibody results and host risk factors for severe COVID-19

pneumonia were explored for distinct relationships with the out-

come. Patients with ordinal scores of 7 (the highest severity

observed in our cohort) had the highest MFI values for anti-

SARS-CoV-2 antibodies. (Figure 1, p < 0.001 for each combination

by Kruskal-Wallis test). Anti-N IgA and anti-RBD IgA also showed

consistent elevations in midrange ordinal scores in contrast to a

score of 4; this reached statistical significance for anti-N IgA in the

5 vs. 4 comparison. (Figure 1; Supplementary Table 1).

Supplementary Figure 1 shows relationships between individual

host co-factors and MFI values. Those participants aged 65 years or

older had lower mean MFI values across all targets than younger

participants, at times reduced by more than a third of the younger

participants’ mean values, including anti-N IgA with mean MFI

lower by 3,015 (p < 0.001 by t-test). Only the difference in anti-RBD

IgA did not reach statistical significance. Participants with COPD

also had lower MFI values across all targets, however none of these

differences were statistically significant. Mild increases in MFI

values across targets were present among participants with elevated

BMI, reaching statistical significance for anti-RBD IgA. The 14-days
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of illness breakpoint showed marked increases in IgG (reaching

mean differences of approximately 10,000 MFI, each) but not IgA.

The fraction of those aged 65 years or older and those who

presented ≥14 days into their illness substantially differed by NIH

ordinal score, while COPD and categorical BMI status did not.

(Supplementary Table 2).

In Supplementary Figure 2, humoral targets are compared to

each other in order to explore their differential value both overall

and when considering specific host factors. Log transforms of MFI

demonstrated good correlation between anti-N and RBD IgG

(Spearman rho 0.82, p < 0.001); moderate correlation between

anti-N and RBD IgA; and, moderate correlations between IgG

and IgA in both targets (Spearman rho 0.58-0.65, each p < 0.001).

Selection and preparation of variables for
entry into machine learning

We proceeded to a multivariate analysis to inform subsequent

variable formats for machine learning. This began with ordinal

regression analyses on incrementally increasing NIH ordinal score.

Consistent with the variability of mean MFI values among ordinal

scores of 4-6 (Figure 1), no MFI association was observed. Only age

and days of illness had statistically significant effects in the regres-

sion model. Results then were assessed for change when shifting

≥14 days of illness from a predictor to a stratifying variable, and

replacing IgG and IgA to residual factors accounting for the other.

This did not change the output. (Supplementary Table 3) and

reinforced the possibility of independent effects by IgG and IgA.

A binary logistic regression was then used to assess the subset of

individuals who presented with the lowest (4) or the highest (7)

observed NIH ordinal score, employing the four antibodies as

separate predictors. Only the anti-N IgA coefficient was statistically

significant, p = 0.036. Compositely the model produced an

AUC = 0.8 (95% CI 0.72-0.88) with reasonable prediction

(Hosmer-Lemeshow p = 0.47) and mild multi-collinearity (VIF of

1-3; scaled Brier 0.2) (Supplementary Figure 3).

Associations of variables with COVID-19
severity by NIH ordinal score

These refined variables were then examined for their influence

on disease severity using a gradient boosting machine learning

model. The outputs elaborated the importance of anti-N IgA which

had a relative influence nearly three-fold that of the next highest

major factor, anti-RBD IgG. Model performance was very high,

with an ROC AUC of 0.91 (95% CI 0.8-1; test-train difference of

0.16) (Figure 2).

Gradient boosting was repeated employing days ill as a contin-

uous variable for quantitative bias analysis of the impact of the 14-day

breakpoint. The resulting model had a mild AUC decrement and

lower risk of over-fitting (0.85, 95% CI 0.65-1; test-train difference of

0.11), raising days ill to the lead influencing predictor. However, anti-

N IgA and anti-RBD IgG remained strong influencers and the greater

importance of anti-N IgA was preserved (Supplementary Figure 4).

To aid in contextualizing the machine learning result by

generating odds, we used the outputs from the first machine
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learning model (days ill as a categorical variable; Figure 2) and

selected SHAP-informed, conservative breakpoints of 10,000 MFI

for anti-N IgA (Figure 3) and 25,000 for anti-RBD IgG (Figure 4)

for binary logistic regression comparing ordinal scores of 4 and 7. In

this model, only anti-N IgA’s effect reached statistical significance

(OR 4.3, 95% CI 1.2-20; AUC 0.81, 95% CI 0.73-0.89); Hosmer-

Lemeshow p = 0.74; scaled Brier 0.19). Subsequent addition of an

interaction term for the binned anti-N IgA and anti-RBD IgG

showed no effect, again indicating anti-N IgA’s independent role.

Next, we performed a quantitative bias analysis testing the impact of

different anti-N IgA and anti-RBD IgG threshold values used to bin

results on the regression model’s performance and outputs.

(Supplementary Table 4) Performance of the model as well as

odds ratios associated with age, BMI, and COPD remained stable

when increasing and decreasing each threshold by 5,000 MFI while

keeping the other value at its original set point. The Anti-N IgA

associated odds ratio was unchanged with a decrease in anti-RBD

IgG to 20,000 MFI. Its estimate of effect was mildly decreased with a

loss of statistical significance with an anti-RBD IgG threshold

increase to 30,000 MFI (OR 3.4, 95% CI 1-16.2). The anti-RBD

IgG, anti-N IgG, and anti-RBD IgA associated odds remained at

approximately 1 through-out the quantitative bias analysis, except

when using a threshold of 30,000 MFI for anti-RBD IgG in which

case the result for that analyte was uninterpretable.
Discussion

We show that virus-specific IgA is associated with severe

COVID-19 pneumonia in a large cohort of immune naïve, critically

ill patients who predated the era of vaccination, serial infection, and
Frontiers in Immunology 04
broad use of antiviral and immunomodulatory therapies. These

enrollments pre-dated availability of oral anti-SARS-CoV-2 ther-

apy. The first monoclonal antibody for prevention was approved in

November, 2020, and had not been given to our participants (21).

Thus, these findings are particularly applicable to novel threats and

have practical implications.

Our design focused on lung injury through assignment of the

NIH Ordinal score as the primary outcome, reflecting COVID-19

pneumonia severity. This patient-centered scoring system addresses

outcomes rather than pathophysiologic pathways. It includes all

cause (hospitalization, death) and pulmonary compartment-specific

aspects (need for oxygenation, positive pressure respiration, or

mechanical ventilation). The score was developed for the purpose

of comparability in outcomes from investigational therapeutic

clinical trials in COVID-19 (18). In our descriptive analyses,

comparisons of antibody levels reveal clear differences when com-

paring scores 4 (hospitalized without supplemental oxygen; the

lowest score in our cohort) and 7 (mechanical ventilation or

extracorporeal membrane oxygenation (ECMO); the highest score

in our cohort), but more variable results when comparing stepwise

changes with intermediate outcomes, scores 5 (supplemental

oxygen) or 6 (non-invasive ventilation or high flow oxygen). This

may be due to several influences including inter-provider thresholds

for applying respiratory interventions as well as differences in how

individual patients respond to pulmonary support when experienc-

ing the same syndrome. Pre-existing pulmonary status, direct

consequences of positive pressure ventilatory support in lung

parenchyma, fluid handling from cardiac and renal function, as

well as differences in fluid administration are among the influences

that impact the respiratory support required by patients with lung

injury even in settings that employ well protocolized critical care

practices (22).
FIGURE 1

Antibody levels and common severe COVID-19 risk factors by NIH Ordinal score. Anti-SARS-CoV-2 antibody levels by disease severity. MFI by target
and isotype against NIH Ordinal score at intake is shown. The difference in mean MFI with t-test between an ordinal score of 7 vs. 4 is shown for
each combination; all four comparisons and the stepwise increase of Anti-N IgA yielded a p < 0.001 by Kruskal-Wallis test. NIH Ordinal scores
represented are 4: hospitalized but no supplemental oxygen; 5: on supplemental oxygen; 6: on non-invasive ventilation or high flow oxygen; 7:
mechanically ventilated.
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Immunologic mechanisms contributing to lung injury are

diverse. They include direct responses to pathogen-mediated

injury, immune complex-mediated pathways and interactions

with neutrophils, non-specific systemic inflammatory cascades,

and potentially trained immunity of innate responses connected

to fibrosis (7, 9, 23). Relationships between anti-SARS-CoV-2 IgG

and severe disease have been observed in the COVID-19 pandemic.

One group showed that a composite IgG antibody result against

spike protein and nucleoprotein was associated with more severe

disease (24). Another study showed that earlier seroconversion to

IgG and IgA against spike protein but not nucleoprotein was linked

to acute respiratory distress syndrome (25). Our findings of a

dominant IgA signal related to patient-centered outcome together

with the evolving literature on NETosis are an example of the
Frontiers in Immunology 05
importance of exploring combinatorial effects of multiple

immune pathways.

From a causal inference perspective, risk factors may have

overlapping effects, and incorporation of recognized host factors

associated with severe COVID-19 pneumonia is a strength of our

analysis. Our choice of gradient boosting machine learning follow-

ing stepwise regression was driven by the potential for small effect

sizes as well as the need to account for multiple starting states. For

instance, our approach explored whether or not it was important

that patients be viewed first as having a particular IgG value who

also have a particular IgA value, or vice versa. This enabled

discernment of anti-N IgA’s independent effects.

We observed earlier anti-SARS-CoV-2 IgA than IgG peaks

relevant to analyses incorporating duration of illness. A small
FIGURE 2

Anti-N IgA has the greatest influence on disease severity. Machine learning indicates anti-N IgA is a dominant distinguishing risk factor for severe
COVID-19 pneumonia in this cohort. Relative influence output from a gradient boosting machine learning model demonstrates anti-N IgA as the
leading predictor in this construct; the inset shows its receiver operator characteristic curve. COPD status did not impact the model. The train-test
difference at its best iteration was 0.17, suggesting that the model was not overfitted.
FIGURE 3

Breakpoint selection for categorical transformation of Anti-N IgA MFI. The dynamics of anti-SARS-CoV-2 antibody influence differ between anti-N
IgA and anti-RBD IgG. The SHAP curve allows breakpoint determination of when the linear variable has its greatest influences in the model. This
informs exploration of relationships (e.g., linear, non-parametric, sub-populations of effect) as well as binary cut-offs employed in follow-on logistic
regression, allowing threshold odds ratios. The color coding reflects the magnitude of anti-RBD IgG MFI, the other leading antibody predictor, for
each participant. The solid arrows pointing above and below the x-axis illustrate the areas where the data points influence the machine learning
model towards a higher (up) or lower (down) NIH Ordinal score, indicating worsening disease severity. The open arrow pointing towards the right of
the figure show the MFI values informing selection of the MFI breakpoints (dotted line).
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longitudinal study of 11 COVID-19 patients observed earlier IgA

peaking and broader repertoire among patients who experienced

severe rather than mild disease (26). In our critical care cohort,

higher severity patients outnumbered more mildly ill patients (those

with NIH Ordinal scores of 7 and 4, respectively), skewing our

observations towards this potential effect. An ex vivo analysis of

serial B-cells from healthy adults vaccinated with an mRNA vaccine

also demonstrated earlier class switching to IgA1 than both IgG1

and 2 (27). While this might indicate a post-infection, pre-illness

IgA-related pathway relevant to disease severity, extrapolating such

data directly to our analysis of clinical samples from ill patients

could be confounded by duration of illness, as well as moderated by

mode of antigen exposure (mucosal vs. injected) and other influ-

ences on inflammation. The magnitude of IgG was consistently

higher than IgA results, which also can influence the time lag to

achieve peak values. The literature referenced here consistently

demonstrates higher magnitude IgG than IgA responses in blood

following antigenic exposure from both vaccination and infection.

This may in part be due to IgA1 to 2 switching as the immune

response evolves (27), though this also is consistent with blood

compartment total isotype loads.

Important avenues of investigation of IgA effects include

population differences. Advanced age is associated with lower

antibody responses, and we observed an association between age

65 years or older with lower antibody levels against three of our four

targets (the lower mean MFI difference for anti-RBD IgA did not

reach statistical significance). In a study seeking to intervene on

immunosenescence in the setting of vaccination, younger and older

adults were vaccinated with inactivated influenza vaccine (28).

Hemagglutination inhibition titers but not immune activation

were lower among those 60 years of age or older compared to

those 35 years or younger; and, baseline immune activation was

associated with lower antibody levels. Atherosclerosis is associated

with immune activation and may be a pervasive confounder in

assessments of immunologic responses among older adults (29).

Lifetime exposure to circulating human coronaviruses have been

shown to increase the anti-SARS-CoV-2 IgG response (though with

less neutralization), rather than decrease them (30). In contrast,

serial SARS-CoV-2 antigen exposures yield lower serum IgA
Frontiers in Immunology 06
responses (31). The impact of these variances among older adults

is not clear. In our cohort, those aged 65 years or older were less

likely to have the highest observed NIH Ordinal score of 7. We

believe that this is a result of concomitant indications for critical

care unit admission among older adults from comorbidities diluting

the enrollment pool, rather than a biological effect as age is an

established risk factor for poor outcome from severe acute respira-

tory illnesses, including COVID-19.

We observed a mild elevation in anti-RBD IgA among those

with elevated body mass index (BMI), as well as greater disease

severity. In studies of international COVID-19 vaccine products

with adenoviral platforms and inactivated virus, elevated BMI was

associated with lower prevalence of anti-RBD IgG response (32). In

contrast, analogous analyses of mRNA vaccination and bodyweight

which included did not see this effect in IgG, however IgA was

mildly higher in obesity (33, 34). Obesity is an independent risk

factor for severe disease, so this may relate to how that manifests.

In our study, the presence of COPD had little influence on the

analytic model and overall had lower antibody levels across all four

targets, though only reaching statistical significance for anti-RBD

IgG and IgA which may be a consequence of statistical power.

COPD patients without acute disease have been observed to have

more total IgA than controls at baseline, as well as anti-cytokeratin

IgA (35, 36). This chronic immune activation may blunt epitope-

specific responses and yet be relevant to the IgA-neutrophil path-

way of interest here; however, recent data suggests that the

propensity for pulmonary dysbiosis in COPD may be closely

associated with compartmental and systemic antibody responses

(37). Our cohort may also have been affected by COPD patients’

triggers based upon their underlying lung disease for escalated care

that may not always relate to their COVID-19. In future prospective

and interventional studies employing humoral biomarkers, COPD

status should be a stratifying variable.

Broader characterization of less explored humoral immuno-

pathologic pathways such as those informed by this study may lead

to improvements in therapies for SARS-CoV-2 and other infectious

diseases patients. Immunomodulatory therapies for severe COVID-

19 are important, though mortality among those who carry their

indications remains high. They have primarily relied upon
FIGURE 4

Breakpoint selection for categorical transformation of Anti-RBD IgG MFI. Similar to Figure 3, here, the SHAP curve for Anti-RBD IgG MFI is depicted
in relation to the NIH Ordinal score, with participant-level color coding for the corresponding Anti-N IgA MFI.
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interruption of cascades affected by IgG (38). Inhibitors of C5a have

joined therapeutic repertoires, interrupting IgA-relevant neutrophil

activation pathways (39). In the case of COVID-19 pneumonia,

these products could be assessed in a setting where a patient’s anti-

N IgA level is used as both a gate for administration as well as a

stratifying variable to assess outcomes in their use. In this way,

inexpensive, accurate, and high-throughput-capable humoral pro-

filing may contribute to effective therapeutic strategies. Both sepsis

and trauma lead to lung injury, so such approaches may have very

broad applications in improving case management once the rele-

vant epitopes are understood.

This work is subject to limitations. Enrollment was restricted to

critical care, limiting extrapolation to pre-hospital and pre-ICU

risk. Variable lag times between onset of infection and presentation;

could have led to misclassification bias risk especially for those

presenting at an outside hospital. Pre-ICU care practices likely

evolved over enrollment, though changes in their essential thera-

peutic toolkit were limited. Unrecognized vaccination may have

occurred for a small number of participants enrolled when it was

available. Anti-N IgA’s influence on disease severity in our model

was robust; whether it exceeds anti-RBD IgG’s influence may be

patient specific and anti-RBD IgG levels may be more closely tied to

other risk factors. Successive checks for interaction did not show

substantive IgG and IgA relationships in our models. However, in

our quantitative bias analysis, the estimate of effect of anti-N IgA’s

associated odds ratio for severe disease remained high though lost

statistical significance when employing the highest linear range

anti-RBD IgG value for our assay (30,000 MFI) as a threshold; and,

it remained stable at a lower threshold (20,000 MFI). This strength-

ens the idea of an independent action by anti-N IgA in critically ill

patients across a range of antibody values. There is a possibility of

mild confounding at the highest levels of anti-RBD IgG, which

could be a result of statistical power, disease pathway convergence,

or an inability to discern differential pathophysiologic effects among

those with the most severe disease.

Anti-N IgA is independently associated with more severe

COVID-19 in immune naïve, critically ill patients. In our analyses,

it had consistently stronger effects and statistical significance than

anti-RBD IgG, anti-N IgG, anti-RBD IgA, selected comorbidities,

and days of illness. Further study is required to better elucidate the

mechanisms and incremental consequences of its actions, particu-

larly in the context of novel threats.
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et al. IgA-driven neutrophil activation underlies severe dengue disease after primary
Zika virus infection in humans. Nat Immunol. (2026) 27:126–34. doi: 10.1038/s41590-
025-02363-9

13. Sinnberg T, Lichtensteiger C, Ali OH, Pop OT, Jochum AK, Risch L, et al.
Pulmonary surfactant proteins are inhibited by immunoglobulin A autoantibodies in
severe COVID-19. Am J Respir Crit Care Med. (2023) 207:38–49. doi: 10.1164/
rccm.202201-0011OC

14. Potaczek DP, van Tol BDM, Falck D, Krolczik C, Zlatina K, Bertrams W, et al.
Glycosylation signature of plasma IgA of critically ill COVID-19 patients. Front
Immunol. (2024) 15:1439248. doi: 10.3389/fimmu.2024.1439248

15. Di Stefano M, Mirabella L, Cotoia A, Faleo G, Rauseo M, Rizzo AC, et al. A possible
protective effect of IgA against severe acute respiratory syndrome corona virus 2
(SARS-CoV-2) in bronchoalveolar lavage in COVID-19 patients admitted to intensive
care unit. Viruses. (2024) 16:1851. doi: 10.3390/v16121851
16. Kalil AC, Patterson TF, Mehta AK, Tomashek KM, Wolfe CR, Ghazaryan V, et al.
Baricitinib plus remdesivir for hospitalized adults with Covid-19. N Engl J Med. (2021)
384:795–807. doi: 10.1056/NEJMoa2031994

17. Knaus WA, Zimmerman JE, Wagner DP, Draper EA, Lawrence DE. APACHE-
acute physiology and chronic health evaluation: a physiologically based classification
system. Crit Care Med. (1981) 9:591–7. doi: 10.1097/00003246-198108000-00008

18. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al.
Remdesivir for the treatment of Covid-19 - final report.N Engl J Med. (2020) 383:1813–
26. doi: 10.1056/NEJMoa2007764

19. Degarege A, Naveed Z, Kabayundo J, Brett-Major D. Heterogeneity and risk of bias
in studies examining risk factors for severe illness and death in COVID-19: A
systematic review and meta-analysis. Pathogens. (2022) 11:563. doi: 10.3390/patho-
gens11050563

20. Bedford T, Greninger AL, Roychoudhury P, Starita LM, Famulare M, Huang ML,
et al. Cryptic transmission of SARS-CoV-2 in Washington state. Science. (2020)
370:571–5. doi: 10.1126/science.abc0523

21. Eli Lilly and Company. Fact Sheet for Health Care Providers Emergency
Authorization (EUA) of Bamlanivimab. Indianapolis IN 46285 (2021). Available
online at: https://www.fda.gov/media/143603/download. Report B3.01-BAM-0006-
EUA HCP-20210318 (Accessed June 24, 2026).

22. Roch A, Guervilly C, Papazian L. Fluid management in acute lung injury and ards.
Ann Intensive Care. (2011) 1:16. doi: 10.1186/2110-5820-1-16

23. Pham THN, Zhou B. Trained immunity in lung injury and repair. Front Immunol.
(2026) 17:1819744. doi: 10.3389/fimmu.2026.1819744

24. Kritikos A, Gabellon S, Pagani JL, Monti M, Bochud PY, Manuel O, et al. Anti-
SARS-CoV-2 titers predict the severity of COVID-19. Viruses. (2022) 14:1089.
doi: 10.3390/v14051089

25. Buchholtz ML, Arend FM, Eichhorn P, Weigand M, Kleinhempel A, Häusler K,
et al. SARS-CoV-2 antibody immunoassays in serial samples reveal earlier serocon-
version in acutely ill COVID-19 patients developing ARDS. PloS One. (2021) 16:
e0251587. doi: 10.1371/journal.pone.0251587

26. Ravichandran S, Lee Y, Grubbs G, Coyle EM, Klenow L, Akasaka O, et al.
Longitudinal antibody repertoire in “mild” versus “severe” COVID-19 patients reveals
immune markers associated with disease severity and resolution. Sci Adv. (2021) 7:
eabf2467. doi: 10.1126/sciadv.abf2467

27. Montamat-Garcia G, Ng JCF, Stewart AT, Sinclair E, Mensah BB, Giam YH, et al.
Human primary antibody response to vaccination follows a partially sequential class-
switching program with a checkpoint at IGHG2. Cell Rep Med. (2026), 102848.
doi: 10.1016/j.xcrm.2026.102848

28. Kilic G, Taks EJ, Helder LS, Dulfer EA, Geckin B, van Emst L, et al. Age-related
differences in immune responses to inactivated influenza and adjuvanted recombinant
herpes zoster vaccines. JCI Insight. (2026):e195618. doi: 10.1172/jci.insight.195618

29. Taylor JA, Hutchinson MA, Gearhart PJ, Maul RW. Antibodies in action: the role
of humoral immunity in the fight against atherosclerosis. Immun Ageing A. (2022)
19:59. doi: 10.1186/s12979-022-00316-6

30. Wratil PR, Schmacke NA, Karakoc B, Dulovic A, Junker D, Becker M, et al.
Evidence for increased SARS-CoV-2 susceptibility and COVID-19 severity related to
pre-existing immunity to seasonal coronaviruses. Cell Rep. (2021) 37:110169.
doi: 10.1016/j.celrep.2021.110169

31. Deraz N, Payne M, See E, Ragavapuram V, Bosch J, King CL. XBB 1.5 monovalent
booster vaccination stimulates oral mucosal and systemic immune responses in healthy
adults. Vaccine. (2026) 77:128346. doi: 10.1016/j.vaccine.2026.128346
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2026.1870217/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1870217/full#supplementary-material
https://doi.org/10.1097/CCE.0000000000000827
https://doi.org/10.4269/ajtmh.20-0205
https://doi.org/10.1097/CCM.0000000000005802
https://doi.org/10.1097/CCE.0000000000001122
https://doi.org/10.1097/CCE.0000000000001122
https://doi.org/10.1097/CCE.0000000000000773
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41590-020-00828-7
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1093/ofid/ofaf199
https://doi.org/10.1073/pnas.2101497118
https://doi.org/10.3390/cells9122676
https://doi.org/10.1038/s41590-025-02363-9
https://doi.org/10.1038/s41590-025-02363-9
https://doi.org/10.1164/rccm.202201-0011OC
https://doi.org/10.1164/rccm.202201-0011OC
https://doi.org/10.3389/fimmu.2024.1439248
https://doi.org/10.3390/v16121851
https://doi.org/10.1056/NEJMoa2031994
https://doi.org/10.1097/00003246-198108000-00008
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.3390/pathogens11050563
https://doi.org/10.3390/pathogens11050563
https://doi.org/10.1126/science.abc0523
https://www.fda.gov/media/143603/download
https://doi.org/10.1186/2110-5820-1-16
https://doi.org/10.3389/fimmu.2026.1819744
https://doi.org/10.3390/v14051089
https://doi.org/10.1371/journal.pone.0251587
https://doi.org/10.1126/sciadv.abf2467
https://doi.org/10.1016/j.xcrm.2026.102848
https://doi.org/10.1172/jci.insight.195618
https://doi.org/10.1186/s12979-022-00316-6
https://doi.org/10.1016/j.celrep.2021.110169
https://doi.org/10.1016/j.vaccine.2026.128346
https://doi.org/10.3389/fimmu.2026.1870217
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Brett-Major et al. 10.3389/fimmu.2026.1870217
32. Cortez MV, Martins A, Nascimento J, Chui FS, Rodrigues MGA, Bastos T, et al.
Impact of obesity on COVID-19 CoronaVac and ChAdOx1-S vaccine efficacy. BMC
Infect Dis. (2025) 26:57. doi: 10.1186/s12879-025-12295-2

33. D’Souza M, Keeshan A, Gravel CA, Langlois MA, Cooper CL. Obesity does not
influence SARS-CoV-2 humoral vaccine immunogenicity. NPJ Vaccines. (2024) 9:226.
doi: 10.1038/s41541-024-01022-8

34. Bates JT, Farmer AP, Bierdeman MA, Ederer DR, Carney LS, Montgomery DD,
et al. IgG antibody response to the Pfizer BNT162b2 SARS-CoV-2 vaccine in healthcare
workers with healthy weight, overweight, and obesity. Vaccines. (2022) 10:512.
doi: 10.3390/vaccines10040512

35. Hai CN, Ba TT, Duc TB, Xuan CH, Manh TV. Serum immunoglobulin levels in
group E of chronic obstructive pulmonary disease: insights for clinical management
and immunoglobulin therapy strategies. BMC Pulm Med. (2024) 24:381. doi: 10.1186/
s12890-024-03185-5
Frontiers in Immunology 09
36. Xiong Y, Gao S, Luo G, Cheng G, Huang W, Jiang R, et al. Increased circulating
autoantibodies levels of IgG, IgA, IgM against cytokeratin 18 and cytokeratin 19 in chronic
obstructive pulmonary disease. Arch Med Res. (2017) 48:79–87. doi: 10.1016/
j.arcmed.2017.01.007

37. Tejwani V, Putcha N, Woo H, Liu C, Lafon D, Alexis NE, et al. Associations of
serum and bronchoalveolar immunoglobulins with lung microbiota diversity, B-cell
memory phenotypes, and COPD morbidity and exacerbations. Respir Res. (2025)
26:250. doi: 10.1186/s12931-025-03310-w

38. Nadig N, Bhimraj A, Cawcutt K, Chiotos K, Dzierba AL, Kim AY, et al. 2025
clinical practice guideline update by the Infectious Diseases Society of America on the
treatment and management of COVID-19: Abatacept. Clin Infect Dis Off Publ Infect Dis
Soc Am. (2026) 81:i17–21. doi: 10.1093/cid/ciaf354

39. Metzemaekers M, Gouwy M, Proost P. Neutrophil chemoattractant receptors in
health and disease: double-edged swords. Cell Mol Immunol. (2020) 17:433–50.
doi: 10.1038/s41423-020-0412-0
frontiersin.org

https://doi.org/10.1186/s12879-025-12295-2
https://doi.org/10.1038/s41541-024-01022-8
https://doi.org/10.3390/vaccines10040512
https://doi.org/10.1186/s12890-024-03185-5
https://doi.org/10.1186/s12890-024-03185-5
https://doi.org/10.1016/j.arcmed.2017.01.007
https://doi.org/10.1016/j.arcmed.2017.01.007
https://doi.org/10.1186/s12931-025-03310-w
https://doi.org/10.1093/cid/ciaf354
https://doi.org/10.1038/s41423-020-0412-0
https://doi.org/10.3389/fimmu.2026.1870217
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Anti-SARS-CoV-2 nucleoprotein IgA is associated with worse disease severity in critically ill COVID-19 pneumonia patients
	Introduction
	Methods
	Study design and participant characterization
	Laboratory-developed immunoassay
	Antibody measurements
	Machine learning and statistical analyses

	Results
	Anti-SARS-CoV-2 antibody levels in the cohort
	Selection and preparation of variables for entry into machine learning
	Associations of variables with COVID-19 severity by NIH ordinal score

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


