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Abstract: Coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2, is a global health care
emergency. Anti-SARS-CoV-2 serological profiling of critically ill COVID-19 patients was performed
to determine their humoral response. Blood was collected from critically ill ICU patients, either
COVID-19 positive (+) or COVID-19 negative (−), to measure anti-SARS-CoV-2 immunoglobulins:
IgM; IgA; IgG; and Total Ig (combined IgM/IgA/IgG). Cohorts were similar, with the exception
that COVID-19+ patients had a greater body mass indexes, developed bilateral pneumonias more
frequently and suffered increased hypoxia when compared to COVID-19- patients (p < 0.05). The
mortality rate for COVID-19+ patients was 50%. COVID-19 status could be determined by anti-
SARS-CoV-2 serological responses with excellent classification accuracies on ICU day 1 (89%); ICU
day 3 (96%); and ICU days 7 and 10 (100%). The importance of each Ig isotype for determining
COVID-19 status on combined ICU days 1 and 3 was: Total Ig, 43%; IgM, 27%; IgA, 24% and IgG,
6%. Peak serological responses for each Ig isotype occurred on different ICU days (IgM day 13 >
IgA day 17 > IgG persistently increased), with the Total Ig peaking at approximately ICU day 18.
Those COVID-19+ patients who died had earlier or similar peaks in IgA and Total Ig in their ICU
stay when compared to patients who survived (p < 0.005). Critically ill COVID-19 patients exhibit
anti-SARS-CoV-2 serological responses, including those COVID-19 patients who ultimately died,
suggesting that blunted serological responses did not contribute to mortality. Serological profiling
of critically ill COVID-19 patients may aid disease surveillance, patient cohorting and help guide
antibody therapies such as convalescent plasma.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by SARS-CoV-2. Critically ill COVID-
19 patients are admitted to the intensive care unit (ICU), where the mortality rate is
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approximately 42% [1]. While a variety of patient risk factors have been identified, the
patient and infection attributes that contribute to ICU mortality are generally unknown.
Once infected, the body responds with the innate immune response [2,3]. An exaggerated
innate response has been suggested to underlie severe COVID-19 disease, referred to as
a ‘cytokine storm’, with evidence for increased interferons, TNF, bradykinin and serine
proteases [4–6]. Poorer outcomes have also been attributed to microvascular disease [7],
which is associated with microthrombi [8].

The innate reaction is followed by a humoral immune response, with production
of antigen-specific antibodies, or immunoglobulins (Ig) [9]. Five antibody isotypes are
named alphabetically based on their heavy chain class: alpha (IgA), delta (IgD), epsilon
(IgE), gamma (IgG), and mu (IgM). The intensity and duration of the SARS-CoV-2 humoral
response has been partially investigated [10,11], with studies demonstrating that the
response rate and the time to seroconversion are both variable depending on the targeted
antigen, the Ig isotype investigated, and the assay platform used [12]. The IgM response is
detected by 6–14 days after infection, while an IgG response begins shortly thereafter [13].
Serological studies in critically ill patients are few and limited by insufficient sampling
time points and/or focus on only one immunoglobulin isotype [14,15].

Serological profiling of critically ill COVID-19 patients over their ICU stay was the
overall aim of this study. Our specific objectives were: (1) to determine and compare
the serological responses between COVID-19-positive (+) ICU patients and either healthy
control subjects or COVID-19-negative (−) ICU patients; (2) to determine which Ig isotypes
dominate the serological responses in COVID-19+ patients; and (3) to determine whether
the serological responses differ between COVID-19+ patient outcome.

2. Results

We investigated and compared 4 age- and sex-matched populations: 14 critically
ill COVID-19+ patients (median years of age = 61.0, IQR = 54.0, 67.0), 14 critically ill
COVID-19- patients (median years of age = 58.5, IQR = 52.5, 63.0), 14 mildly ill non-
hospitalized COVID-19+ patients (median years of age = 60.0, IQR = 55.8, 65.0), and
14 healthy controls (median years of age = 57.5, IQR = 53.3, 63.0; p = 0.645). Baseline
demographic characteristics, comorbidities, laboratory values, and chest x-ray results
are reported in Table 1. The COVID-19+ patients had a higher body mass index and
developed bilateral pneumonia more frequently, while COVID-19- patients were more
likely to suffer unilateral pneumonia. COVID-19+ patients had lower PaO2:FiO2 ratios
when compared to COVID-19- patients, and were more likely to receive high-flow oxygen
therapy. Sepsis was ‘confirmed’ by infectious pathogen identification in only 28.6% of
COVID-19- patients, with sepsis ‘suspected’ in the remaining 71.4%. The mortality rate
was 50% for COVID-19+ patients.

Table 1. Demographics and clinical data for all age- and sex-matched study subjects.

Variable COVID-19+
Critically Ill

COVID-19−
Critically Ill

COVID-19+
Mildly Ill

Healthy
Controls p-Value

n 14 14 14 14 1.000
Age in years 61.0 (54.0, 67.0) 58.5 (52.5, 63.0) 60.0 (55.8, 65.0) 57.5 (53.3, 63.0) 0.645

Sex 8F:6M 8F:6M 8F:6M 8F:6M 1.000
MODS 4.0 (3.0, 5.5) 6.0 (3.0, 8.0) 0.286
SOFA 4.5 (2.0, 9.3) 6.0 (4.3, 10.5) 0.204

Comorbidities, n(%)
Hypertension 7 (50.0) 9 (64.3) 0.445

Diabetes 5 (35.7) 5 (35.7) 1.000
Chronic kidney disease 2 (14.3) 1 (7.1) 1.000

Cancer 2 (14.3) 1 (7.1) 1.000
COPD 1 (7.1) 3 (21.4) 0.596

Heart disease 2 (14.3) 2 (14.3) 1.000
Chronic heart failure 0 (0) 2 (14.3) 0.481
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Table 1. Cont.

Variable COVID-19+
Critically Ill

COVID-19−
Critically Ill

COVID-19+
Mildly Ill

Healthy
Controls p-Value

Baseline labs
White blood count 8.5 (6.9, 16.1) 15.3 (11.1, 20.5) 0.056

Neutrophils 7.3 (5.6, 12.6) 12.2 (8.6, 15.7) 0.062
Lymphocytes 0.7 (0.6, 1.0) 1.3 (0.5, 1.8) 0.093

Platelets 206 (134, 294) 202 (164, 260) 0.872
Hemoglobin 122 (102, 135) 124 (102, 138) 0.818
Creatinine 82 (58, 187) 75 (54, 113) 0.448

Chest X-ray, n(%)
Bilateral pneumonia 13 (92.9) 2 (14.3) <0.001

Unilateral pneumonia 1 (7.1) 8 (57.1) 0.013
Interstitial infiltrates 0 (0) 1 (7.1) 1.000

Normal 0 (0) 3 (21.4) 0.222
PaO2:FiO2 ratio 107 (66, 162) 172 (138, 312) 0.015

Lactate 1.5 (1.0, 2.0) 1.2 (0.9, 1.6) 0.233

Sepsis diagnosis
Suspected 0 (0) 10 (71.4) <0.001
Confirmed 14 (100) 4 (28.6) <0.001

Study interventions
Antibiotics 14 (100) 14 (100) 1.000
Anti-virals 3 (21.4) 2 (14.3) 1.000

Steroids 3 (21.4) 5 (35.7) 0.678
Vasoactive medications 11 (78.6) 8 (57.1) 0.420

Renal replacement 2 (14.3) 1 (7.1) 1.000
High-flow nasal cannula 8 (57.1) 1 (7.1) 0.013

Non-invasive MV 6 (42.9) 8 (57.1) 0.450
Invasive MV ventilation 10 (71.4) 11 (78.6) 1.000

Survived 7 (50.0) 12 (85.7) 0.103

Continuous data are presented as medians (IQRs). MODS = Multiple Organ Dysfunction Score, SOFA= Sequential Organ Failure Assessment
Score, COPD = Chronic Obstructive Pulmonary Disease, and MV = mechanical ventilation. Bold p-Values highlight statistical differences
between groups.

Serum levels of immunoglobulins (IgM, IgA, IgG and Total Ig) were measured using
previously validated immunoassays (Table 2), which performed well when compared
to other commercially available serology assays [16]. The only exception was the anti-
SARS-CoV-2 IgA ELISA that reported a positive percent agreement (PPA) of 85.7%, which
may reflect the brief period of IgA antibody prevalence that is highly variable between
individuals. Additionally, some individuals are IgA-deficient and therefore, IgA antibodies
are not produced upon a respiratory infection [17]. The precision of the immunoassays
used in the study was in line with the precision typically generated by ELISAs when all the
sources of variation are included in the analysis.

Table 2. Precision and clinical performance of anti-SARS-CoV-2 antibodies and immunoassays (Data provided by Diagnos-
tics Biochem Canada Inc.; https://dbc-labs.com/; accessed on 13 May 2021).

Anti-SARS-CoV-2
IgM

Anti-SARS-CoV-2
IgA

* Anti-SARS-CoV-2
IgG

* Anti-SARS-CoV-2
Total Ig

Catalogue # CAN-IGM-19 CAN-IGA-19 CAN-IGG-19 CAN-IGT-19

Total CV% 11.6–14.4 10.6–16.6 8.5–13.5 7.9–15.3

Sensitivity [PPA, % (n)] 93.5 (31) 85.7 (91) 93.1 (116) 94.7 (114)

Specificity [NPA, % (n)] 98.8 (781) 99.0 (789) 98.2 (677) 99.2 (783)

Overall Agreement [OPA, % (n)] 98.6 (812) 97.6 (880) 97.5 (793) 98.7 (897)

Limit of Detection 1:64 1:128 1:128 1:256

https://dbc-labs.com/
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Table 2. Cont.

Anti-SARS-CoV-2
IgM

Anti-SARS-CoV-2
IgA

* Anti-SARS-CoV-2
IgG

* Anti-SARS-CoV-2
Total Ig

ROC AUC (p < 0.0001) 0.987 0.993 0.992 0.988

ROC 95% Confidence Intervals 0.965, 1.009 0.988, 0.998 0.982, 1.002 0.973, 1.004

ROC Standard Error 0.0114 0.0026 0.0052 0.0078

* Health Canada COVID-19 Medical Device Authorized, CV% = Coefficient of Variation, PPA = positive percent agreement, NPA = negative
percent agreement, OPA = “overall percent agreement, ROC = receiver operating characteristic, and AUC = area under the curve.

Figure 1 shows four t-distributed stochastic neighbor embedding (t-SNE) plots corre-
sponding to the combined antibody response on four separate ICU days (integration of
IgM, IgA and IgG). The combined antibody response can distinguish COVID-19+ versus
COVID-19- patients with increasing accuracy: ICU day-1, 89%; ICU day-3, 96%; ICU day-7,
100% and ICU day-10, 100%. Feature ranking provided the importance of each Ig assay for
determining COVID-19 status on combined ICU days-1 and -3 (Total Ig, 43%; IgM, 27%;
IgA, 24% and IgG, 6%).

Only 21% (n = 3/14) of critically ill COVID-19+ patients failed to exhibit a serological
response on ICU day-1; however, these 3 COVID-19+ patients developed Ig responses by
ICU day 3. In contrast, all COVID-19- patients (n = 14) fell below the established cut-off
values and, therefore, were considered serologically negative. All healthy control subjects
(n = 14) fell below the established cut-off values with the exception of one subject who
exhibited a weak IgM response, suggesting mild cross reactivity to another antigen in this
one healthy control subject (sample collected prior to November 2019).

We also compared the Ig responses between critically ill (ICU day-3 or near maximal
response) and mildly ill non-hospitalized COVID-19+ patients. Both cohorts displayed sim-
ilar Ig responses despite differences in disease severity (all Ig comparisons non-significant;
Table 3).

Table 3. Anti-SARS-CoV-2 serological responses between age- and sex-matched COVID-19 patients
with either severe (ICU day-3) or mild (non-hospitalized) symptoms.

Variable COVID-19+
Critically Ill

COVID-19+
Mildly Ill p-Value

n 14 14 1.000
Age in years 61.0 (54.0, 67.0) 60.0 (55.8, 65.0) 0.711

Sex 8F:6M 8F:6M 1.000

Anti-SARS-CoV-2 Ig
IgM 2.8 (1.5, 5.3) 2.8 (1.2, 3.3) * 0.787
IgA 4.0 (1.5, 5.8) 2.0 (1.3, 6.5) 0.582
IgG 8.1 (2.1, 14.5) 6.3 (2.5, 14.0) 0.873

Total Ig 6.6 (3.7, 10.0) 6.8 (3.9, 9.6) 0.697
Continuous data are presented as medians (IQRs). * n = 13, with one patient value missing.

Figure 2 shows the Ig responses for all COVID-19 patients (n = 14). Each data set is
overlaid with a best fit curve. The peak responses for each antibody subgroup occurred
temporally in the following order: IgM on ICU day-13; IgA on ICU day-17; and IgG that
persistently increased. The peak response in the Total Ig occurred on approximately ICU
day 19.
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Figure 1. T-distributed stochastic neighbor embedding (tSNE) plots comparing the integrated combined antibody
responses (IgM, IgA and IgG) between COVID-19+ and COVID-19- patients on different ICU days (the axes are
dimension-less). In all plots, subjects are indicated in two dimensions following a dimensionality reduction in their
respective antibody responses (the classification accuracy [CA] is indicated for each comparison). Green dots represent
COVID-19- patients, while red dots represent age- and sex-matched COVID-19+ patients. The clinical outcome for
all patients is shown as alive (circle) or dead (triangle). (A) ICU day-1; CA = 89%). The dimensionality reduction
shows some mixing of COVID-19+ patients with COVID-19- patients, suggesting that not all COVID-19+ patients have
developed a significant antibody response on ICU day-1. (B) The dimensionality reduction shows minimal mixing of
COVID-19+ patients with COVID-19- patients, suggesting that most COVID-19+ patients have developed a significant
antibody response by ICU day-3 (CA = 96%). (C,D) The dimensionality reduction shows that the two cohorts are distinct
and easily separable with all COVID-19+ patients having developed robust antibody responses by ICU days -7 and -10
(CA = 100%).
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Figure 2. Plots demonstrating Ig isotype responses in COVID-19+ patients over multiple ICU days. Four plots with a best-fit
line through the data points. Each Ig isotype has a unique time course peak: (A) IgM transiently peaking on or about ICU
day-13; (B) IgA transiently peaking on or about ICU day-17; and (C) IgG persistently increasing. (D) The total antibody
assay shows an Ig peak on approximately ICU day-19. The clinical outcome for all patients is shown as alive (blue circle) or
dead (red circle).

The Ig responses between COVID-19 patients that either survived to ICU discharge or
expired in the ICU were evaluated using two approaches. We first examined whether Ig
concentrations were different on ICU day-1 between critically ill COVID-19+ patients that
lived or died; there were no significant differences identified (IgM, p = 0.749; IgA, p = 0.277.
IgG, p = 0.522, Total Ig, p = 0.949). We then examined if Ig concentrations were different
in critically ill COVID-19+ patients that lived or died over their entire ICU stay. There
were significant interactions between days after ICU admission and COVID-19 patient
outcome (alive versus dead) for IgA (F(1,93) = 13.27, p < 0.001, η2 = 0.13) and for Total Ig
(F(1,93) = 9.20, p = 0.003, η2 = 0.09), indicating that patients who died had higher IgA and
Total Ig levels earlier in their ICU stay compared to patients who survived. In contrast,
there were no significant interactions between COVID-19 patient outcomes and either IgM
(p = 0.223) or IgG (p = 0.053).
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3. Discussion

In this study, we utilized 4 validated SARS-CoV-2 antibody immunoassays to measure
Ig isotypes in serum obtained from 4 age- and sex-matched populations: 14 critically ill
COVID-19+ patients, 14 critically ill COVID-19- patients, 14 mildly ill non-hospitalized
COVID-19+ patients, and 14 healthy controls. Given the number of Ig isotypes measured,
we analyzed the data with state-of-the-art machine learning, as well as conventional
statistics. Our data indicate the presence of a robust COVID-19 serological response that
was evident in all COVID-19 patients by ICU day-7. Moreover, the expected temporal
patterns were present for all individual Ig isotypes with peak responses occurring in
the following order: IgM on ICU day-13 > IgA on ICU day-17 > IgG that persistently
increased/plateaued. Finally, we determined that COVID-19 patients who died not only
had an equally robust serological response to those COVID-19 patients who survived, but
they also showed an earlier rise in IgA and Total Ig, the last likely due to the contribution of
IgA to the total antibody response. Our exploratory data suggest that critically ill COVID-19
patients develop robust serological responses that might not protect from poor outcome.

Our COVID-19+ ICU patients were comparable to those reported in other stud-
ies [18–21] with respect to demographic, comorbidities and clinical presentation. In contrast
to COVID-19- ICU patients, our COVID-19+ ICU patients developed bilateral pneumonia
more frequently and they had lower PaO2/FiO2 ratios. A unique COVID-19 inflammatory
profile was previously characterized in many of these same patients and showed elevated
interferons, TNF and serine proteases [5,6], and a thrombotic profile associated with en-
dothelial activation and glycocalyx degradation [7]. We also employed targeted proteomics
and metabolomics, thereby identifying novel biomarkers that accurately predict COVID-19
poor outcome [22,23]. Taken together, COVID-19 is a severe illness with a unique patho-
physiological signature, as well as a high mortality rate. Despite standardized ICU care,
mortality in critically ill COVID-19 patients was 50%.

In all four SARS-CoV-2 Ig assays used here, a ROC analysis yielded an area under the
curve (AUC) higher than 0.987, indicating an outstanding discrimination between positive
and negative samples, a performance that persisted in studies including blood serum and
plasma specimens from nearly 300 individuals presenting an elevated titer of antibodies
against a broad spectrum of other infectious diseases (Table 2). In fact, the assays used
in this study performed well when compared to other commercially available serological
assays [16]. The viral S1 spike protein region used as antigen is currently a target of several
vaccines against SARS-CoV-2, which might potentially expand the applications of these
assays to measure vaccination seroconversion rates.

Our data showed that all critically ill COVID-19+ patients demonstrated a characteris-
tic serological response on or before ICU day-7, as did all COVID-19+ subjects with mild
symptoms not requiring hospitalization. With regard to critically ill COVID-19+ patients,
the variability in antibody response may reflect the degree of viral load and/or delays
between infection and symptom onset requiring ICU admission. In contrast, none of the
age- and sex-matched COVID-19- ICU patients had a measurable serological response. In
the critically ill COVID-19+ patients, the temporal peak for each Ig isotype was as expected
for Ig isotypes [12,13], with approximate average peaks for IgM and IgA on ICU days-13
and -17, respectively. Serum IgG continued to increase to a steady state over the ICU course,
while Total Ig peaked on ICU day-19. Published data indicate a 38.3% antibody response
during the first 7 days of SARS-CoV-2 infection, and an 89.6% antibody response during
the second week of infection [11], consistent with the temporal course described in this
study. Others have demonstrated that 100% of COVID-19 patients expressed IgG by 17–19
days after onset of their symptoms [10].

The magnitude of SARS-CoV-2 antibody production after infection was similar be-
tween COVID-19 patients with variable disease severity, as we have also shown here,
before post-infectious day 12; however, antibody levels diverged to reflect disease severity
by 14 days after infection [11]. Our data demonstrate similar serological responses in
COVID-19 ICU patients who either died or survived. Moreover, those COVID-19 patients
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who died had a faster rate of rise in IgA and Total Ig. Taken together, our data suggest
that a blunted serological response does not contribute to COVID-19 mortality, and that
the faster antibody rise associated with COVID-19 mortality may reflect increased viral
load [24]. SARS-CoV-2 load was associated with both greater cytokine production and
lung injury [25], suggesting that cytokine modulators may be of therapeutic benefit, such
as TNF inhibitors [6].

Currently, there are no targeted therapies for COVID-19. Thus, there is interest
in human convalescent serum as a therapeutic option for prevention and treatment of
COVID-19 [26]. Ig containing serum requires sufficient numbers of people who have
recovered from COVID-19 and can donate blood. While historical evidence suggests that
IgG administration may prevent disease (i.e., respiratory syncytial virus), treatment of
active COVID-19 disease is controversial due to mixed results in clinical trials [27,28].
Given that the potential risks of convalescent serum administration include a transfusion
reaction and/or blunting of the endogenous humoral response, a personalized medicine
approach is warranted [29]. Indeed, profiling of anti-SARS-CoV-2 Ig (particularly IgG), as
we have done here, may be useful when combined with other clinical, genetic [30] and
lifestyle [31] factors to determine patient candidates that will benefit from this therapy.

Our serological profiling in critically ill COVID-19 patients was novel, but also had
several limitations. First, due to patient sampling methodologies we cannot determine the
disease onset or quantify symptom duration; however, ICU admission has strict criteria
for advanced monitoring or interventions and serves as a reasonable surrogate. Second,
while our study identified serological responses that failed to protect patients from a poor
outcome, our overall COVID-19 study population was limited in number and highlights
the need for larger cohort patient studies. Third, we report only mortality as our primary
clinical outcome. Fourth, due to the limited number of enrolled patients, our data must
be interpreted with caution. Future studies with larger sample sizes can explore whether
serological responses correlate with additional clinical outcomes such as functional status
in survivors. Finally, our analyses employed a cross-validation methodology, which is a
standard, accepted technique in machine learning, but should be validated on a larger
testing set that is used only once. Overfitting was minimized by using a very small number
of trees, and the very limited depth was protective against over-fitting [32].

4. Conclusions

In summary, we report serological responses in COVID-19 ICU patients, with ex-
pected temporal responses for individual Ig isotypes. While exploratory, our study filled a
knowledge gap on the intensity and pattern of humoral responses expressed by critically
ill COVID-19 patients. Given the rapid spread of COVID-19 and the critical need for thera-
pies, our data may be important for refining future clinical trials with anti-SARS-CoV-2
antibody infusion.

5. Materials and Methods
5.1. Study Participants and Clinical Data

We enrolled consecutive patients who were admitted to our level-3 academic ICUs
at London Health Sciences Centre (London, ON, Canada) and were suspected of having
COVID-19 based on standard hospital screening procedures [33]. Blood sampling began
on ICU admission for up to 3 days in COVID-19- patients, or up to 7 days in COVID-19+
patients followed by every 3 days until death or discharge. COVID-19 status was confirmed
as part of standard hospital testing by detection of two SARS-CoV-2 viral genes using
polymerase chain reaction (Roche SARS-CoV-2 PCR kits, Roche Diagnostics, Rotkreuz,
Switzerland; FDA Authorized) [34]. Patient baseline characteristics were recorded on
ICU admission and interventions were documented [5–7,15,22,23]. Disease severity scores
were calculated [35,36]. Both patient groups were characterized as having confirmed or
suspected sepsis diagnosis using Sepsis 3.0 criteria [36]. For serological comparisons,
we included both non-hospitalized COVID-19+ patients with mild disease, and healthy
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control subjects who were public volunteers without disease, acute illness or prescription
medications (https://translationalresearchcentre.com/; accessed on 13 May 2021) [37,38].
Final participant groups were constructed by age and sex matching.

5.2. Blood Draws

Standard operating procedures were used to ensure all samples were treated rapidly
and equally [5–7,15,22,23,39]. Daily blood was obtained from critically ill ICU patients via
indwelling catheters using vacuum serum separator tubes and placed immediately on ice.
If a venipuncture was required, research blood draws were coordinated with a clinically
indicated blood draw. In keeping with accepted research phlebotomy protocols for adult
patients, blood draws did not exceed maximal volumes [40]. Once transferred to a negative
pressure hood, blood was centrifuged and sera isolated, aliquoted at 250 µL and frozen at
−80 ◦C. All samples remained frozen until use and freeze/thaw cycles were avoided.

5.3. Immunoassays

Anti-SARS-CoV-2 antibodies (IgG, IgM, IgA, and Total Ig) were detected with four
separate enzyme-linked immunosorbent assays (ELISAs) kits developed at Diagnostics
Biochem Canada Inc. (https://dbc-labs.com/, accessed on 13 May 2021; London, ON,
Canada; Table 2). The antigen used in the anti-SARS-CoV-2 serology ELISA tests is a recom-
binant spike protein S1 subunit, RBD domain (aa 319–541). The “Total Ig” test kit detected
the sum of all three Ig isotypes (IgG, IgM and IgA). The tests were performed in accordance
with the ‘information for use’ (IFU) provided with each kit. Briefly, all four serological
tests were based on a sandwich immunoassay configuration. The antigen, coated to the
microplate wells, comprises one of the most specific protein regions of the SARS-CoV-2
virus enabling low cross-reactivity with other antibodies generated by numerous other
viruses, including other human coronaviruses. Anti-SARS-CoV-2 antibodies in serum that
bind to the antigen were detected with isotype-specific horse-radish peroxidase-conjugated
antibodies (for IgG, IgM and IgA tests) or with a mix for the Total Ig kit. Cut-off values
had been determined independently for each test during the design phase with a receiver
operating characteristic (ROC) analysis-based classification of samples previously known
to be SARS-CoV-2 positive or negative. The ratio between the serum sample optical density
(OD) and the OD of the negative control, adjusted with a calibration factor to match the
cut-off, was used to calculate the serum “ratio”. Sera with a ratio higher than the cut-off
were considered positive.

The immunoassay kit’s precision was evaluated according to the Clinical and Lab-
oratory Standards Institute (CLSI) guideline EP5-A3 (Table 2; provided by Diagnostics
Biochem Canada Inc, London, ON, Canada; https://dbc-labs.com/, accessed 13 May
2021). The clinical sensitivity of each immunoassay (positive percent agreement, PPA)
was validated with samples that tested positive for SARS-CoV-2 by PCR (for IgG and
the total antibodies ELISAs) or both for PCR and a prior immunoassay test (for IgA and
IgM ELISAs). The clinical specificity (negative percent agreement, NPA) was validated
against samples collected before the COVID-19 pandemic (November 2019) and, therefore,
considered SARS-CoV-2 negative. The overall percent agreement (OPA) was calculated as
the total number of times in which the immunoassays agreed with the pre-analytical status
of the specimen (positive or negative) divided by the total number of readings.

5.4. Population Statistics

Medians (IQRs) and frequency (%) were used to report ICU patient baseline charac-
teristics for continuous and categorical variables, respectively; continuous variables were
compared using Mann–Whitney U tests (or Kruskal–Wallis tests, as appropriate), and
categorical variables were compared using Fisher’s exact chi-square. Linear, quadratic, or
logarithmic (as appropriate for best model fit) regression analyses were conducted sepa-
rately for each antibody in order to examine the interaction between ICU days over time
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and those patients who lived or died. All population statistics were conducted using SPSS
version 26 (IBM Corp., Armonk, NY, USA). p-values < 0.05 were considered significant.

5.5. Machine Learning

COVID-19 analyte data were visualized with a non-linear dimensionality reduction on
the full data matrix using the t-distributed stochastic nearest neighbor embedding (t-SNE)
algorithm [41]. t-SNE attempts to find an optimal non-linear projection of the observed
data onto a manifold with complex geometry, but low dimension, embedded in the full
dimensional space of the raw data. A random forest classifier was also trained on the
variables to predict either COVID-19 status or COVID-19 outcome. A random forest is a
set of decision trees that can be interrogated to identify the features that have the highest
predictive value. To control overfitting, COVID-19 status was determined using a seven-
fold cross validation with a random forest of ten trees with a max depth of three [32]. Data
from ICU day 3 COVID-19- patients were used as a proxy for day 7 and day 10 COVID-19-
patients when conducting the analysis.
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3. Słomka, A.; Kowalewski, M.; Żekanowska, E. Coronavirus Disease 2019 (COVID–19): A Short Review on Hematological

Manifestations. Pathogens 2020, 9, 493. [CrossRef]
4. Garvin, M.R.; Alvarez, C.; Miller, J.I.; Prates, E.T.; Walker, A.M.; Amos, B.K.; Mast, A.E.; Justice, A.; Aronow, B.; Jacobson, D.A.

A mechanistic model and therapeutic interventions for COVID-19 involving a RAS-mediated bradykinin storm. eLife 2020, 9.
[CrossRef] [PubMed]

5. Gill, S.E.; Dos Santos, C.C.; O’Gorman, D.B.; Carter, D.E.; Patterson, E.K.; Slessarev, M.; Martin, C.; Daley, M.; Miller, M.R.;
Cepinskas, G.; et al. Transcriptional profiling of leukocytes in critically ill COVID19 patients: Implications for interferon response
and coagulation. Intensiv. Care Med. Exp. 2020, 8, 75. [CrossRef] [PubMed]

6. Fraser, D.D.; Cepinskas, G.; Slessarev, M.; Martin, C.; Daley, M.; Miller, M.R.; O’Gorman, D.B.; Gill, S.E.; Patterson, E.K.; Dos
Santos, C.C. Inflammation Profiling of Critically Ill Coronavirus Disease 2019 Patients. Crit. Care Explor. 2020, 2, e0144. [CrossRef]
[PubMed]

7. Fraser, D.D.; Patterson, E.K.; Slessarev, M.; Gill, S.E.; Martin, C.; Daley, M.; Miller, M.R.; Patel, M.A.; Dos Santos, C.C.; Bosma,
K.J.; et al. Endothelial Injury and Glycocalyx Degradation in Critically Ill Coronavirus Disease 2019 Patients: Implications for
Microvascular Platelet Aggregation. Crit. Care Explor. 2020, 2, e0194. [CrossRef] [PubMed]

8. Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.; Tzankov,
A.; et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in Covid-19. N. Engl. J. Med. 2020, 383, 120–128.
[CrossRef]

9. Dörner, T.; Radbruch, A. Antibodies and B Cell Memory in Viral Immunity. Immunity 2007, 27, 384–392. [CrossRef]
10. Long, Q.X.; Liu, B.Z.; Deng, H.J.; Wu, G.C.; Deng, K.; Chen, Y.K.; Liao, P.; Qiu, J.F.; Lin, Y.; Cai, X.F.; et al. Antibody responses to

SARS-CoV-2 in patients with COVID-19. Nat. Med. 2020, 26, 845–848. [CrossRef]
11. Zhao, J.; Yuan, Q.; Wang, H.; Liu, W.; Liao, X.; Su, Y.; Wang, X.; Yuan, J.; Li, T.; Li, J.; et al. Antibody responses to SARS-CoV-2 in

patients of novel coronavirus disease 2019. Clin. Infect. Dis. 2020, 71, 2027–2034. [CrossRef] [PubMed]
12. Kellam, P.; Barclay, W. The dynamics of humoral immune responses following SARS-CoV-2 infection and the potential for

reinfection. J. Gen. Virol. 2020, 101, 791–797. [CrossRef]
13. Tu, Y.P.; O’Leary, T.J. Testing for Severe Acute Respiratory Syndrome-Coronavirus 2: Challenges in Getting Good Specimens,

Choosing the Right Test, and Interpreting the Results. Crit. Care. Med. 2020, 48, 1680–1689. [CrossRef]
14. Longchamp, A.; Longchamp, J.; Croxatto, A.; Greub, G.; Sanchez, B.; Delaloye, J. on Behalf of the Study Group. Serum antibody

response in critically ill patients with COVID-19. Intensiv. Care Med. 2020, 46, 1921–1923. [CrossRef] [PubMed]
15. Fraser, D.D.; Cepinskas, G.; Slessarev, M.; Martin, C.M.; Daley, M.; Patel, M.A.; Miller, M.R.; Patterson, E.K.; O’Gorman, D.B.; Gill,

S.E.; et al. Detection and Profiling of Human Coronavirus Immunoglobulins in Critically Ill Coronavirus Disease 2019 Patients.
Crit. Care Explor. 2021, 3, e0369. [CrossRef] [PubMed]

16. Knauer, M.J.; Hedley, B.D.; Bhayana, V.; Payne, M.; Chin-Yee, I.; Delport, J. Interim analysis of the clinical performance of five
SARS-Cov-2 serology assays. Clin. Biochem. 2020, 86, 28–30. [CrossRef] [PubMed]

17. Woof, J.M.; Kerr, M.A. The function of immunoglobulin A in immunity. J. Pathol. 2005, 208, 270–282. [CrossRef] [PubMed]
18. Wu, C.; Chen, X.; Cai, Y.; Xia, J.; Zhou, X.; Xu, S.; Huang, H.; Zhang, L.; Zhou, X.; Du, C.; et al. Risk Factors Associated With Acute

Respiratory Distress Syndrome and Death in Patients With Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA Intern.
Med. 2020, 180, 934–943. [CrossRef] [PubMed]

19. Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054–1062.
[CrossRef]

20. Bhatraju, P.K.; Ghassemieh, B.J.; Nichols, M.; Kim, R.; Jerome, K.R.; Nalla, A.K.; Greninger, A.L.; Pipavath, S.; Wurfel, M.M.;
Evans, L.; et al. Covid-19 in Critically Ill Patients in the Seattle Region—Case Series. N. Engl. J. Med. 2020, 382, 2012–2022.
[CrossRef]

21. Grasselli, G.; Zangrillo, A.; Zanella, A.; Antonelli, M.; Cabrini, L.; Castelli, A.; Cereda, D.; Coluccello, A.; Foti, G.; Fumagalli, R.;
et al. Baseline Characteristics and Outcomes of 1591 Patients Infected With SARS-CoV-2 Admitted to ICUs of the Lombardy
Region, Italy. JAMA 2020, 323, 1574–1581. [CrossRef] [PubMed]

22. Fraser, D.D.; Cepinskas, G.; Patterson, E.K.; Slessarev, M.; Martin, C.; Daley, M.; Patel, M.A.; Miller, M.R.; O’Gorman, D.B.; Gill,
S.E.; et al. Novel Outcome Biomarkers Identified With Targeted Proteomic Analyses of Plasma From Critically Ill Coronavirus
Disease 2019 Patients. Crit. Care Explor. 2020, 2, e0189. [CrossRef] [PubMed]

23. Fraser, D.D.; Slessarev, M.; Martin, C.M.; Daley, M.; Patel, M.A.; Miller, M.R.; Patterson, E.K.; O’Gorman, D.B.; Gill, S.E.; Wishart,
D.S.; et al. Metabolomics Profiling of Critically Ill Coronavirus Disease 2019 Patients: Identification of Diagnostic and Prognostic
Biomarkers. Crit. Care Explor. 2020, 2, e0272. [CrossRef]

24. Pujadas, E.; Chaudhry, F.; McBride, R.; Richter, F.; Zhao, S.; Wajnberg, A.; Nadkarni, G.; Glicksberg, B.S.; Houldsworth, J.;
Cordon-Cardo, C. SARS-CoV-2 viral load predicts COVID-19 mortality. Lancet Respir. Med. 2020, 8, e70. [CrossRef]

http://doi.org/10.1111/anae.15201
http://www.ncbi.nlm.nih.gov/pubmed/32602561
http://doi.org/10.1016/j.cyto.2008.07.009
http://doi.org/10.3390/pathogens9060493
http://doi.org/10.7554/eLife.59177
http://www.ncbi.nlm.nih.gov/pubmed/32633718
http://doi.org/10.1186/s40635-020-00361-9
http://www.ncbi.nlm.nih.gov/pubmed/33306162
http://doi.org/10.1097/CCE.0000000000000144
http://www.ncbi.nlm.nih.gov/pubmed/32696007
http://doi.org/10.1097/CCE.0000000000000194
http://www.ncbi.nlm.nih.gov/pubmed/32904031
http://doi.org/10.1056/NEJMoa2015432
http://doi.org/10.1016/j.immuni.2007.09.002
http://doi.org/10.1038/s41591-020-0897-1
http://doi.org/10.1093/cid/ciaa344
http://www.ncbi.nlm.nih.gov/pubmed/32221519
http://doi.org/10.1099/jgv.0.001439
http://doi.org/10.1097/CCM.0000000000004594
http://doi.org/10.1007/s00134-020-06171-7
http://www.ncbi.nlm.nih.gov/pubmed/32642784
http://doi.org/10.1097/CCE.0000000000000369
http://www.ncbi.nlm.nih.gov/pubmed/33786445
http://doi.org/10.1016/j.clinbiochem.2020.09.002
http://www.ncbi.nlm.nih.gov/pubmed/32905808
http://doi.org/10.1002/path.1877
http://www.ncbi.nlm.nih.gov/pubmed/16362985
http://doi.org/10.1001/jamainternmed.2020.0994
http://www.ncbi.nlm.nih.gov/pubmed/32167524
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.1056/NEJMoa2004500
http://doi.org/10.1001/jama.2020.5394
http://www.ncbi.nlm.nih.gov/pubmed/32250385
http://doi.org/10.1097/CCE.0000000000000189
http://www.ncbi.nlm.nih.gov/pubmed/32904064
http://doi.org/10.1097/CCE.0000000000000272
http://doi.org/10.1016/S2213-2600(20)30354-4


Pathophysiology 2021, 28 223

25. Liu, Y.; Zhang, C.; Huang, F.; Yang, Y.; Wang, F.; Yuan, J.; Zhang, Z.; Qin, Y.; Li, X.; Zhao, D.; et al. Elevated plasma levels of
selective cytokines in COVID-19 patients reflect viral load and lung injury. Natl. Sci. Rev. 2020, 7, 1003–1011. [CrossRef]

26. Casadevall, A.; Pirofski, L.-A. The convalescent sera option for containing COVID-19. J. Clin. Investig. 2020, 130, 1545–1548.
[CrossRef] [PubMed]

27. Duan, K.; Liu, B.; Li, C.; Zhang, H.; Yu, T.; Qu, J.; Zhou, M.; Chen, L.; Meng, S.; Hu, Y.; et al. Effectiveness of convalescent plasma
therapy in severe COVID-19 patients. Proc. Natl. Acad. Sci. USA 2020, 117, 9490–9496. [CrossRef] [PubMed]

28. Gharbharan, A.; Jordans, C.C.E.; GeurtsvanKessel, C.; Den Hollander, J.G.; Karim, F.; Mollema, F.P.N.; Stalenhoef, J.E.; Dofferhoff,
A.; Ludwig, I.; Koster, A.; et al. Convalescent Plasma for COVID-19. A randomized clinical trial. medRxiv 2020. [CrossRef]

29. Wooding, D.J.; Bach, H. Treatment of COVID-19 with convalescent plasma: Lessons from past coronavirus outbreaks. Clin.
Microbiol. Infect. 2020, 26, 1436–1446. [CrossRef]

30. Ovsyannikova, I.G.; Haralambieva, I.H.; Crooke, S.N.; Poland, G.A.; Kennedy, R.B. The role of host genetics in the immune
response to SARS-CoV-2 and COVID-19 susceptibility and severity. Immunol. Rev. 2020, 296, 205–219. [CrossRef]

31. Engin, A.B.; Engin, E.D.; Engin, A. Two important controversial risk factors in SARS-CoV-2 infection: Obesity and smoking.
Environ. Toxicol. Pharmacol. 2020, 78, 103411. [CrossRef] [PubMed]

32. Tang, C.; Garreau, D.; Von Luxburg, U. When do random forests fail? In Proceedings of the 32nd International Conference on
Neural Information Processing Systems, Montreal, QC, Canada, 2–8 December 2018; pp. 2987–2997.

33. Centers for Disease Control and Prevention. Overview of Testing for SARS-CoV-2 (COVID-19). Available online: https:
//www.cdc.gov/coronavirus/2019-nCoV/hcp/clinical-criteria.html (accessed on 13 May 2021).

34. Centers for Disease Control and Prevention (CDC). CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic
Panel. Available online: https://www.fda.gov/media/134922/download (accessed on 13 May 2021).

35. Priestap, F.; Kao, R.; Martin, C.M. External validation of a prognostic model for intensive care unit mortality: A retrospective
study using the Ontario Critical Care Information System. Can. J. Anesth. 2020, 67, 981–991. [CrossRef] [PubMed]

36. Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.-D.;
Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315,
801–810. [CrossRef] [PubMed]

37. Brisson, A.R.; Matsui, D.; Rieder, M.J.; Fraser, D.D. Translational Research in Pediatrics: Tissue Sampling and Biobanking.
Pediatrics 2011, 129, 153–162. [CrossRef]

38. Gillio-Meina, C.; Cepinskas, G.; Cecchini, E.L.; Fraser, D.D. Translational Research in Pediatrics II: Blood Collection, Processing,
Shipping, and Storage. Pediatrics 2013, 131, 754–766. [CrossRef]

39. Fraser, D.D.; Patterson, E.K.; Daley, M.; Cepinskas, G. Case Report: Inflammation and Endothelial Injury Profiling of COVID-19
Pediatric Multisystem Inflammatory Syndrome (MIS-C). Front. Pediatr. 2021, 9, 597926. [CrossRef]

40. NIH Clinical Center. POLICY: Guidelines for Limits of Blood Drawn for Research Purposes in the Clinical Center M95-9; NIH: Bethesda,
MD, USA, 2009.

41. Van der Maaten, L.; Hinton, G. Visualizing data using t-SNE. J. Mach. Learn. Res. 2008, 9, 2579–2605.

http://doi.org/10.1093/nsr/nwaa037
http://doi.org/10.1172/JCI138003
http://www.ncbi.nlm.nih.gov/pubmed/32167489
http://doi.org/10.1073/pnas.2004168117
http://www.ncbi.nlm.nih.gov/pubmed/32253318
http://doi.org/10.1101/2020.07.01.20139857
http://doi.org/10.1016/j.cmi.2020.08.005
http://doi.org/10.1111/imr.12897
http://doi.org/10.1016/j.etap.2020.103411
http://www.ncbi.nlm.nih.gov/pubmed/32422280
https://www.cdc.gov/coronavirus/2019-nCoV/hcp/clinical-criteria.html
https://www.cdc.gov/coronavirus/2019-nCoV/hcp/clinical-criteria.html
https://www.fda.gov/media/134922/download
http://doi.org/10.1007/s12630-020-01686-5
http://www.ncbi.nlm.nih.gov/pubmed/32383124
http://doi.org/10.1001/jama.2016.0287
http://www.ncbi.nlm.nih.gov/pubmed/26903338
http://doi.org/10.1542/peds.2011-0134
http://doi.org/10.1542/peds.2012-1181
http://doi.org/10.3389/fped.2021.597926

	Introduction 
	Results 
	Discussion 
	Conclusions 
	Materials and Methods 
	Study Participants and Clinical Data 
	Blood Draws 
	Immunoassays 
	Population Statistics 
	Machine Learning 

	References

