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A B S T R A C T   

Critically ill patients infected with SARS-CoV-2 display adaptive immunity, but it is unknown if 
they develop cross-reactivity to variants of concern (VOCs). We profiled cross-immunity against 
SARS-CoV-2 VOCs in naturally infected, non-vaccinated, critically ill COVID-19 patients. Wave-1 
patients (wild-type infection) were similar in demographics to Wave-3 patients (wild-type/alpha 
infection), but Wave-3 patients had higher illness severity. Wave-1 patients developed increasing 
neutralizing antibodies to all variants, as did patients during Wave-3. Wave-3 patients, when 
compared to Wave-1, developed more robust antibody responses, particularly for wild-type, 
alpha, beta and delta variants. Within Wave-3, neutralizing antibodies were significantly less 
to beta and gamma VOCs, as compared to wild-type, alpha and delta. Patients previously diag
nosed with cancer or chronic obstructive pulmonary disease had significantly fewer neutralizing 
antibodies. Naturally infected ICU patients developed adaptive responses to all VOCs, with 
greater responses in those patients more likely to be infected with the alpha variant, versus wild- 
type.  

Abbreviations: COVID-19, coronavirus disease 2019; ICU, intensive care unit; WT, wild-type; VOC, variants of concern; RBD, receptor binding 
domain; ACE2, angiotensin-converting enzyme; REB, research ethics board; P/F, arterial partial pressure to inspired oxygen; MODS, multi-organ 
dysfunction score; SOFA, sequential organ failure assessment; VTE, venous thromboembolism; MFI, median fluorescence intensity; IQR, inter
quartile range; ROC, receiver operating characteristic; AUC, area-under-the-curve; COPD, chronic obstructive pulmonary disease. 

* Corresponding author. Lawson Health Research Institute, London, ON, N6C 2R5, Canada. 
E-mail address: douglas.fraser@lhsc.on.ca (D.D. Fraser).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2022.e12704 
Received 12 July 2022; Received in revised form 21 December 2022; Accepted 23 December 2022   

mailto:douglas.fraser@lhsc.on.ca
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2022.e12704
https://doi.org/10.1016/j.heliyon.2022.e12704
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2022.e12704&domain=pdf
https://doi.org/10.1016/j.heliyon.2022.e12704
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e12704

2

1. Introduction 

Coronavirus disease 2019 (COVID-19) is caused by SARS-CoV-2; patients are often admitted to the intensive care unit (ICU) for 
increased monitoring and potential life-saving interventions, where the mortality rate can be high [1]. COVID-19 induces an innate 
immune response [2,3] that includes increased interferons, tumor necrosis factor, bradykinin, serine proteases, soluble thrombo
modulin and clot lysis times [4–8], thereby contributing to microvascular and thrombotic disease [9,10]. A humoral immune response 
follows the innate reaction in critically ill COVID-19 patients, with robust production of SARS-CoV-2-specific antibodies [11,12]. 

Since the emergence of wild-type (WT) SARS-CoV-2, multiple variants have evolved that show higher transmissibility and anti
genicity and are, therefore, classified as variants of concern (VOCs) [13]. Prominent VOCs are derived from the following lineages: 
B.1.1.7 (alpha, United Kingdom), B.1.351 (beta, South Africa), P1 (gamma, Brazil) and B.1.617.2 (delta, India) [14]. Increased 
infectivity of the virus has been attributed to prominent mutations in the N501Y (present in lineages B.1.1.7, B.1.351 and P.1) and the 
E484K (present in lineages B.1.351 and P.1.) [15]. Mutations have evolved independently and, thus, are strongly believed to have an 
impact on viral reproductivity rate. The VOC databases and platforms have been reviewed in detail [16]. 

Viral entry requires host attachment and fusion of SARS-CoV-2 to cellular membranes, promoted by the interaction of the receptor 
binding domain (RBD), which lies within the S1 subunit of the spike protein (15), and the angiotensin-converting enzyme 2 (ACE2) of 
the host-cell [17]. ACE2 is a receptor protein, highly expressed in cells of the lung alveoli, small intestine and blood vessels [18], as well 
as other tissues, and serves as main entrance for cell invasion by the SARS-CoV-2. Neutralizing antibodies bind to the RBD, thereby 
interfering with the molecular interactions between the virus and the host cell and abolishing viral entry. Mutations within the Spike 
S1, especially in the RBD domain, are considered a potential threat for generating virus mutants with a higher susceptibility rate 
and/or an immune escape mechanism. Indeed, mutations in the spike protein are associated with elevated transmissibility rate due to a 
modified interaction of the mutated protein with the host ACE2 receptor [19]. 

Measurements of neutralizing antibodies against WT SARS-CoV-2 and its VOCs are important to understand host immunity. Until 
recently, accurate measurement of neutralizing antibodies had required viral isolates and infectious clones, and needed to be per
formed under Biosafety Level-3 conditions. Individual immunoassays have now been developed using SARS-CoV-2 RBD recombinant 
antigens that include mutations present in most widespread variants [20]. Moreover, a multiplex assay for neutralizing antibodies was 
developed using Luminex beads coupled with Spike S1 protein for the original WT SARS-CoV-2, or one of the four circulating VOCs: 
alpha; beta; gamma; and delta. To the best of our knowledge, critically ill COVID-19 patients have not been investigated with multiplex 
technology for cross immunity to the SARS-CoV-2 VOCs. A better understanding of host immunity to SARS-CoV-2 VOCs may influence 
future care, including patient cohorting, prognostication, therapies and expectant management of late complications [21]. 

We hypothesized that critically ill COVID-19 patients will demonstrate cross-immunity to SARS-CoV-2 VOCs. Using multiplex 
technology, the primary aim of this study was to measure neutralizing antibodies to SARS-CoV-2 in naturally infected, non-vaccinated, 
critically ill patients. Our specific objectives were: (1) to measure and compare the neutralizing potential of human SARS-CoV-2 
antibodies against WT and four circulating VOCs; (2) to compare the neutralizing activity kinetics of antibodies in SARS-CoV-2 
infected ICU patients from Wave-1 (WT infection) to Wave-3 (mixed WT and alpha variant infection); and (3) to determine poten
tial differences in neutralizing antibody production against SARS-CoV-2 VOCs between critically (ICU) and non-critically (Ward) ill 
patients. 

2. Materials and methods 

This study was approved by the Western University, Human Research Ethics Board (REB ID# 1670; issued March 20, 2020) and the 
Hamilton Integrated Research Ethics Board (REB ID# 10-532; issued October 19, 2020). 

2.1. Study participants and clinical data 

Patients were enrolled after admission to one of our two participating academic hospitals, London Health Sciences Centre (London, 
Ontario) and Hamilton General Hospital (Hamilton, Ontario). Informed consent was obtained from all study patients, or when crit
ically ill, their substitute decision makers. COVID-19 was first suspected based on standard hospital screening procedures [22], and 
then confirmed as part of standard hospital testing by detection of two SARS-CoV-2 viral genes using polymerase chain reaction [23]. 
Blood sampling was on ICU days 1 and 3. Patient baseline characteristics were recorded on admission and included age, sex, 
comorbidities, medications, hematologic labs, creatinine, arterial partial pressure to inspired oxygen (P/F) ratio, and chest x-ray 
findings. We calculated Multiple Organ Dysfunction Score (MODS) [24] and Sequential Organ Failure Assessment (SOFA) score [25] 
for both Wave-1 and Wave-3 COVID-19 patient groups to enable objective comparison of their illness severity. Both patient groups 
were characterized as having confirmed or suspected sepsis diagnosis using Sepsis 3.0 criteria [25]. We also recorded clinical in
terventions received during the observation period including use of antibiotics, anti-viral agents, systemic corticosteroids, vasoactive 
medications, venous thromboembolism (VTE) prophylaxis, anti-platelet or anti-coagulation treatment, renal replacement therapy, 
high flow oxygen therapy, and mechanical ventilation (invasive and non-invasive). For comparison to critically ill patients, we also 
included an age- and sex-matched non-critically ill COVID-19 patient cohort who were admitted to the hospital respiratory ward with 
moderate disease. All patients were non-vaccinated for SARS-CoV-2. 
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2.2. Blood draws 

Standard operating procedures were used to ensure all samples were treated rapidly and equally (https:// 
translationalresearchcentre.com/) [26,27]. Blood was obtained in the morning from critically ill ICU patients via indwelling cathe
ters 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 [28]. 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. 

2.3. Multiplex neutralizing antibody detection 

Neutralizing antibody activity against WT SARS-CoV-2 and four VOCs was determined in human plasma using a multiplexed 

Fig. 1. Number of confirmed COVID-19 cases with a known variant of concern or mutation detected by date reported to public health unit: Province 
of Ontario (Canada), December 1, 2020 to May 9, 2021 (“third wave”). (A) Data for cases with a B.1.1.7, B.1.351, and P.1 lineage detected or any of 
the mutations. Reported date is based on the date the case was reported, not the date that the VOC or mutation was identified. B) Data for all cases 
with the percentage of cases with a mutation or VOC detected. The denominator includes all confirmed COVID-19 cases, including those that were 
unable to be tested for VOCs. These data were adapted with the permission of Public Health Ontario. Public Health Ontario assumes no responsibility for the 
content of any publication resulting from translation/changes/adaptation of Public Health Ontario documents by third parties. 
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serological screening kit according to manufacturer’s instructions (Invitrogen™ SARS-CoV-2 Variants Neutralizing Antibody Human 
5-Plex ProcartaPlex™ Panel; Cat. No. EPX050-16015-901, which utilized Luminex® xMAP™ fluorescent bead-based technology 
(Luminex Corp., 12212 Technology Blvd, Austin, TX, 78727, USA)). The assay plate was treated according to the manufacturer’s 
instructions contained within the ProcartaPlex Kit. Briefly for ProcartaPlex assay setup, 50 μl Luminex Capture Beads (coated with the 
spike protein) were added per well on microtiter plates, 25 μl prediluted serum sample or positive/negative control were added. After 
incubation (2 h, and washing steps), the biotinylated detection reagent (biotinylated ACE) was added and incubated for 0.5 h. After 
washing steps, Streptavidin-PE was added (50 μl), and incubated (0.5 h). After washing steps, the plates are measured on a compatible 
Luminex® system (Bio-Plex™ 200 system, Bio-Rad Laboratories, 1000 Alfred Nobel Drive, Hercules, CA, 94547, USA). 

Data were expressed as the median fluorescence intensity (MFI) of the raw data values, with control values converted to “% 
Neutralization” by applying the formula: Neutralization (%) = (1 − (MFI of samples/MFI of negative control)) × 100. The cut-off level 
of 20% was based upon the measurement of 160 healthy control samples in the Neutralizing Antibody ProcartaPlex Panel during 
development. Since these samples were derived from blood donations before onset of the COVID-19 pandemic from healthy volun
teers, no antibodies showing ACE blocking activity due to prior SARS CoV2 infection could be expected in these samples. The 
background level of these healthy control samples in the assay showed <20% neutralizing activity; thus, when applying this cut-off 
level, the assay obtained 100% specificity. 

Table 1 
COVID-19 ICU patient admission demographics and clinical data.  

Variable Wave-1 (n = 14) Wave-3 (n = 29) P-value 

Age (yrs) 61 (54, 67) 62 (53.5, 72.5) 0.421 
Male sex 6 (43) 19 (66) 0.158 
Weight (kg) 90.8 (76.5, 110.5) 91.0 (77.8, 99.8) 0.777 
Height (cm) 170 (161, 173) 170 (160, 176.5) >0.994 
Body Mass Index 30.5 (27.1, 41.8) 31.5 (27.1, 39.3) >0.994 
Sepsis 3.0 criteria 14 (100) 29 (100) >0.994 
MODS 4 (3, 6) 6 (4, 8) 0.032* 
SOFA 5 (2, 9) 9 (7, 11) 0.004* 
Comorbidities 

Diabetes 5 (36) 9 (31) >0.994 
Hypertension 7 (50) 17 (59) 0.594 
Coronary artery/heart disease 2 (14) 5 (17) >0.994 
Chronic/congestive heart failure 0 (0) 2 (7) >0.994 
Chronic kidney disease 2 (14) 2 (7) 0.585 
Cancer 2 (14) 4 (14) >0.994 
COPD 1 (7) 2 (7) >0.994 

Laboratories 
Hemoglobin 122 (102, 135) 117 (99, 138) 0.897 
White Blood Cell count 8.5 (6.9, 16.1) 9.3 (8.0, 11.5) 0.846 
Neutrophils 7.3 (5.6, 12.6) 8.1 (5.8, 10.1) 0.870 
Lymphocytes 0.7 (0.6, 1.0) 0.7 (0.5, 1.1) 0.902 
Platelets 206 (134, 294) 224 (156, 313) 0.437 
Creatinine 82 (58, 187) 96 (69, 153) 0.805 
International Normalized Ratio 1.2 (1.1, 1.3) 1.1 (1.0, 1.2) 0.068 
Partial Thromboplastin Time 28 (25, 31) 27 (24, 31) 0.499 
Lactate 1.5 (1.0, 2.0) 1.2 (1.0, 1.7) 0.305 

Pulmonary pathology 
Bilateral pneumonia 13 (93) 27 (93) >0.994 
P:F ratio 107 (66, 162) 105 (74, 147) 0.897 

Interventions 
High-flow nasal cannula 8 (57) 14 (48) 0.586 
Non-invasive mechanical ventilation 6 (43) 1 (3) 0.003* 
Invasive mechanical ventilation 10 (71) 29 (100) 0.008* 
Vasoactive medication 11 (79) 28 (97) 0.094 
Renal replacement therapy 2 (14) 4 (14) >0.994 
Steroids 3 (21) 28 (97) <0.001*     

Anti-virals 3 (21) 2 (7) 0.309 
Antibiotics 14 (100) 28 (97) >0.994 
Antiplatelet 5 (36) 6 (21) 0.457 
Anticoagulation 13 (93) 29 (100) 0.326 

Outcomes    
ICU Length of Stay (days) 17 (11, 27) 18 (11, 29) 0.678 
Died 7 (50) 12 (41) 0.594 

Continuous variables are presented as median, interquartile range (IQR); categorical are variables presented as n (%). *p < 0.05. MODS, Multi-Organ 
Dysfunction Score; SOFA, Sequential Organ Failure Assessment Score; COPD, Chronic obstructive pulmonary disease; P/F ratio, PaO2/FiO2 ratio. 
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2.4. Population statistics 

Medians (IQRs) and frequencies (%) were used to report ICU patient baseline characteristics for continuous and categorical var
iables, respectively; continuous variables were compared using Mann-Whitney U tests (and Wilcoxon matched-pairs signed-rank tests, 
as appropriate), and categorical variables were compared using Fisher’s exact chi-square tests. For demographic, clinical and scatter 
plot data, P-values < 0.05 (*) were considered statistically significant, whereas a P < 0.01 was used to control for repeated measures 
where necessary. Scatter plots were generated, and all analyses were conducted using GraphPad Prism version 9.2.0 for Windows 
(GraphPad Software, California, USA) and SPSS version 27 (IBM Corp., Armonk, NY, USA). 

2.5. Machine learning 

A random forest classifier was also trained on the variables to predict Wave-1 versus Wave-3. 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 clas
sifiers were trained and tested using a three-fold cross validation with a random forest of 10 trees with a max depth of three. A receiver 
operating characteristic (ROC) curve with an accompanying area-under-the-curve (AUC) statistic was generated to determine the 
random forest’s ability to distinguish between outcomes, using the reduced variables where the data were split into training and 
validation datasets. 

3. Results 

We investigated 14 COVID-19 patients infected during Wave-1 (median years of age = 61.0, IQR = 54.0, 67.0) and 29 COVID-19 
patients infected during Wave-3 (median years of age = 62.0, IQR = 53.5, 72.5). Wave-1 patients were infected at the beginning of the 
pandemic, prior to May 2020, when only the WT virus was circulating in our geographical area (Province of Ontario, Canada). In 
contrast, Wave-3 patients were reported after December 2020, when the predominate circulating virus was the alpha VOC (Fig. 1A and 
B). Baseline demographic characteristics, comorbidities, laboratory values and chest x-ray findings are reported in Table 1. Wave-3 
COVID-19 patients with either a WT or alpha variant infection had higher MODS (P = 0.032) and SOFA scores (P = 0.004), and 
were more likely to receive invasive mechanical ventilation (P = 0.008) and to have received steroid treatment (P = 0.001), when 
compared to Wave-1 COVID-19 patients. 

Neutralizing antibodies against WT SARS-CoV-2 and all four VOCs were determined in plasma on ICU day-1 and day-3 for both 

Fig. 2. Scatter plots comparing neutralizing antibody responses against SARS-CoV-2 WT (WT) and four variants of concern (VOC) compared on ICU 
days 1 and 3. (A) Neutralizing antibody activity against WT, alpha, beta, gamma and delta variants of Wave-1 COVID-19 subjects (WT infection) 
compared between ICU day-1 (d1) and day-3 (d3). Statistical significance as indicated (***P < 0.001). (B) Neutralizing antibody activity against 
WT, alpha, beta, gamma and delta variants of Wave-3 COVID-19 subjects (WT/alpha infection) compared between ICU day-1 (d1) and day-3 (d3). 
Statistical significance as indicated (*P < 0.05; **P < 0.01; ***P < 0.001). 
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Fig. 3. Scatter plots comparing neutralizing antibody responses against SARS-CoV-2 WT (WT) and four variants of concern (VOC) compared between Wave-1 and Wave-3. (A) Neutralizing antibody 
activity against WT, alpha, beta, gamma and delta variants on ICU day-1 for COVID-19 subjects comparing Wave-1 (w1; WT infection) to Wave-3 (w3; WT/alpha infection). Statistical significance as 
indicated (ns, non-significant; *P < 0.05; **P < 0.01). (B) Neutralizing antibody activity against WT, alpha, beta, gamma and delta variants on ICU day-1 for COVID-19 subjects comparing Wave-1 (w1; 
WT infection) to Wave-3 (w3; WT/alpha infection). Statistical significance as indicated (ns, non-significant; *P < 0.05). 
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Wave-1 and Wave-3 COVID-19 patients (Fig. 2A and B). The neutralizing antibody activity against WT SARS-CoV-2 and all four VOCs 
was significantly increased from ICU day-1 to day-3 during Wave-1 (WT infection; P < 0.001), and to a lesser extent during Wave-3 
(WT/alpha infection; P < 0.05 to P < 0.001). 

Comparison of neutralization activity between Wave-1 versus Wave-3 COVID-19 patients on ICU day-1 showed significantly higher 
neutralizing activity against most SARS-CoV-2 VOCs on Wave-3 (P < 0.05 to P < 0.01; Fig. 3A and B). A similar comparison of 
neutralization activity on ICU day-3 between Wave-1 and Wave-3 COVID-19 patients showed significantly higher neutralizing activity 
against most SARS-CoV-2 VOCs on Wave-3 (P < 0.05). On both ICU days, the neutralizing activity against the gamma variant was 
statistically non-significant (P = 0.054). When antibody neutralization of all VOCs (both day-1 and day-3 combined) was compared 
between Wave-1 (WT infection) and Wave-3 (WT/alpha infection) using feature selection, a good classification accuracy (78%) and a 
very good AUC (0.84) were generated. Based on the random forest decision trees, a VOC rank order of importance for separating Wave- 
1 and Wave-3 was identified: alpha (28%) > gamma (23%) > WT (19%) > delta (17%) > beta (13%). Taken together, these data show 

Fig. 4. Scatter plots comparing neutralizing antibody responses against SARS-CoV-2 WT (WT) and four variants of concern (VOC) by Wave and ICU 
day. (A) Comparison of the neutralizing antibody activity against WT, alpha, beta, gamma and delta variants on Wave-1 (WT infection), ICU day-1 
for COVID-19 subjects. (B) Comparison of the neutralizing antibody activity against WT, alpha, beta, gamma and delta variants on Wave-1 (WT 
infection), ICU day-3 for COVID-19 subjects. (C) Comparison of the neutralizing antibody activity against WT, alpha, beta, gamma and delta variants 
on Wave-3 (WT/alpha infection), ICU day-1 for COVID-19 subjects. Statistical significance as indicated (*P < 0.05; ***P < 0.001). (D) Comparison 
of the neutralizing antibody activity against WT, alpha, beta, gamma and delta variants on Wave-3 (WT/alpha infection), ICU day-3 for COVID-19 
subjects. Statistical significance as indicated (*P < 0.05; ***P < 0.001). 
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that COVID-19 patients demonstrated significantly increased potency of neutralizing antibodies against SARS-CoV-2 VOCs on Wave-3 
versus Wave-1, with alpha being the most important distinguishing VOC. 

Neutralization activity for all VOCs was examined for the given ICU day and Wave. For Wave-1, there were no significant difference 
in neutralizing antibodies between variants on either ICU day-1 (Fig. 4A) or day-3 (Fig. 4B). The % neutralization median response for 
both beta and gamma fell below the cut-off value on Wave-1, Day-1. Analysis of Wave-3 showed significantly greater neutralizing 
antibodies on ICU day-1 between the alpha variant, as compared to beta (P < 0.05) and gamma (P < 0.001) variants (Fig. 4C); on ICU 
day-3, neutralizing antibodies to both WT and alpha variants were significantly greater than the gamma variant (P < 0.05 and P <
0.001, respectively), whereas only the alpha variant was significantly greater than the beta variant (P < 0.05) (Fig. 4D). 

Examination of clinical factors associated with neutralizing antibody responses <20% revealed strong associations between pre
vious diagnoses of cancer (both Wave-1 and Wave-3 patients; P < 0.01) and chronic obstructive pulmonary disease (COPD; Wave 3 
patients only, P = 0.002). With regard to outcomes, the degree of neutralizing antibodies was not associated with mortality for either 
Wave-1 (WT; day-1. P = 0.805; day-3, P = 0.522) or Wave-3 (WT; day-1, P = 0.388, day-3, P = 0.241; alpha; day-1, P = 0.550; day-3, P 
= 0.298). 

As a final comparison, we investigated SARS-CoV-2 disease severity by comparing Wave-1 ICU patients to age- and sex-matched 
Ward COVID-19 patients (Table 2). Ward patients were admitted January 2021 to April 2021. Given the admission time period, 
the Ward patients were considered Wave-3, with a likelihood of either WT or alpha infection (Fig. 1A and B). All Ward patients had 

Table 2 
COVID-19 ward patient admission demographics and clinical data.  

Variable Ward Patients (n = 9) 

Age (yrs), median (IQR) 60 (41.5, 78.0) 
Male sex, n (%) 6 (66.7) 
Weight (kg), median (IQR) 83.6 (75.8, 93.4) 
Height (cm), median (IQR) 170 (165, 173) 
Body Mass Index, median (IQR) 29.2 (23.4, 31.1) 
Comorbidities, n (%) 

Diabetes 1 (11.1) 
Hypertension 3 (33.3) 
Coronary artery/heart disease 1 (11.1) 
Chronic/congestive heart failure 0 (0) 
Chronic kidney disease 0 (0) 
Cancer 2 (22.2) 
COPD 0 (0) 

Laboratories, median (IQR) 
Hemoglobin 118 (105, 139) 
White Blood Cell count 7.0 (5.3, 10.4) 
Neutrophils 5.9 (4.2, 8.1) 
Lymphocytes 0.8 (0.5, 1.3) 
Platelets 172 (123, 230) 
Creatinine 69.0 (57.5, 85.5) 
International Normalized Ratio 1.1 (1.1, 1.2) 
Lactate 1.6 (1.3, 4.4) 

Pulmonary pathology, n (%) 
Bilateral pneumonia 9 (100) 

Interventions, n (%) 
High-flow nasal cannula 6 (66.7) 
Low-flow nasal cannula 9 (100) 
Non-invasive mechanical ventilation 1 (11.1) 
Steroids 9 (100) 
Anti-virals 3 (33.3) 
Antibiotics 9 (100) 
Antiplatelet 3 (33.3) 
Anticoagulation 9 (100) 

Presenting symptoms, n (%) 
Fever 7 (77.8) 
Cough 8 (88.9) 
Anosmia/Ageusia 2 (22.2) 
Pharyngitis 1 (11.1) 
Headache 2 (22.2) 
Myalgias 5 (55.6) 
Dyspnea 9 (100.0) 
Chest Pain 2 (22.2) 
Nausea/Vomiting/Diarrhea 4 (44.4) 

Outcomes 
Ward Length of Stay (days), median (IQR) 8.0 (6.0–12.5) 
Discharged Home, n (%) 6 (66.7) 
Died on Ward, n (%) 2 (22.2) 
Transferred to ICU, n (%) 1 (11.1)  
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Fig. 5. Scatter plots comparing neutralizing antibody responses against SARS-CoV-2 WT (WT) and four variants of concern (VOC) compared between ICU (critically ill) and Ward (non-critically ill) 
patients. (A) Neutralizing antibody activity against WT, alpha, beta, gamma and delta variants on hospital day-1 for COVID-19 subjects comparing critically ill (ICU; WT infection) to non-critically ill 
(Ward; WT/alpha infection). (B) Neutralizing antibody activity against WT, alpha, beta, gamma and delta variants on hospital day-3 for COVID-19 subjects comparing critically ill (ICU; WT infection) to 
non-critically ill (Ward; WT/alpha infection). 
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bilateral pneumonia and received steroid therapy. Despite a lower disease burden, there were no significant differences in neutralizing 
antibodies to WT and any VOCs between Wave-1 ICU and Wave-3 Ward patients (Fig. 5A and B). The neutralizing antibody responses 
in the Ward patients were very similar to Wave-3 ICU patients, as illustrated in Figs. 2B, 4C and D. 

4. Discussion 

In this exploratory study, we demonstrate that critically ill, non-vaccinated, COVID-19 patients exhibited antibody responses to WT 
and four VOCs that increased over their ICU stay; however, the neutralizing response against SARS-CoV-2 VOCs as determined using a 
surrogate multiplex neutralization assay was delayed and significantly less in Wave-1 (WT infection) as compared to Wave-3 (mixed 
WT and alpha infection). Our data suggest that naturally infected ICU survivors have developed humoral responses to all VOCs, albeit 
variable, with greater responses in those patients more likely to be infected with the alpha variant. Neutralizing antibody responses 
were insufficient in patients previously diagnosed with either cancer or COPD. No significant differences were seen between ICU 
(severe COVID-19) and Ward (moderate COVID-19) patients. These data are important to understanding the complexity of the immune 
response to SARS-CoV-2 during critical illness, and the cross-reactivity expressed for ICU survivors. 

SARS-CoV-2 VOCs are emerging due to the high mutation rates associated with coronaviruses [29]. While most mutations appear 
randomly without impacting the virus, some mutations may lead to increase transmissibility and higher virulence, as well as provide 
immune escape mechanisms. A comprehensive study on S protein mutations in SARS CoV-2 isolates showed distribution of prominent 
mutations as basis for setting up a phylogenetic tree of the isolates [30]. Mutations that offer the virus benefit will circulate widely in 
the population. At the time of our study, four VOCs had been identified and reported world-wide (alpha, beta, gamma and delta). All 
four VOCs have mutations in the RBD, a region associated with the spike protein [29]. Individuals with neutralizing antibody responses 
to the WT may not have equivalent humoral responses to new variants [31,32], responses that may be complicated further by critical 
illness and immunotherapies (e.g., steroids, IL6 inhibitors). Thus, elucidating the neutralizing antibody response in critically ill pa
tients, as we have done in this study, could be important for patient cohorting and potential therapy with either monoclonal antibodies 
or convalescent plasma. 

To measure SARS-CoV-2 neutralizing antibodies, we utilized a novel multiplex assay using Luminex beads coupled with Spike S1 
protein for WT or one of the four established VOCs: alpha; beta; gamma; and delta. The protein coupled beads were incubated either 
with or without (then serving as negative control) patient plasma, followed by an incubation with biotinylated ACE2. The biotinylated 
ACE2, which binds to the Spike S1 protein on the beads, was determined by measuring median fluorescence intensity with a reporter- 
dye. The assay was competitive; the negative control without sample gave the highest signal, which was suppressed by interfering 
neutralizing antibodies present in the plasma sample. Detecting the signal in a multiplex format enabled the direct comparison of 
neutralizing potential of antibodies towards the original WT, as well as the four VOCs simultaneously, allowing for the study of cross- 
immunity against SARS-CoV-2 variants. 

Our COVID-19 ICU patients were similar to those reported in earlier cohorts [3,33–36] with respect to demographic, comorbidities 
and clinical presentation. In contrast to Wave-1 patients, Wave-3 COVID-19 patients had higher MODS and SOFA scores, and were 
more likely to have received invasive mechanical ventilation and steroid treatment. Wave-3 patients were enrolled after December 
2020, when the predominate circulating virus in our geographical region was the alpha VOC. Despite reports of the alpha variant being 
more lethal than the WT [37–39], mortality was not significantly different between Wave-1 and Wave-3, suggesting improved ICU care 
(e.g., steroid therapy [40]). 

Patients admitted to the ICU during Wave-1 developed increasing neutralizing antibodies to all variants with time, as did patients 
during Wave-3. These data are consistent with our previous reports demonstrating increased WT SARS-CoV-2 antibodies in critically ill 
ICU patients [11,12]; specifically, we had demonstrated classification accuracy of 96–100% for IgG to the SARS-CoV-2 Spike protein 
on ICU day-3. Wave-3 patients, when compared to Wave-1, developed more robust antibody responses, particularly for WT, alpha, beta 
and delta variants. Within Wave-3, neutralizing antibodies were significantly less to beta and gamma VOCs, as compared to WT, alpha 
and delta. Our data, based on plasma samples from critically ill patients, are similar to reports from both naturally infected 
non-hospitalized patients and vaccinated patients (BNT162b2) where a robust cross-reactivity to alpha and delta VOCs was reported, 
and a lesser response reported to beta and gamma VOCs [41,42]. 

Illness severity did not significantly impact production of neutralizing antibodies to either WT/alpha infection, or via cross- 
reactivity to the VOCs. Indeed, no significant differences were noted between critically ill (ICU) and non-critically ill (Ward) pa
tients. Mortality was also not related to antibody production, or the lack there of, which is consistent with our previous studies [11,12]. 
In contrast, using 20% as a threshold for neutralizing antibody specificity, there were significant antibody insufficiencies observed in 
ICU patients with previous diagnoses of either cancer or COPD. These latter findings are consistent with reports of cancer patients 
lacking T-cell responses that are associated with an absence of anti-S antibodies following SARS-CoV-2 vaccination [43,44], and the 
high rates of breakthrough infection in cancer patients despite full vaccination [45]. Humoral immune response to vaccination was 
also lower in persons with COPD compared to non-COPD controls [46]. 

Emerging VOCs have potential for increased transmissibility, morbidity and mortality, as well as evading detection with current 
diagnostics [29,47]. Persistent SARS-CoV-2 infection can result in recurrent deletions in the spike protein as the virus replicates, 
resulting in less effective neutralizing antibodies to the resultant variants [48]. Three of the VOCs measured here (beta, gamma and 
delta) are resistant to several monoclonal antibody treatments [49], and both beta and gamma have reduced inhibition by conva
lescent plasma from immunized patients [50–53]. Our data suggest that patient cohorting based on the four circulating VOCs 
investigated may not be necessary, unless patients have been previously diagnosed with either cancer or COPD. Moreover, the role of 
antibody and convalescent plasma therapy may need to be revisited and personalized to the specific VOC infection. For those patients 

D.D. Fraser et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e12704

11

who survive their critical illness, adequate humoral responses were seen with regard to the four circulating VOCs measured here, at 
least until vaccination was deemed appropriate. Finally, our data also indicate that production of neutralizing antibodies was not 
reduced by steroid therapy, which was reported to reduce mortality in SARS-CoV-2 patients requiring respiratory support [40], and 
administered to almost all ICU and ward patients in Wave-3. 

Future therapies to reduce ICU mortality may include broadening of the protective immune response through development of 
variant boosters with antigenic inserts matching the SARS-CoV-2 VOCs of interest [54]; an approach that would require rapid VOC 
profiling on hospital admission with a multiplex immunoassay, as we have done in this study, followed by immediate boosting. 
Knowledge on neutralizing antibody responses to specific VOCs in critically ill patients may also guide convalescent plasma therapy, 
which to date has yielded disappointing results [55], and help personalize VOC-specific neutralizing monoclonal antibody therapy 
[56]. Finally, ICU mortality may be reduced by targeting the RBD with peptide-based therapies, administering engineered variants of 
human recombinant soluble ACE2, and/or drug interruption of SARS-CoV-2 endosomal function [47]. 

As depicted above, we did not find a significant correlation of neutralizing antibodies with morbidity and mortality of the patients; 
however, a better understanding of the host response may influence vaccination protocols [57], as well as other potential therapies (e. 
g., hyperbaric oxygen therapy, [58]). Furthermore, a potential association of long-lasting COVID-19 symptoms (Long-COVID) with 
prior early determination of neutralizing activity may be addressed in forth-coming studies. Indeed, Long-COVID is associated with 
diffuse and prolonged symptoms after acute SARS-CoV-2 infection, and represents a looming health care crisis with significant strain 
on health care systems [21]. 

Our study was not without limitations. First, our patient number was modest and the time points of investigation limited to day-3 of 
hospitalization. Nonetheless, our study cohorts were representative of SARS-CoV-2 infected patients in many publications, and the 
day-3 time point has been demonstrated to be a reasonable surrogate for antibody production [11,12]. Second, we cannot be certain 
that our in vitro testing for neutralizing antibodies accurately reflected individual protection; however, our results are consistent with 
other reports in non-hospitalized subjects [41,42]. Third, we only investigated four VOCs (alpha, beta, gamma and delta) with other 
emerging variants on the rise. Importantly, the immunoassay used here can be quickly altered in the future to test for additional 
neutralizing antibodies (e.g., against omicron). Fourth, while we acknowledge our study is exploratory, it is the first to investigate 
neutralizing responses in critically ill SARS-CoV-2 patients, and is hypothesis-generating for future studies. 

5. Conclusions 

In summary, we report that critically ill COVID-19 patients exhibited antibody responses to all VOCs that increase over ICU stay; 
however, the neutralizing response against SARS-CoV-2 variants was delayed and significantly less in Wave-1 (WT infection) as 
compared to Wave-3 (WT/alpha infection). Naturally infected ICU patients developed adaptive responses to all VOCs, with greater 
responses in those patients more likely to be infected with the alpha variant, versus WT. The neutralizing antibody response was not 
affected by SARS-CoV-2 disease severity, but those patients with a previous diagnosis of either cancer or COPD appeared to have 
insufficient neutralizing antibody responses. These data may influence future care, including patient cohorting, prognostication, 
therapies and expectant management of late complications. 
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