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SARS-CoV-2 Variants

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is an RNA virus of the genus Betacoronavirus that uses a glycoprotein
(spike protein) to bind to the angiotensin-converting enzyme 2 (ACE 2)
receptor (1). After binding, a serine protease is activated which enables
viral entry into the cell. The Neuropilin-1 receptor, which is expressed
on neurons and cells within the respiratory tract and blood vessels,
binds the S1 subunit of the SARS-CoV-2 spike protein, increasing
infectivity (2). The SARS-CoV-2 genome consists of 14 open reading
frames (ORFs) including 4 that encode structural proteins: spike (S),
membrane (M), envelope (E) and nucleocapsid (N) (3). The S protein is
very flexible and hinges at three points permitting swaying and rotation
(1). The S protein contains 2 subunits: S1 and S2. SARS-CoV-2 variants
tend to have mutations in S1 where the receptor-binding domain is
located, including Alpha and Delta (1,4). The Centers for Disease
Control and Prevention (CDC), World Health Organization (WHQ), and
European Centre for Disease Prevention and Control list current and
former SARS-CoV-2 Variants of Concern (VOC) (Table 1) and Variants
of Interest (VOI) (Table 2) and their S protein mutations. A VOC
has increased transmissibility, impact on immunity, and/
or increased disease severity (5-7). AVOI has genetic
changes and preliminary evidence that would /
suggest potential impact on transmissibility,
immunity, and/or disease severity (5-

7). A full list of all detected variants is ‘
maintained by the Pango Network (8-9).

Furin cleavage of the S protein occurs ,
at the junction of S1 and S2 subunits at i e \
a site containing 5 amino acids: proline-
arginine-arginine-alanine-arginine.
Most mutations at this 5 amino acid furin

cleavage site inhibit viral entry into human
cells (1, 4,10, 11). However, the Delta spike ‘
mutation, P681R, located at the furin cleavage

site, enhances S1/52 cleavage and increases
infectivity (4). The most recently identified VOC,
Omicron, has acquired multiple mutations, including
three in the furin cleavage site (5; Table 1).
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Table 1. WHO SARS-CoV-2 Variants of Concern

WHO Label Pango lineage S Protein mutations Date of WHO VOC Designation
(Of parental variant)
1. Alpha B.1.1.7 N501Y, D614G, P681H 18-Dec-2020

K417N, E484K, N501Y, D614G, A701V 18-Dec-2020
3. Gamma P.1 K417T, E484K, N501Y, D614G, H655Y 11-Jan-2021

4. Delta B.1.617.2 L452R, T478K, D614G, P681R 11-May-2021
(Previous VOI designation
4-Apr-2021)
5. Omicron B.1.1.529 67V, A69-70,T95I, G142D, A143-145, 26-Nov-2021
A211-212,ins214EPE, G339D, S371L,
S373P, S375F, K417N, N44OK, G446S,
S477N, T478K, E484A, Q493R, G496S,
Q498R, N501Y, Y505H, T547K, D614G,
H655Y, N679K, P681H, N764K, D796Y,
N856K, Q954H, N969K, L981F

*Includes all descendent lineages such as AY.4.2, also known as “Delta plus”, or variants of the Omicron lineage, BA.1, BA.2, and BA.3. For full lineage list see
cov-lineages.org.

Table 2. WHO SARS-CoV-2 Variants of Interest

WHO Label Pango lineage S Protein mutations Date of WHO VOC Designation
(Of parental variant)

Current VOIs

1. Lambda L452Q, F490S, D614G 14-June-2021

2.Mu B.1.621 R346K, E484K, N501Y, D614G, 30-Aug-2021
P681H

3. Zeta P.2 E484K, D614G 17-Mar-2021

Reclassified 17-Aug-2021

E484K, N501Y, D614G, P681H  24-Mar-2021

Reclassified 17-Aug-2021

5. Epsilon B.1.427 L452R, D614G 5-Mar-2021
B.1.429 Reclassified 9-Nov-202

E484K, D614G, Q677H 17-Mar-2021
Reclassified 22-Dec-2021

7. lota B.1.526 E484K, D614G, A701V 24-Mar-2021
Reclassified 22-Dec-2021

B.1.617.1 L452R, E484Q, D614G, P681R  4-Apr-2021

Reclassified 29-Dec-2021

*Includes all descendent lineages. For full lineage list see cov-lineages.org.
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COVID-19 Stages and Progression

Coronavirus disease 2019 (COVID-19), the disease
caused by SARS-CoV-2 infection, is highly variable in
patients. Clinically, four stages of COVID-19 have been
identified: mild, moderate, severe and critical (12,13).
The typical findings for each stage are listed in Table
3. A fifth stage, sometimes referred to as “long COVID,”
involves persistent symptoms that last weeks to months
after the initial recovery (12, 13). The five most common
persistent symptoms in these patients are fatigue (58%),
headache (44%), attention disorders (27%), hair loss
(25%) and dyspnea (24%) (14).

The search for predictive
biomarkers associated with
disease severity is ongoing

(15-31). Shen et. al. (16) used
proteomics to study serum
protein differences among
COVID-19 patients of varying
disease severity compared
to normal control individuals.
In this study, 105 proteins
were differentially expressed
in COVID-19 sera compared
to controls. Of these, 93 proteins

showed specific modulation in severe
patients. Pathway analyses revealed that 50 of
these proteins belonged to 3 major pathways: activation
of complement, macrophage function and platelet
degranulation. Silvin et. al. (17) used high-dimensional
flow cytometry and single-cell RNA sequencing of
peripheral blood cells from severe COVID-19 patients
and detected the disappearance of non-classical
CD14low CD16high monocytes and the accumulation
of HLA DRlow classical monocytes. They also reported
the massive release of calprotectin in the blood of the

severe COVID-19 patients.
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Nasopharyngeal (NP) swabs from SARS-CoV-2
infected patients and controls have been evaluated by
proteome profiling, which identified 577 proteins that
were upregulated in SARS-Cov-2 positive specimens
(18). Similar studies using transcriptome profiling of
SARS-CoV-2 positive NP swabs and whole-blood samples
demonstrated a 19-gene diagnostic classifier with >85%
overall accuracy (80% sensitivity and 90% specificity)
(19). These genomic and proteomic approaches to

identifying potential clinically useful biomarkers

will require further development before

they can be utilized in routine clinical
laboratory testing.

Multivariant analysis
revealed that elevated
lactate dehydrogenase

(LDH) and low albumin were
significantly associated with
death. Lower LDH values
were associated with lower
risk of needing admission
to intensive care (24). Higher
plasma soluble urokinase
receptor values associated with a
higher incidence of acute kidney injury
(26). Identifying a reliable set of biomarkers
for stratifying patient responses to COVID-19 would
provide novel therapeutic targets and inform selection of
current treatment strategies, an effort thatis an ongoing
research initiative (29, 31). One confounding variable is
that many of the biomarkers identified for COVID-19 are
also biomarkers of comorbidities that impact COVID-19
disease progression (31). Table 4 summarizes some of
the biomarkers that have been identified as increased or

decreased in the four stages of COVID-19 disease.
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Table 3. Stages of COVID-19 infection

Stage Findings
1. Mild Upper respiratory tract infection

2.Moderate  Epithelial cells express antiviral/interferon response genes, onset of dyspnea (31%), cough

(82%), fever (83%)

3. Severe Muted antiviral responses, cytokine storm with increase IL-6, IL-9 and INF-alpha, hyper
inflammatory state, DIC, pulmonary embolism, high blood pressure, respiratory rate 230/min

4. Critical Respiratory failure requiring mechanical ventilation, shock and end organ failures including

thrombotic complications, myocardial dysfunction and arrhythmias, acute coronary syndrome,
acute kidney injury, liver injury, Gl symptoms, hyperglycemia and ketosis: death or recovery

DIC: disseminated intravascular coagulation
IL: interleukin

Table 4. COVID-19 Biomarkers

Stage Findings
1. Mild Increased
» C-reactive protein, AST, ALT, GGT, LDH, transferrin, cortisol, ferritin, ESR, serum amyloid A

Decreased
* White blood cell count, neutrophils, lymphocytes, platelets

2.Moderate  Increased
e CK and/or CKMD, BNP, myoglobin, troponin T and |

Decreased
* White blood cell count, neutrophils, lymphocytes, platelets

3. Severe Increased
* Prothombin time; d-dimer; cytokine storm: IL-6, IL-9, IFN gamma and TNF-alpha; circulating
endothelial cell; IP-10; sVCAM-1, calprotectin, fibrinogen, procalcitonin, granulocyte stimula-
tion factor

Decreased
e Lymphocytes; Type | interferon deficiency: IFN beta, IFN alpha; platelets, albumin
4. Critical Increased
« Bilirubin, BUN, creatinine, soluble urokinase receptor, LDH very high

Decreased

e Natural killer cells, CD3+ T cells including T cell subsets like CD8+ T cells, albumin — very low

IP-10: interferon gamma induced protein
sVCAM-1: soluble vascular cell adhesion molecule
IL: interleukin

IFN: interferon

TNF: tumor necrosis factor

LDH: lactate dehydrogenase
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Therapeutic Strategies for
COVID-19

There are now multiple treatment options available for COVID-19
patients that have received either full FDA-approval or FDA Emergency
Use Authorization (EUA) which are summarized in Table 5. These
treatments are indicated for patients at various disease stages
and/or with specific medical histories. Available treatments include
antivirals which work to block viral replication and transmission,
immunosuppressive drugs that block the overactive immune
response characteristic of COVID-19, monoclonal antibodies that
target the SARS-CoV-2 S protein, and convalescent plasma collected
from recovered patients (32). Each of these treatments are effective
at different disease stages and have varying efficacy against SARS-
CoV-2 variants.

The only FDA-approved therapy is Veklury, also known as remdesivir,
which is approved for treatment of patients hospitalized with COVID-19
that are over the age of 12 (33). A previous EUA had allowed the
use of remdesivir for a broader group of patients. Remdesivir is an
antiviral drug that blocks the RNA-dependent RNA polymerase used
by coronaviruses for replication, including SARS-CoV-2 (34).

Olumiant (baricitinib), originally approved for the treatment of
rheumatoid arthritis (RA), received EUA in 2020 to be used
alongside remdisivir, showing better clinical results
compared to remdesivir alone (35). The EUA was amended
in 2021 to also allow for Olumiant treatment without
remdesivir. Olumiant is an immunosuppressive
drug with anti-cytokine activity (36), with the goal
of blocking the “cytokine storm” characteristic of
severe COVID-19 (37). Actemra (tocilizumab) is
another immunosuppressive drug originally used to

REMDESIVIR
Injection
COVID-19

treat RA that has received EUA for the treatment of ?«E‘m?:!‘;?n“a%iﬁi‘ ‘

COVID-19. Olumiant and Actemra are only approved W ot s o2
for use for adult and pediatric patents, aged 2-years
or older, who are receiving systemic corticosteroids

and require supplemental oxygen, mechanical ventilation,
or ECMO. In clinical trials, Actemra reduced mortality and

likelihood of needing a ventilator in hospitalized patients (38).
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Therapeutic Strategies for COVID-19. Cont.

There are now several monoclonal antibodies
that target the SARS-CoV-2 S protein that have
received EUA. This treatment is most effective when
administered early in the disease course to reduce
viral load. REGEN-COV is a cocktail of two monoclonal
antibodies (casirivimab and imdevimab) that target
different regions of the SARS-CoV-2 spike protein
and resulted in reduced viral load and reduced risk of
hospitalization in a Phase 3 clinical trial (39). REGEN-
COV received EUA for treatment of mild-to-moderate
COVID-19 in adult and pediatric patients 12 years of
age or older who are at high risk of developing severe
COVID-19.ltis also used as a post-exposure prophylaxis
to prevent COVID-19 in high-risk individuals (40).
The combination of bamlanivimab and etesevimab
monoclonal antibodies is also available for adults
and some children with mild-to-moderate COVID-19.
The FDA also granted EUA for use of the monoclonal
antibody sotrovimab for adults and children over the
age of 12 with mild-to-moderate COVID-19 at risk for
developing severe disease (41).

Convalescent plasma from patients who have
recovered from COVID-19 contain antibodies against

Table 5. COVID-19 Therapeutics

Drug Approval
Velkury (remdesivir)

Olumiant (baricitinib)

SARS-CoV-2; it was used as an early form of treatment,
and has received EUA from the FDA in August 2020.
However, there are growing concerns given the elevated
autoantibodies that neutralize Type | IFNs present in
the plasma of recovered patients who experienced
severe COVID-19 that account for approximately 20%
of COVID-19 deaths and may pose a risk to recipients
(42). Additionally, more recent findings have indicated it
isn’t an effective treatment option (43).

In addition to treatment, there are vaccines available
against COVID-19. While there are currently 24
COVID-19 vaccines in use globally, eight of those have
been approved for use by the World Health Organization
(44). In the United States there is one FDA-approved
(Comirnaty, aka Pfizer-BioNTech) vaccine and two
(Moderna and Janssen) vaccines granted FDA EUA (45).
Pfizer-BioNTech received EUA for the use in children
over 5 years of age in the United States in October
2021 (46). The European Union has so far provided
four vaccines with conditional approval, which include
the three available in the United States as well as
AstraZeneca (47).

Full FDA-approval for hospitalized patients 12 years of age and older

EUA approval for hospitalized patients 2 years of age or older requiring supplemental

oxygen, mechanical ventilation, or extracorporeal membrane oxygenation (ECMO)

Actemra (tocilizumab)

IEUA for adult and pediatric patents, aged 2-years or older who are receiving systemic

corticosteroids and require supplemental oxygen, mechanical ventilation, or ECMO.

REGEN-COV
(casirivimab and

imdevimab)

EUA approval for treatment of mild to moderate COVID-19 in adult and pediatric
patients 12 years of age or older who are at high risk of developing Severe COVID-19.
This monoclonal antibody cocktail is also approved as prophylaxis to prevent COVID-19

following exposure in this same population of individuals.

Bamlanivimab and
etesevimab

Sotrovimab

The FDA revoked the EUA for bamlanivimab alone on April 16, 2021. The combination
of bamlanivimab and etesevimab antibodies have received EUA for treatment of mild to
moderate COVID-19 in adult and some pediatric patients.

EUA for treatment of mild-to-moderate COVID19 in adults and children 12 years of age

or older who are at high risk of progressing to severe COVI-19 disease

Convalescent plasma EUA for the treatment of hospitalized COVID-19 patients
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Considerations for Clinical
Trial Design and Regulatory
Submission

The mechanisms of action of the available and potential therapeutic
strategies are specific to disease stage and patient characteristics. For
this reason, clinical trials and regulatory submissions require careful
and deliberate consideration of demographics, disease presentation,
and patient history when determining the inclusion and exclusion
criteria for trial participation or when making recommendations for
patient populations for regulatory submissions. Further, COVID-19 has
disproportionately affected some demographics with racial and ethnic
minorities being infected at higher rates and experiencing worse
disease outcomes (48). The reasons for this are complex and can be
attributed to location, occupation, healthcare access, socioeconomic
status, prevalence of comorbidities, and several other factors (48).

Ideally, study participants should reflect the demographics of those
most affected by the disease, or at a minimum reflect the diversity
of the entire population. However, this is often not the case either

because trials cannot recruit a representative cohort or because
certain conditions are expressly excluded from the trial. Researchers
are unable to recruit a representative cohort for a variety of reasons
including financial barriers, investigator bias, medical mistrust,
limited healthandresearchliteracy,and lack of transportation
(49, 50).

Disease stage and patient factors such as age
and health history are critical in trial design.
Investigators cannot combine all COVID-19 cases
into a single group as severity and disease course
are highly variable, often based on the health history
of individual patients. For example, throughout
the course of this pandemic, it has been evident
that age is a significant factor in disease outcomes
(51, 52), though that may be due to the incidence of
comorbidities and likelihood of living in long-term care
facilities amongst this population (52). Similar demographic
considerations must be made regarding regulatory submissions
when making recommendations for treatment recipients.
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Considerations for Clinical Trial Design and
Regulatory Submission. Cont.

In addition to demographic considerations, the current
dominant variantin the geographical area where the trial
takes place has a significant impact. COVID-19 vaccine
trials that occurred in 2020 encountered a different
dominant SARS-CoV-2 strain than those trials that are
currently ongoing. Clinical trials were also conducted in
various geographical areas where the dominant SARS-
CoV-2 variants differed. For this reason, vaccine efficacy
was much lower in some parts of the world compared
to others. Thus, efficacies cannot be directly compared
(53). Investigators cannot control for the shifting variant
landscape, but they can acknowledge differences among
data collected at varying times.

Intervention timing is another important factor. For
example, monoclonal antibodies are best administered
early on or even prior to the onset of symptoms, while

immunosuppressive treatments can be used for patients
already experiencing severe COVID-19 to blunt the
overreactiveimmuneresponse. Administering treatment
at the wrong time could yield the false conclusion that
a treatment is ineffective. Dose and dose spacing are
also important considerations. Many trials build in dose
escalation or de-escalation arms into the study design
of a Phase | or Il trial to determine the most effective
dose or the minimum effective dose. An example of
this is the dose escalation incorporated into the current
Phase Il clinical trial (NCT04796896) investigating the
Moderna mRNA-1273 COVID-19 Vaccine in children aged
6 months to 12 years of age. Similarly, dose spacing
arms were included in trials for Pfizer, Moderna, and
Oxford-AstraZenaca COVID-19 vaccines.
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Considerations when Sourcing
SARS-CoV-2 / COVID-19
Biospecimens
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Boca Biolistics is proud that its large repository of COVID-19 biospecimens has
helped to advance therapeutics and diagnostics which are being put to use to
help end the global pandemic. Below, a Director of Clinical Affairs for a major
manufacturer of COVID-19 diagnostics shares his experience. The interview has
been lightly edited for clarity and abridged for length.
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Boca Biolistics Biobanx COVID-19 Variant Collections

Country Pangolin Lineage NextStrain Clade # Donors Country Pangolin Lineage NextStrain Clade # Donors
Dom. Rep. B.1 20C 3 Peru C.37 216 (Lambda) 15
Dom. Rep. P.1 20J (Gamma; V3) 5 Peru C.37.1 21G (Lambda) 1
Dom. Rep. B.1.621.1 21H (Mu) 13 Peru BA.1 21K (Omicron) 5
Dom. Rep. B.1.621 21H (Mu) 1 South Africa AY.91 21J (Delta) 3
Dom. Rep. B.1.630 20C 5 South Africa AY.45 21J (Delta) 15
Dom. Rep. B.1.1.7 201 (Alpha; V1) 1 South Africa AY.99 21J (Delta) 1
Dom. Rep. B.1.351.3 20C 2 South Africa BA.1.1 21K (Omicron) 5
Dom. Rep. B.1.526 21F (lota) 2 South Africa AY.107 21J (Delta) 3
Honduras B.1.1 20B 1 South Africa AY.32 21J (Delta) 28
Honduras AY.113 21J (Delta) 5 South Africa BA.3 21M (Omicron) 1
Honduras B.1.1.432 20B 2 South Africa AY.38 211 (Delta) 3
Honduras B.1.153 20A 1 South Africa BA.1 21K (Omicron) 80
Honduras B.1.2 206 2 South Africa AY.33 21J (Delta) 1
Honduras AY.100 21J (Delta) 2 South Africa AY.116 21J (Delta) 2
Honduras B.1 20A 10 South Africa AY.6 21J (Delta) 5
Honduras B.1.627 20A 2 Ukraine B.1.1.7 201 (Alpha; V1) 8
India B 21A (Delta) 9 Ukraine B.1 20A 2
India A 21A (Delta) 2 Ukraine B.1.1 20B 1
India B.1 21A (Delta) 1 United States AY.44 21J (Delta) 2
India B 19A 3 United States AY.43 21J (Delta) 1
India B.1.604 21A (Delta) 2 United States AY.25 21J (Delta) 2
India B 20A 1 United States AY.13 21A (Delta) 2
Peru B.1.1.1 20D 1 United States B.1.2 206G 7
Peru P1 20J (Gamma; V3) 8 United States B.1.369 20C 2
Peru B.1.1.251 20B 1 United States B.1.324 20C 1
Peru BA.1.1 21K (Omicron) 15 United States B.1.429 21C (Epsilon) 1
Peru B.1.525 20A 1 United States B.1.617.2 21J (Delta) 5
Peru P1.121 20J (Gamma; V3) B] United States AY.103 21J (Delta) 2
Peru AY.122.4 21J (Delta) 2 United States B.1.429 20C 2
Peru C.14 20D 2 United States B 20A 2
Peru B.1.1.28 208 1 United States AY.39 21J (Delta) 1
Peru C.32 20D 1 United States B.1.577 20C a2
Peru c.11 20D 3 United States AY.74 211 (Delta) 1
Peru AY.119.1 21J (Delta) 2 United States B.1 20C 3
Peru B.1.1.67 20B 1 United States B.1.234 20A 3
Peru B.1.1 201 (Alpha; V1) 1 United States AY.117 21J (Delta) 1
Peru B.1.1.348 20B 10 United States BA.1 21K (Omicron) 12
Peru B.1.1.279 20B 1 United States B.1.596 20G 3
Peru C.37 20D 22 United States BA.1.1 21K (Omicron) 10
Peru C.4 20D 3 United States B.1.1.316 20B 1
Peru AY.39.2 21J (Delta) 12 United States B.1 20A 3
Peru AY.122 21J (Delta) 1 United States B.1.617.2 211 (Delta) 1
Peru P1.12 20J (Gamma; V3) 1 United States B.1.232 20A 2
Peru B.1.1.1 20B 2 United States B.1.1.7 201 (Alpha; V1) 2
Peru B.1.1.29 20B 2 United States AY.25.1 21A (Delta) 1
Peru B.1.205 20A 1 United States B.1.545 20A 1
Peru B.1.429 20C 1 United States B.1.243 20A 1
Peru AY.102 21J (Delta) 1 United States P1.17 20J (Gamma; V3) 1
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Boca Biolistics Biobanx COVID-19 Sample Subtype Collections

Sample Subtype Total Donors  Matrix Type Total Specimens
Swab 157
Whole Blood 1574
Serum 33240
Oropharyngeal swab 38
Plasma 21757
COVID-19 Positive Test 4857 e P 3461
Saliva 2783
Nasal Swab 297
Dried Blood Spot 122
Urine 50
Serum 3769
Plasma 550
Nasopharyngeal swabs 1484
COVID-19 Symptomatic 891 Saliva 498
Nasal Swab 734
Swab 100
Serum 5446
COVID-19 Vaccinated 233 Plasma 2268
Nasopharyngeal swabs 23176
Serum L442
SARS-CoV-2 Remnant Sample 39158 Swab 15377
Plasma 82
TOTAL 45139 121605
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