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(57) ABSTRACT

Disclosed herein are methods for identifying antigenic vari-
ants from cryptic lineages arising in a virus population and
methods of using the identified antigenic variants.
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METHOD FOR SELECTING ANTIGENIC
VIRAL SEQUENCES FOR VACCINES AND
THERAPEUTICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 63/394,159 filed on Aug. 1, 2022, the
contents of which are incorporated by reference in their
entireties.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under DAO053893 awarded by the National Institutes of
Health and under 75D30121C11060 and 75D30120009870
awarded by the CDC. The government has certain rights in
the invention.

REFERENCE TO AN ELECTRONIC SEQUENCE
LISTING

[0003] The contents of the electronic sequence listing
(960296.04436.xml; Size: 28,077 bytes; and Date of Cre-
ation: Aug. 1, 2023) is herein incorporated by reference in its
entirety.

BACKGROUND OF THE INVENTION

[0004] Tracking SARS-CoV-2 genetic diversity is critical
to monitoring the emergence of novel variants, including
those that are resistant to naturally acquired immunity and/or
to medical countermeasures including vaccines, monoclonal
antibodies, and small molecule inhibitors. Tracking the
evolution and spread of such variants is also important for
developing and updating protective vaccines. Because
SARS-CoV-2 is shed in urine and feces of infected indi-
viduals, SARS-CoV-2 RNA can be extracted and quantified
from community wastewater to provide estimates of SARS-
CoV-2 community prevalence. This approach is especially
powerful since it samples large numbers of individuals in
targeted sewersheds and can detect viruses shed by indi-
viduals whose infections are not necessarily medically
attended, such as asymptomatic individuals, those who
abstain from testing, or those who test at home.

[0005] The continuing evolution of SARS-CoV-2 and the
appearance of variants of concern (VOCs), such as the
Omicron VOCs, show that the world is continually con-
fronting unexpected, novel variants. Notably, VOCs that
have emerged so far have not evolved in a predictable,
stepwise fashion from currently dominant variants, but
rather have emerged unpredictably. Many VOCs appear to
be derived from variants that last circulated many months
prior to the VOC’s first detection, suggesting that VOCs
evolve and emerge from hosts that are not detected even in
very intensive surveillance.

[0006] Wherever they emerge from, VOCs undermine the
utility of medical countermeasures such as vaccines and
monoclonal antibodies. Standard methods only identify
virus variants that are already in circulation and are not
effective at forecasting variants that are likely to arise in the
future. New methods that can identify “evolutionarily
advanced” variants relative to currently circulating lineages
would enable the development of protective vaccines and
therapies.
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BRIEF SUMMARY OF THE INVENTION

[0007] The present disclosure provides a method for iden-
tifying properties of viral variants that are not yet circulating
widely but are likely to emerge and spread in the future.
While the data presented herein are directed to identification
of'these viral variants in SARS-CoV-2, similar methods may
be suitable for application to other viruses. These cryptic
lineages are viral sequences that contain a combination of
mutations that are rarely observed in currently circulating
viral variants or clinical samples. The method comprises;
collecting urine or stool samples from a subject with a
prolonged infection or from wastewater from at least one
location; extracting RNA from the wastewater samples;
sequencing the variable regions of viral RNA from waste-
water and identifying cryptic lineages

[0008] In particular embodiments, the present disclosure
provides a method for identifying cryptic lineages arising in
SARS-CoV-2 or Influenza.

[0009] In particular embodiments, the region that is
sequenced is the SARS-CoV-2 Spike protein and the vari-
able region is the receptor-binding domain (RBD) of the
Spike protein. In particular embodiments, the region that is
sequenced is the 19 N-terminal amino acids of the Mem-
brane protein of SARS-CoV-2.

[0010] In some embodiments the method further com-
prises generating antibodies capable of recognizing the
cryptic lineages. In particular embodiments the antibodies
are neutralizing antibodies and block replication of a virus
comprising the cryptic lineage or current circulating viruses;
further the antibodies are monoclonal antibodies. These
antibodies may be tested against both currently circulating
viruses and cryptic lineages that may emerge in the future.
[0011] In some embodiments, the method further com-
prises generating a vaccine comprising at least one of the
cryptic lineage sequences. In particular, the vaccine may be
a mRNA, peptide, or inactivated viral vaccine. The vaccine
may comprise one or more than one antigenic variant. These
vaccines may be tested against both currently circulating
viruses and cryptic lineages that may emerge in the future.
[0012] In some embodiments, the method comprises
amplifying the variable regions with RT-PCR primers. In
some embodiments, the primers amplify at least a 1.5kb
region encoding a SARS-CoV-2 Spike protein.

[0013] In some embodiments, the method further com-
prises analyzing the cryptic lineages containing the antigenic
variants and determining if the antigenic variants become
variants of concern.

[0014] Insome embodiments, the method comprises using
databases with viral sequences from wastewater or databases
with sequences from virally infected subjects are used to
identify cryptic lineages containing antigenic variants in the
virus population.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Non-limiting embodiments of the present invention
will be described by way of example with reference to the
accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical
or nearly identical component illustrated is typically repre-
sented by a single numeral. For purposes of clarity, not every
component is labeled in every figure, nor is every compo-
nent of each embodiment of the invention shown where
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illustration is not necessary to allow those of ordinary skill
in the art to understand the invention.

[0016] FIG. 1. Novel SARS-CoV-2 lineages from waste-
water. A. Schematic of SARS-CoV-2 genome and the
regions that are amplified in this embodiment. B. Distribu-
tion of SARS-CoV-2 variants based on patient sequences
(patient data obtained from GISAID) and wastewater sur-
veillance. Polymorphisms detected from amplicon sequenc-
ing that were used to assign sequences to lineages are shown
in the legend. The variants detected from the 14 NYC
WWTPs were weighted by flowrate to generate a city-wide
average distribution. C. Novel lineages detected from
WWTPs. Schematic highlights shared sequences identified
from WWTP 10, 11, and 3 are shown. The percent of the
sequences from each date that contained the indicated poly-
morphisms is shown below each lineage. The viral genome
copies/L. corresponding to each date are shown in Table 4
Some sequences have additional polymorphisms not listed.
WNY lineage designations are shown for sequences used for
tropism and antibody neutralization analysis.

[0017] FIG. 2. ACE2 usage by WNY lineages. A Sche-
matic of lineages and pseudovirion production.

WNY1=E484A/F486P/S494P/Q498Y/H519N/F572N,

[0018] WNY2=Q493K/S494P/Q498Y/HS519N/T572N,
[0019] WNY3=K417T/K444T/E484A/F590Y/Q498H,
[0020] WNY4 =K417T/N439K/K444N/Y449R/L452R/

N460K/S477N/A484/F486V/S494T/G496V/Q4 98Y/
N501T/G504D/505H/H519Q. The indicated mutations were
introduced into a codon-optimized SARS-CoV-2 expression
construct. These constructs were used to produce lentiviral
pseudovirions containing a Gaussia luciferase reporter.
Pseudoviruses containing SARS-CoV-2 Spike with N501Y/
AS570D were used as a control as this is known to be capable
of infecting rodent cells. Pseudoviruses were used to trans-
duce 293FT+TMRPSS2 stably transduced with human,
mouse, or rat ACE2. The average and standard deviation
from three independent experiments is shown in the table
(top to bottom in the legend is left to right in the table). A
two-way ANOVA revealed significant differences in recep-
tor utilization (F=17.81, DF=3, 74; P<0.0001).

[0021] FIG. 3. Antibody resistance to monoclonal neutral-
izing antibodies and patient plasma. Lentiviral reporter
pseudoviruses containing Gaussia luciferase were generated
with parent (D614G), WNY1, WNY2, WNY3, or WNY4
Spike proteins. These pseudoviruses were treated with
2-fold dilutions of indicated monoclonal neutralizing anti-
body or patient serum and used to infect
293FT+#TMPRSS2+human ACE2. Gaussia luciferase levels
were quantitated approximately 2-3 days of post-transduc-
tion. Representative examples of three experiments with
monoclonal antibodies performed in triplicate are shown.
Infection was normalized to the wells infected with
pseudovirus alone. Patient plasma Neutralization IC50 titers
were calculated using nonlinear regression (Inhibitor vs.
normalized response—variable slope) in GraphPad Prism
9.0. The number indicates the mean fold of reduction in
1C50 and SD. Wilcoxon matched-pairs signed rank tests, a
two-tailed test, were performed for paired comparisons with
significance levels as follows: WNY3 patient p=0.0049,
WNY4 patient p=0.001, and WN V4 vaccinated=0.0068.
[0022] FIG. 4. Viral RNA concentration (SARS-CoV-2 N1
copies per L) at each sampling date is plotted against NYC
confirmed clinical cases (7-day average) over the sampling
period Jan. 1 to Jun. 28, 2021.
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[0023] FIG. 5. RBD amplification. A. Schematic of
regions targeted by the RBI) and S1 primer sets. Overview
of'the SARS-COV-2 Spike RBD lineages identified in B. the
MO33 sewershed and C. the MO45 sewershed. Each row
represents a unique lineage and each column is an amino
acid position in the Spike protein (left). Amino acid changes
similar to (green boxes) or identical to (orange boxes)
changes in Omicron (BA.1, BA.2 or BA.5) are indicated.
Synonymous changes (syn) are indicated in gray. The major
US VOCs (Alpha, Beta, Gamma, BA.1, BA.2, and BA.5) are
indicated. The heatmap (right) illustrates lineage (row)
detection by date (column), colored by the logic percent
relative abundance of that lineage.

[0024] FIG. 6. NY3 and NY 1.4 RBD amplifications.
Overview of the SAILS-COV-2 Spike RBD lineages iden-
tified from the A. NY3 and B. NY14 sewersheds. Amino
acid changes similar to (green boxes) or identical to (orange
boxes) changes in Omicron (BA.1, BA.2 or BA.5) are
indicated. Synonymous changes (syn) are indicated in gray.
The major US VOCs (Alpha, Beta, Gamma, BA.1, BA.2,
and BA.5) are indicated. The heatmap (tight) illustrates
lineage (row) detection by date (column), colored by the
log,, percent relative abundance of that lineage.

[0025] FIG. 7. NY10 RBD amplifications. Overview of
the SARS-COV-2 Spike RBD lineages identified from the
NY10 sewershed. Amino acid changes similar to (green
boxes) or identical to (orange boxes) changes in Omicron
(BA.1, BA.2 or BA.S) are indicated. Synonymous changes
(syn) are indicated in gray. The major VOCs during this time
period (Alpha, Beta, Gamma, BA.1 and BA.2) are indicated.
The heatmap (right) illustrates lineage (row) detection by
date (column), colored by the log,, percent relative abun-
dance of that lineage.

[0026] FIG. 8. NY11 and NY2 RBD amplifications. Over-
view of the SARS-COV-2 Spike RBD lineages identified
from the NY11 and NY2 sewershed. Lineages designated A
and B belong to two lineages groups that appear unrelated.
Amino acid changes similar to (green boxes) or identical to
(orange boxes) changes in Omicron (BA.1., BA.2 or BA.5)
are indicated. Synonymous changes (syn) are indicated in
gray. The major VOCs during this time period (Alpha, Beta,
Gamma, BA.1 and BA.2) are indicated. The heatmap (right)
illustrates lineage (row) detection by date (column), colored
by the logo percent relative abundance of that lineage.
Lineage detected in both sewersheds indicated with an
asterisk.

[0027] FIG. 9. NY13 RBD amplifications. Overview of
the SARS-COV-2 Spike RBD lineages identified from the
NY13 sewershed. Amino acid changes similar to (green
boxes) or identical to (orange boxes) changes in Omicron
(BA.1, BA.2 or BA.S) are indicated. Synonymous changes
(syn) are indicated in gray. The major VOCs during this time
period (Alpha, Beta, Gamma, BA.1 and BA.2) are indicated,
The heatmap (right) illustrates lineage (row) detection by
date (column), colored by the log,, percent relative abun-
dance of that lineage.

[0028] FIG. 10. Overview of the SARS-COV-2 Spike
RBD lineages identified from the California sewershed.
Amino acid changes similar to (green boxes) or identical to
(orange boxes) changes in Omicron (BA.1, BA.2 or BA.5)
are indicated. Synonymous changes (syn) are indicated in
gray. The major VOCs during this time period (Alpha, Beta,
Gamma, BA.1 and BA.2) are indicated. The heatmap (tight)
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illustrates lineage (row) detection by date (column), colored
by the log,, percent relative abundance of that lineage.
[0029] FIG. 11. S1 amplifications. A. Overview of the
SARS-COV-2 Spike S1 lineages in the Alpha, Delta, Omi-
cron VOCs and six of the sewersheds with cryptic lineages.
S1 amplifications were sequenced by subcloning (SC) and
Sanger sequencing or were sequenced using a PacBio (PB)
deep sequencing. B. Plot of the number of synonymous and
non-synonymous changes in the S1 sequences shown.
[0030] FIG. 12, Polymorphisms from wastewater
genomes. Shown are all mutations present in at least three of
the whole genome sequences from NYC listed in Table 8
and their corresponding amino acid changes. First column
lists the prevalence of each mutation among all patients
samples collected in June 2021 from New York. Each other
column lists the prevalence of each mutation in each of the
genome sequences.

[0031] FIG. 13, Sequence of nt 14408 from NYC waste-
water. NY13 and NY11 SEQ ID NO: 29, NY1.0 SEQ ID
NO: 30

[0032] FIG. 14. Tracking the source of the cryptic SARS-
CoV-2 lineage. (a) The Wisconsin Lineage was first detected
at the publicly owned treatment works (POTW) facility from
one of the five district lines that serve the POTW sewershed.
Continued wastewater sampling at interceptor lines that
serve the positive district line isolated the lineage’s source to
a single sub-district (Sub-District 5). Further sampling of
maintenance holes within Sub District 5 pointed to a single
place of business as the Wisconsin Lineage’s source. Sam-
pling at the facility pinpointed a collecting line (Facility
Line B) servicing 6 toilets used by facility employees. (b)
SARS-CoV-2 concentrations (on a log,, scale) detected in
five sampling areas show extremely high levels of SARS-
CoV-2 in wastewater from Facility Line B. The Wisconsin
Lineage’s percent (B.1.234%) contribution to the SARS-
CoV-2 levels (estimated by Freyja) at each sampling level is
shown in tan. (¢) SARS-CoV-2 concentrations throughout
2022. for the Main Plant (POTW) and Sub-District 5 are
shown as a blue line. The percent contribution of the
Wisconsin Lineage (B.1.234 proportion) is shown as tan
bars, depicting the continued detection of the cryptic virus at
both sampling levels for most of 2022. Higher B.1.234
proportions were seen in Sub-District 5 than in the Main
Plant (POTW), corresponding to its closer proximity to the
Wisconsin Lineage’s source.

[0033] FIG. 15. Representative haplotypes of Wisconsin
Lineage sequences. (a) The SARS-CoV-2 spike RBD was
amplified from Sub-District 5 wastewater samples using
primers designed to exclude Omicron lineages. A single
amplicon, spanning Spike amino acid residues 377-606, was
sequenced, and the amino acid changes (relative to reference
sequence MN908947.3) found in Omicron lineages are
shown in blue. (b) Representative haplotypes are displayed,
each of which represented at least 25% of the total sequences
in at least one sample. Green boxes indicate amino acid sites
that are also altered in Omicron (BA.1 or BA.2), blue boxes
indicate amino acid sites that have identical mutations to
Omicron lineages, and tan boxes indicate amino acid sites
that are altered in the Wisconsin Lineage and not in major
Omicron lineages. A indicates an in-frame amino acid dele-
tion.

[0034] FIG. 16. Prevalence of key cryptic lineage muta-
tions in global sequences. The global proportions of
sequences uploaded to NCBI GenBank for key mutations in
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the spike gene of the Wisconsin wastewater lineage are
plotted over time. The spike mutations R346T, V445P, and
N460K were all detected in the Wisconsin cryptic lineage
months before becoming predominant in global sequences.
The Wisconsin Lineage also harbored F486A from the time
of initial detection in January 2022. Two other substitutions
at spike amino acid residue 486 have since become domi-
nant in global sequences (dotted lines). Searching for the
global proportion of sequences was done in coy-SPEC-
TRUM.*°

[0035] FIG. 17. Diversity analysis of wastewater genomic
sequences from all Facility Line B time points. (a) Root-to-
tip regression analysis distance) of B.1.234 sequences via
TreeTime based on a maximum likelihood phylogenetic tree
inferred with iqtree (not shown) and aligned to the
MN908947.3 reference sequence. All sequences were
obtained from GenBank and can be accessed using the
accession numbers available on the GitHub repository
accompanying this manuscript. (b) The enumeration of
intra-host single nucleotide polymorphisms (iISNVs; y-axis)
for the wastewater timepoints for each mutation type fol-
lowing alignment to the reference genome MN908947.3
(colored as in panel a). Mutations were classified as non-
synonymous (Non-syn), synonymous (Syn), insertions-de-
letions (Indels), or others (including nonsense and frame-
shift mutations outside of coding regions). (¢) The number
of nucleotide transitions and transversions from all time-
points. The 95% confidence intervals were obtained from the
relative risk (RR) of every nucleotide substitution (i.e.
RR="A>C’/‘C>A’). (d) We estimated genetic diversity
within each sample using the summary statistics TN, which
quantifies pairwise nonsynonymous differences per nonsyn-
onymous site (darker bars), and xS, which quantifies pair-
wise synonymous differences per synonymous site (lighter
bars), for each SARS-CoV-2 gene. The 95% confidence
intervals were obtained using a binomial probability distri-
bution. A Mann-Whitney two-sided test was applied to test
the difference between mN and @S on each gene (red
asterisk). A one-sided test was used to test for an enrichment
of the nN value of spike against the N value on the other
genes (black asterisks). (e) The divergence (:Hamming
distance; y-axis) between B.1,234 isolates from panel (a)
and the MN908947.3 reference sequence over a sliding
window of 36 days (x-axis) compared to the Wisconsin
Lineage isolates. With the exception of the Wisconsin Lin-
eage, data are only plotted when windows contain at least
two B.1.234 sequences.

[0036] FIG. 18. All variants above 10% frequency in
Wisconsin Lineage RBD sequences from Sub-District 5
organized by haplotype.

[0037] FIG. 19. Radial phylogenetic tree generated by
Nextclade.l Consensus fasta files generated for each
sequence replicate of Facility Line B samples are shown.
Although differences exist between some replicate
sequences, the Wisconsin Lineage greatly diverges from its
B.1.234 backbone and is similarly divergent to Omicron
lineages.

[0038] FIG. 20. Ohio, Wisconsin, and UK EACL/EAPL
genome sequences are about as divergent from the original
SARS-CoV-2 as Omicron viruses (clades 21M,K,L, 22%,
and 23%).

[0039] FIG. 21. Convergent Spike amino acid variants in
the Wisconsin, Ohio, and UK EACL/EAPL.
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DETAILED DESCRIPTION OF THE
INVENTION

[0040] The present disclosure describes methods for iden-
tifying mutations encoding antigenic variants arising in a
virus population in a forward-looking manner.

[0041] SARS-CoV-2 is shed in feces and urine of infected
individuals, and SARS-CoV-2 RNA can be extracted and
quantified from community wastewater to provide estimates
of SARS-CoV-2 community prevalence. This viral RNA
(VRNA) can also be sequenced to profile the evolution and
spread of SARS-CoV-2 variants. The continuing evolution
of SARS-CoV-2 and the appearance of variants of concern
(VOCs), such as the Omicron VOC, highlight the impor-
tance of maintaining a vigilant watch for the emergence of
unexpected, novel variants. The fact that the origins and
early spread of the Alpha and Omicron VOCs were not
directly observed strongly motivates efforts to detect novel
variants as quickly as possible, in order to forecast future
viral evolution that could undermine the efficacy of natural
or vaccine-induced immunity, and/or other countermeasures
such as monoclonal antibodies. Described herein, the inven-
tors demonstrate a novel method for detecting divergent
viral sequences that encode amino acid changes that are
likely to eventually emerge in widely circulating viruses.
This method utilizes wastewater sampling and sequencing to
detect divergent sequences that are not captured in typical
surveillance testing of individuals. These methods allow for
the detection of patterns of mutations that are likely to
become more prevalent or properties of viral variants that
are not yet circulating widely but are likely to emerge and
spread in the future.

[0042] Viruses mutate as they replicate and spread in a
population creating viral variants. The more a virus repli-
cates, the more opportunities for mutations to arise. A viral
variant may contain one or more mutations. In some cases,
a viral variant may affect the virus’s ability to spread, cause
disease, or respond to current medial countermeasures,
resulting in a competitive advantage over the other lineages
of the virus. These are known as variants of concern (VOC),
or variants of interest (VOI). In order to monitor for VOC or
VOI, viruses are typically sequenced from clinical samples
isolated from currently infected individuals. These samples
are surveyed to identity which variant of a virus is currently
circulating in a population. However, this type of viral
surveillance fails to detect viral variants in asymptomatic
individuals, individuals with prolonged infections, individu-
als with mild symptoms that do not report to a clinical
setting where novel variants are emerging.

[0043] Some embodiments provide a method for identi-
fying cryptic lineages, a specific type of sequence observed
in wastewater which comprise patterns or collections of
mutation that are rarely observed in contemporaneous clini-
cal samples. Broadly, “variants” are microbes bearing one or
more changes in nucleotide sequence relative to some ref-
erence sequence. The change may be benign, pathogenic or
of unknown significance. A variant may be a pathogen with
a particular set of mutations. Specifically, an antigenic
variant is a nucleotide change resulting in a change in the
amino acid sequence of a protein encoded by an infectious
agent, which disrupts the ability of immune responses to
recognize the variant. Some antigenic variants allow the
infectious agent to re-infect previously infected hosts. Anti-
genic variants can also reduce the efficacy of countermea-
sures such as therapeutic monoclonal antibodies. VOCs may
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also harbor other mutations that reduce the efficacy of
countermeasures such as antiviral medications. The methods
described herein allow for the identification of antigenic
variants in a virus population. The methods may be particu-
larly suited for viruses that are known to be detectable in
wastewater and have high mutation rates that necessitate
frequent vaccine updates. This includes viruses such as the
influenza virus and severe acute respiratory syndrome
(SARS)-coronavirus (CoV)-2. Respiratory syncytial virus
(RSV) is detectable in wastewater and may also begin to
evolve more rapidly under immune pressure following the
approval of novel vaccines. Similarly, mpox and Human
Immunodeficiency Virus (HIV) can also be detected in
wastewater. The methods described herein may be further
suited for viruses that typically cause short, acute infections
but may occasionally establish prolonged infection. The
methods may also be suited for virus populations which
cause a prolonged infection such as polio virus. The methods
may be suitable for any virus for which surveying antigenic
variants may inform antigen targets in vaccine development.

[0044] The methods described herein allow for the iden-
tification of antigenic variants in a virus population, includ-
ing in the SARS-CoV-2 virus. The virus causes COVID-19,
a severe respiratory disease that rapidly spread across China
beginning in late 2019 and was declared a world-wide
pandemic in early 2020. Like other CoVs, the SARS-CoV-2
spike (S) protein is assumed to be the major target for
neutralizing antibodies. To enable entry of host cells, the
SARS-CoV-2 S protein binds to the receptor, angiotensin-
converting enzyme 2 (ACE2), through its receptor binding
domain (RBD). The RBDs for other CoVs are immunogenic
and a major neutralizing determinant. In the long term, it is
likely that SARS-CoV-2 will continue circulating in humans
and causing disease. Thus, development of additional safe
and effective vaccines against the virus is a significant
priority. In order to remain effective, these vaccines will
almost certainly need to continually adapt to changes in
circulating variants as SARS-CoV-2 continues its antigenic
evolution. Additionally, continued SARS-CoV-2 evolution
is likely to impact the efficacy of countermeasures like
therapeutic monoclonal antibodies and antivirals, which
have been critical in reducing morbidity and mortality.
Therefore, approaches that can accurately forecast the direc-
tion of SARS-CoV-2 antigenic evolution will be critical for
preparing vaccine updates, predicting the efficacy of coun-
termeasures, and other applications.

[0045] Inspecific embodiments, the methods include iden-
tify antigenic variants in the spike protein, including the
receptor binding domain (RBD) of the spike protein and
antigenic variants in the membrane protein, including in the
first 19 N-terminal amino acids of the membrane protein of
SARS-CoV-2. Other antigenic variants that are selected by
the human immune system, including antibodies and T cell
responses, can also be identified by the methods.

[0046] The method of the present disclosure includes
collecting wastewater samples. Wastewater is used water
from any combination of domestic, industrial, commercial
or agricultural activities, surface runoff/storm water, and any
sewer inflow or sewer infiltration. Wastewater may also be
called sewage, raw wastewater or raw sewage. Sewage is
wastewater that is produced by a community of people.
Samples for the methods described herein may be collected
from wastewater, including from a sewershed, sewage lift-
station, manhole, facility sewer line access point, individual
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toilets and household waste sources or any other sewer
access point. Samples collected for use in the method
described herein may include any material found in waste-
water, including but not limited to feces, urine, and any other
biological material typically found in wastewater. A sewer-
shed is an area where water drains into a single point of the
sewer system. As described herein, the samples may be
taken from 1 single wastewater location, or from multiple,
including two, three, four, five, six, seven or more locations.
Samples may be taken one or more times from a site. When
more than one sample is collected from a site, the time
between each sample collection may be hours, days, weeks,
months or years apart. For example, a sample may be
collected from a site, followed by another sample collected
from the same site one week later, one month later, two
months later, six months later, a year later, or more than a
year later, and any amount of time in between for any
number of sample collections.

[0047] In some embodiments, the method may comprises
tracking the source of the cryptic SARS-CoV-2 lineage. As
described in Example 3, successive sampling at various
points in a sewershed, for example publicly owned treatment
works facility, district lines, sub-district lines, maintenance
holes, and facility lines allows cryptic lineages to be traced
to a specific origin.

[0048] In some embodiments RNA is extracted from
wastewater samples. RNA may also be extracted from feces
(also known as stool or excrement) or urine samples. RNA
extraction is the purification of RNA from biological
samples. RNA may be extracted by any means known in the
art. Common RNA extraction techniques include organic
extraction, such as phenol-Guanidine Isothiocyanate
(GITC)-based solutions, silica-membrane based spin col-
umn technology, and paramagnetic particle technology. In
some embodiments, wastewater may be concentrated prior
to isolation of RNA.

[0049] In some embodiments, isolated RNA may be quan-
tified by reverse transcription polymerase chain reaction
(RT-PCR). RT PCR is a technique combining reverse tran-
scription of RNA into DNA (called complementary DNA or
c¢DNA) and amplification of specific DNA targets using
polymerase chain reaction (PCR). RT-PCR can be used to
measure the amount of a specific RNA. RT-PCR requires the
use of site-specific primers. PCR primers are single-stranded
oligonucleotides. Two primers are used in each PCR reac-
tion, and they are designed so that they flank the target
region that should be copied. That is, they are given
sequences that will make them bind to opposite strands of
the template DNA, just at the edges of the region to be
copied. The primers bind to the template by complementary
base pairing. Sequencing adapters and molecular barcodes
may additionally be used. Adapter sequences are short
oligonucleotides used to be ligated to the ends of DNA
fragments of interest, so that they can be combined with
primers for amplification. Sequencing adapter sequences are
known in the art. In some embodiments, the PCR primer
may comprise SEQ ID NOs: 6, 7, 8, 9, 14, 15, 16, 17, 18,
20, 21, 22, 23, 24, 26, 27 and 28. In some embodiments, the
RT-PCR primers amplify an antigen binding region of a
virus. In some embodiments, the RT-PCR primers amplify a
spike protein, a membrane protein or a receptor binding
domain of the spike protein of SARA-CoV-2. In some
embodiments, the RT-PCR primers amplify at least a 1.5 kb
region encoding a SARS-CoV-2 spike protein.
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[0050] The term “amplifying” as used herein generally
refers to the production of a plurality of nucleic acid
molecules from a target nucleic acid wherein primers
hybridize to specific sites on the target nucleic acid mol-
ecules in order to provide an initiation site for extension by
a polymerase. Amplification can be carried out by any
method generally known in the art, such as, but not limited
to: standard PCR, long PCR, hot start PCR, qPCR, RT-PCR
and Isothermal Amplification. Other amplification reactions
comprise, among others, the Ligase Chain Reaction, Poly-
merase Ligase Chain Reaction, Gap-LCR, Repair Chain
Reaction, 3 SR, NASBA, Strand Displacement Amplifica-
tion (SDA), Transcription Mediated Amplification (TMA),
and Q3-amplification.

[0051] In some embodiments, the amplified variable
region is sequenced. Sequencing determines the sequence of
nucleic acids or amino acids. Sequencing may be done by
any means known in the art. By way of example, but not by
way of limitation, types of sequencing include, the Sanger
method, high throughput methods, next generation sequenc-
ing methods, sequencing by synthesis and reversible dye-
terminators and single molecule, real time sequencing. In
some embodiments, SARS-CoV-2 whole genome sequenc-
ing is performed. In some embodiments, the variable region
comprises the antigen binding region of a virus. In some
embodiments, the variable region comprises the spike
region, the receptor-binding domain (RBD) of the spike
domain and/or the membrane domain of SARS-CoV-2.
[0052] In some embodiments, the method provides from
collecting a urine or stool sample from a subject with a
prolonged viral infection. The subject may be symptomatic
or asymptomatic of viral infection. In some embodiments,
the subject may have a prolonged infection with SARS-
CoV-19, the subject may have Long COVID, long-haul
COVID, post-COVID-19 or chronic COVID. In some
embodiments, the subject may be immunosuppressed,
immunocompromised or have a immunodeficiency. In some
embodiments, the subject may not be aware they have a viral
infection prior to wastewater, urine or stool sampling.
[0053] In some embodiments, genetic sequencing data-
bases may be utilized to identify cryptic lineages. By way of
example, and not limitation, these databases may include
National Center for Biotechnology Information (NCBI)
GenBank, GenomeTrakr, NCBI Sequence Read Archive
(NCBI SRA) and Global Initiative on Sharing All Influenza
Data (GISAID) databases. Consensus sequences from data-
bases such as NCBI Genbank or GISAID, or datasets
containing sequencing reads from databases such as NCBI
SRA may be examined for signatures of cryptic lineages.
These signatures include amino acid changes that have been
found to be enriched in cryptic lineages. It may also include
variants that have evidence of intramolecular recombination
during prolonged infection. It may also include sequences in
databases that are anachronistic, bearing sequence signa-
tures that are rare or extinct among sequences at the time of
wastewater collection but that were common at one or more
times in the past.

[0054] Sequences generated by the methods described
herein, and sequences identified in a database will be
screened for reproducible lineages that do not match the
known circulating lineages. Each sequence with a unique
combination of amino acid changes is referred to as a
lineage, and combinations of lineages that all have specific
amino acid changes in common as lineage classes. Amino
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acid combinations identified that have not been seen previ-
ously from patients are referred to as cryptic lineages.
Cryptic lineages are those sequences identified in at least
two independent samples. Cryptic lineages may comprise
one or more non-synonymous substitutions, insertions and/
or deletions. For example, as described in Example 2, MO33
comprised 4-5 RBD amino acid changes and was consis-
tently detected at low relative abundances from March 15 to
the end of April 2021 and the NY10 lineage was first
detected in April 2021 and comprised 4-5 RBD amino acid
changes, but several months later comprised 6-8 RBD amino
acid changes, Cryptic lineages may be detected then not
detected, and then detected again some time later. For
example, as described in Example 2, MO45 lineage was
detected in June 2021, then not seen again until February
2022, Cryptic lineages can arise from prolong infection with
a virus. Thus, cryptic lineages may also comprise changes in
the viral genome that are typically reflective of those that
were common at the time the individual was originally
infected with the virus.

[0055] In some embodiments, the methods described
herein may further comprise identifying viral sequence
changes which persist and eventually emerge in widely
circulating virus variants of concern or variants of interest.
The source of cryptic lineages may be from an under-
sampled animal reservoir or from persistently infected
humans. As described in Example 3, samples collected from
a single facility contained a combination of fixed nucleotide
substitutions. These divergent sequences contain amino acid
changes that eventually emerged in circulating viruses. In
this way, the method described herein can inform viral
vaccine target development.

[0056] In some embodiments the antigenic variants or
cryptic lineages identified with the methods described herein
arise under positive selection. Positive selection is the pro-
cess by which new advantageous genetic variants arise in a
population. Positive selection causes a shift to the advanta-
geous genetic variant over time because of a benefit to the
organism, often survival or reproduction. In some embodi-
ments, the methods described herein identify a positively
selected antigenic variant. As demonstrated in Example 3
the methods described herein utilize repeat sampling of
wastewater to capture and monitor viral sequences over
time. This method can identify persistent antigenic variants
from a narrow location which increase in abundance under
positive selection.

[0057] In some embodiments, the method includes testing
recombinant viruses comprising potential antigenic variants
from cryptic lineages in an antibody neutralization assay. A
neutralizing antibody is an antibody that prevents infection
of a cell by a virus. Neutralization renders the virus particle
no longer infectious. An antibody neutralization assay deter-
mines the functional ability of antibodies to prevent infec-
tion by SARS-CoV-2. Further, in some embodiments, anti-
bodies may be generated that recognize the antigenic
variants. In particular embodiments, the generated antibod-
ies may block the replication of a virus comprising the
antigenic variant. The antibodies may be monoclonal. The
method may further comprise generating antibodies that
recognize mutations found in cryptic. lineages as well as
those found in known VOC.

[0058] Insome aspects of the present disclosure, a vaccine
may be generated. The vaccine may comprise at least one of
the antigenic variants found in a cryptic lineage or at least
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one mutation identified in a cryptic lineage. The vaccine
may further comprise two, three, four, five, six or more
antigenic variants or cryptic lineage mutations. The vaccine
may also comprise other antigenic variants, for example
those found in a currently circulating viral population, VOC
or VOI, or mutations that stabilize the spike protein. As such
avaccine immunogen generated from the methods described
herein may not necessarily be identical to any one cryptic
lineage but may include one or more mutations from a
cryptic lineage and other mutations in known variants or for
the benefit of the vaccine function. The vaccine may be a
mRNA, peptide, viral vectored, live attenuated, or inacti-
vated viral vaccine.

[0059] Vaccine compositions including the cryptic lin-
eages described herein are also provided. In some embodi-
ments, the vaccine composition includes SARS-CoV-2 cryp-
tic lineages described herein. As used herein “vaccine”
refers to a composition that includes an antigen. Vaccine
may also include a biological preparation that improves
immunity or the immune response to a particular disease. A
vaccine may typically contain an agent, referred to as an
antigen, that resembles or is a part of a disease-causing
microorganism, in this case a virus, for example SARS-
CoV-2, and the agent may be nucleic acids that are homolo-
gous to a portion of the virus, or often be made from
weakened or killed forms of the microbe, its toxins or one
of its surface proteins. The antigen may stimulate the body’s
immune system to recognize the agent as foreign, destroy it,
and “remember” it, so that the immune system can more
easily recognize and destroy any of these microorganisms
that it later encounters.

[0060] Vaccines may be prophylactic, e.g., to prevent or
ameliorate the effects of a future infection by any natural or
“wild” pathogen, or therapeutic, e.g., to treat the disease.
Administration of the vaccine to a subject results in an
immune response, generally against one or more specific
diseases. The amount of a vaccine that is therapeutically
effective may vary depending on the particular virus used, or
the condition of the patient, and may be determined by a
physician. The vaccine may be introduced directly into the
subject by the intramuscular, intravenous, subcutaneous,
oral, oronasal, or intranasal routes of administration.
[0061] The vaccine compositions described herein also
include a suitable carrier or vehicle for delivery. As used
herein, the term “carrier” refers to a pharmaceutically
acceptable solid or liquid filler, diluent or encapsulating
material. A water-containing liquid carrier can contain phar-
maceutically acceptable additives such as acidifying agents,
alkalizing agents, antimicrobial preservatives, antioxidants,
buffering agents, chelating agents, complexing agents, solu-
bilizing agents, humectants, solvents, suspending and/or
viscosity-increasing agents, tonicity agents, wetting agents
or other biocompatible materials. A tabulation of ingredients
listed by the above categories, may be found in the U.S.
Pharmacopeia National Formulary, 1857-1859, (1990).
[0062] Some examples of the materials which can serve as
pharmaceutically acceptable carriers are sugars, such as
lactose, glucose and sucrose; starches such as corn starch
and potato starch; cellulose and its derivatives such as
sodium carboxymethyl cellulose, ethyl cellulose and cellu-
lose acetate; powdered tragacanth; malt; gelatin; talc; excipi-
ents such as cocoa butter and suppository waxes; oils such
as peanut oil, cottonseed oil, safflower oil, sesame oil, olive
oil, corn oil and soybean oil; glycols, such as propylene
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glycol; polyols such as glycerin, sorbitol, mannitol and
polyethylene glycol; esters such as ethyl oleate and ethyl
laurate; agar; buffering agents such as magnesium hydroxide
and aluminum hydroxide; alginic acid; pyrogen free water;
isotonic saline; Ringer’s solution, ethyl alcohol and phos-
phate buffer solutions, as well as other nontoxic compatible
substances used in pharmaceutical formulations. Wetting
agents, emulsifiers and lubricants such as sodium lauryl
sulfate and magnesium stearate, as well as coloring agents,
release agents, coating agents, sweetening, flavoring and
perfuming agents, preservatives and antioxidants can also be
present in the compositions, according to the desires of the
formulator.

[0063] Examples of pharmaceutically acceptable antioxi-
dants include water soluble antioxidants such as ascorbic
acid, cysteine hydrochloride, sodium bisulfate, sodium
metabisulfite, sodium sulfite and the like; oil-soluble anti-
oxidants such as ascorbyl palmitate, butylated hydroxyani-
sole (BHA), butylated hydroxytoluene (BHT), lecithin, pro-
pyl gallate, alpha-tocopherol and the like; and metal-
chelating agents such as citric acid, ethylenediamine
tetraacetic acid (EDTA), sorbitol, tartaric acid, phosphoric
acid and the like.

[0064] In another embodiment, the present formulation
may also comprise other suitable agents such as a stabilizing
delivery vehicle, carrier, support or complex-forming spe-
cies. The coordinate administration methods and combina-
torial formulations of the instant invention may optionally
incorporate effective carriers, processing agents, or delivery
vehicles, to provide improved formulations for delivery of
the cryptic lineages described herein.

[0065] Suitable adjuvants are known in the art and
include, but are not limited to, threonyl muramy! dipeptide
(MDP) (Byars et al., 1987), Ribi adjuvant system compo-
nents (Corixa Corp., Seattle, Wash.) such as the cell wall
skeleton (CWS) component, Freund’s complete adjuvants,
Freund’s incomplete adjuvants, bacterial lipopolysaccharide
(LPS; e.g., from E. coli), or a combination thereof. A variety
of other well-known adjuvants may also be used with the
methods and vaccines of the invention, such as aluminum
hydroxide, saponin, amorphous aluminum hydroxyphos-
phate sulfate (AAHS), aluminum hydroxide, aluminum
phosphate, potassium aluminum sulfate (Alum), and com-
binations thereof. Cytokines (.gamma.-IFN, GM-CSF, CSF,
etc.), lymphokines, and interleukins (IL-1, IL-2, IL.-3, IL-4,
1L-5, IL-6, IL-7, IL-8. IL-9, IL-10, IL-11, IL-12, IL-13,
1L-14, 1L-15, IL-16, IL-17, 11-18, 11-19, IL-20, IL-21, and
11-22) have also been used as adjuvants and/or supplements
within vaccine compositions and are contemplated to be
within the scope of the present invention. For example, one
or more different cytokines and/or lymphokines can be
included in a composition comprising one or more peptides
or a vaccine of the invention. In a preferred embodiment, the
adjuvant is an aluminum salt, AS04, MF59, ASO1B, CpG
1018, or another adjuvant that is considered to be safe for
use in humans by the Centers for Disease Control and
Prevention.

[0066] To aid in administration, vaccines may be mixed
with a suitable carrier or diluent such as water, oil (e.g., a
vegetable oil), ethanol, saline solution (e.g., phosphate buf-
fer saline or saline), aqueous dextrose (glucose) and related
sugar solutions, glycerol, or a glycol such as propylene
glycol or polyethylene glycol. Stabilizing agents, antioxi-
dant agents and preservatives may also be added. Suitable
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antioxidant agents include sulfite, ascorbic acid, citric acid
and its salts, and sodium EDTA. Suitable preservatives
include benzalkonium chloride, methyl- or propyl-paraben,
and chlorbutanol. The composition for parenteral adminis-
tration may take the form of an aqueous or nonaqueous
solution, dispersion, suspension or emulsion.

[0067] The vaccine formulation may additionally include
a biologically acceptable buffer to maintain a pH close to
neutral (7.0-7.3). Such buffers preferably used are typically
phosphates, carboxylates, and bicarbonates. More preferred
buffering agents are sodium phosphate, potassium phos-
phate, sodium citrate, calcium lactate, sodium succinate,
sodium glutamate, sodium bicarbonate, and potassium
bicarbonate. The buffer may comprise about 0.0001-5%
(w/v) of the vaccine formulation, more preferably about
0.001-1% (w/v). Other excipients, if desired, may be
included as part of the final vaccine formulation.

[0068] The remainder of the vaccine formulation may be
an acceptable diluent, to 100%, including water. The vaccine
formulation may also be formulated as part of a water-in-oil,
or oil-in-water emulsion.

[0069] The vaccine formulation may be separated into
vials or other suitable containers. The vaccine formulation
herein described may then be packaged in individual or
multi-dose ampoules or be subsequently lyophilized (freeze-
dried) before packaging in individual or multi-dose
ampoules. The vaccine formulation herein contemplated
also includes the lyophilized version. The lyophilized vac-
cine formulation may be stored for extended periods of time
without loss of viability at ambient temperatures. The lyo-
philized vaccine may be reconstituted by the end user and
administered to a patient.

Additional Definitions

[0070] The present disclosure is not limited to the specific
details of construction, arrangement of components, or
method steps set forth herein. The compositions and meth-
ods disclosed herein are capable of being made, practiced,
used, carried out and/or formed in various ways that will be
apparent to one of skill in the art in light of the disclosure
that follows. The phraseology and terminology used herein
is for the purpose of description only and should not be
regarded as limiting to the scope of the claims. Ordinal
indicators, such as first, second, and third, as used in the
description and the claims to refer to various structures or
method steps, are not meant to be construed to indicate any
specific structures or steps, or any particular order or con-
figuration to such structures or steps.

[0071] All methods described herein can be performed in
any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any
and all examples, or exemplary language (e.g., “such as”)
provided herein, is intended merely to facilitate the disclo-
sure and does not imply any limitation on the scope of the
disclosure unless otherwise claimed. No language in the
specification, and no structures shown in the drawings,
should be construed as indicating that any non-claimed
element is essential to the practice of the disclosed subject
matter.

[0072] Unless otherwise specified or indicated by context,
the terms “a”, “an”, and “the” mean “one or more.” For
example, “a molecule” should be interpreted to mean “one
or more molecules.”
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[0073] As used herein, “about”, “approximately,” “sub-
stantially,” and “significantly” will be understood by persons
of ordinary skill in the art and will vary to some extent on
the context in which they are used. If there are uses of the
term which are not clear to persons of ordinary skill in the
art given the context in which it is used, “about” and
“approximately” will mean plus or minus<10% of the par-
ticular term and “substantially” and “significantly” will
mean plus or minus>10% of the particular term.

[0074] As used herein, the terms “include” and “includ-
ing” have the same meaning as the terms “comprise” and
“comprising.” The terms “comprise” and ‘“comprising”
should be interpreted as being “open” transitional terms that
permit the inclusion of additional components further to
those components recited in the claims. The terms “consist”
and “consisting of” should be interpreted as being “closed”
transitional terms that do not permit the inclusion additional
components other than the components recited in the claims.
The term “consisting essentially of” should be interpreted to
be partially closed and allowing the inclusion only of
additional components that do not fundamentally alter the
nature of the claimed subject matter.

[0075] Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. For example, if a concentration range is
stated as 1% to 50%, it is intended that values such as 2%
to 40%, 10% to 30%, or 1% to 3%, etc., are expressly
enumerated in this specification. These are only examples of
what is specifically intended, and all possible combinations
of numerical values between and including the lowest value
and the highest value enumerated are to be considered to be
expressly stated in this disclosure. Use of the word “about”
to describe a particular recited amount or range of amounts
is meant to indicate that values very near to the recited
amount are included in that amount, such as values that
could or naturally would be accounted for due to manufac-
turing tolerances, instrument and human error in forming
measurements, and the like. All percentages referring to
amounts are by weight unless indicated otherwise.

[0076] “Percentage of sequence identity” or “percent simi-
larity” is determined by comparing two optimally aligned
sequences over a comparison window, wherein the portion
of the polynucleotide or peptide sequence in the comparison
window may comprise additions or deletions (i.e., gaps) as
compared to the reference sequence (which does not com-
prise additions or deletions) for optimal alignment of the two
sequences. The percentage is calculated by determining the
number of positions at which the identical nucleic acid base
or amino acid residue occurs in both sequences to yield the
number of matched positions, dividing the number of
matched positions by the total number of positions in the
window of comparison and multiplying the result by 100 to
yield the percentage of sequence identity. Typically, percent-
age of sequence identity usually refers to the ratio of the
number of matching residues to the total length of the
alignment, while percent similarity includes “similar” resi-
dues, for example leucine and valine, as well as identical
ones.

[0077] The term “substantial identity” or “substantial
similarity” of polynucleotide or peptide sequences means
that a polynucleotide or peptide comprises a sequence that

2
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has at least 75% sequence identity. Alternatively, percent
identity can be any integer from 75% to 100%. More
preferred embodiments include at least: 75%, 80%, 85%,
86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98% or 99% compared to a reference sequence
using the programs described herein; preferably BLAST
using standard parameters, as described. These values can be
appropriately adjusted to determine corresponding identity
of proteins encoded by two nucleotide sequences by taking
into account codon degeneracy, amino acid similarity, read-
ing frame positioning and the like.

[0078] <“Substantial identity” of amino acid sequences for
purposes of this invention normally means polypeptide
sequence identity of at least 75%. Preferred percent identity
of polypeptides can be any integer from 75% to 100%. More
preferred embodiments include at least 75%, 80%, 85%,
86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, 98.7%, or 99%.

[0079] Inthose instances where a convention analogous to
“at least one of A, B and C, etc.” is used, in general such a
construction is intended in the sense of one having ordinary
skill in the art would understand the convention (e.g., “a
system having at least one of A, B and C” would include but
not be limited to systems that have A alone, B alone, C alone,
A and B together, A and C together, B and C together, and/or
A, B, and C together.). It will be further understood by those
within the art that virtually any disjunctive word and/or
phrase presenting two or more alternative terms, whether in
the description or figures, should be understood to contem-
plate the possibilities of including one of the terms, either of
the terms, or both terms. For example, the phrase “A or B”
will be understood to include the possibilities of “A” or ‘B
or “A and B.”

[0080] No admission is made that any reference, including
any non-patent or patent document cited in this specifica-
tion, constitutes prior art. In particular, it will be understood
that, unless otherwise stated, reference to any document
herein does not constitute an admission that any of these
documents forms part of the common general knowledge in
the art in the United States or in any other country. Any
discussion of the references states what their authors assert,
and the applicant reserves the right to challenge the accuracy
and pertinence of any of the documents cited herein. All
references cited herein are fully incorporated by reference,
unless explicitly indicated otherwise. The present disclosure
shall control in the event there are any disparities between
any definitions and/or description found in the cited refer-
ences.

[0081] Preferred aspects of this invention are described
herein, including the best mode known to the inventors for
carrying out the invention. Variations of those preferred
aspects may become apparent to those of ordinary skill in the
art upon reading the foregoing description. The inventors
expect a person having ordinary skill in the art to employ
such variations as appropriate, and the inventors intend for
the invention to be practiced otherwise than as specifically
described herein. Accordingly, this invention includes all
modifications and equivalents of the subject matter recited in
the claims appended hereto as permitted by applicable law.
Moreover, any combination of the above-described elements
in all possible variations thereof is encompassed by the
invention unless otherwise indicated herein or otherwise
clearly contradicted by context.
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[0082] The following examples are meant only to be
illustrative and are not meant as limitations on the scope of
the invention or of the appended claims.

EXAMPLES

Example 1: Tracking Cryptic SARS-CoV-2
Lineages Detected in NYC Wastewater

[0083] Reference to Smyth, D. S., Trujillo, M., Gregory,
D. A. et al. Tracking cryptic SARS-CoV-2 lineages detected
in NYC wastewater. Nat Commun 13, 635 (2022). is hereby
incorporated in its entirety.

[0084] SARS-CoV-2 is shed in feces and can be detected
by RT-qPCR in wastewater correlating to caseloads in
sewersheds'? Consequently, municipalities and public
health organizations have employed wastewater surveillance
as a public health tool to make informed decisions about
COVID-1.9 interventions®*. However, the standard appli-
cation of RT-qPCR does not provide genotype information
and consequently cannot be used to monitor SARS-CoV-2
evolution and track variants of concern. Some researchers
have applied, with mixed success, high-throughput sequenc-
ing strategies to total RNA extracted from wastewater.
Often, coverage across the SARS-CoV-2 genome is uneven
and epidemiologically informative regions can have low
coverage®®. Additionally, because wastewater samples con-
tain an amalgamation of lineages circulating in the sewer-
shed, it is not possible to reconstruct individual genomes
using standard methods. Because of these difficulties, some
researchers are using a strategy that employs the amplifica-
tion and sequencing of small, specific regions of the SARS-
CoV-2 genome, i.e., targeted sequencing 7,8 . Targeted
sequencing can provide high coverage of epidemiologically
informative regions of the genome and importantly, can
reveal which polymorphisms are linked, thus allowing
SARS-CoV-2 variants of concern (VOC) in communities to
be tracked.

[0085] Since January of 2021, we sequenced SARS-
CoV-2 RNA isolated from the raw influent from all 14 NYC
WWTPs approximately twice per month’. Initially, we used
an iSeq instrument to sequence a PCR-amplified region of
the SARS-CoV-2 spike protein gene. This region spanned
spike protein amino acid residues 434-505, which includes
the receptor binding domain (RBD) (FIG. 1A). Beginning in
April 2021, we switched to using a MiSeq instrument, which
allowed us to sequence a larger amplicon that included
amino acid residues 412-579. While no samples were ana-
lyzed with both the iSeq and MiSeq, the same constellations
of mutations were consistently observed in the respective
sewersheds regardless of the instrument used. These regions
contain loci that are significant in SARS-CoV-2 receptor
tropism and immune evasion, and contain multiple poly-
morphisms found in many VOCs®'°.

Results and Discussion

Identification of Novel Cryptic Sewershed-Specific
Lineages

[0086] Our analysis pipeline, which uses the tool SAM
Refiner to report polymorphisms and remove artificial chi-
meric sequences, allowed us to determine the frequency of
each polymorphism and more importantly, elucidate which
polymorphisms were derived from the same RNA
sequence®. Freebayes and IGV were used to validate the
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reported polymorphisms (see “Methods” section). Using this
approach, we were able to classify suites of mutations found
in the RBD amplicons as consistent with Pango lineages
B.1.1.7 (Alpha), B.1.351 (Beta), B.1.427/429 (Epsilon),
B.1.526 (Iota), B.1.617 (Delta and Kappa), and. P.1
(Gamma). Importantly, the distributions and trends in viral
lineages from wastewater were consistent with patient
derived sequences from NYC submitted to the GISAID
EpiCoV database (hereafter, GISAID; https://www.gisaid.
org/) (FIG. 113 and Table 5 FIG. 4). For example, between
February and April, wastewater and patient sequencing both
revealed a notable increase in sequences assigned to the
Alpha lineage and a corresponding decrease in sequences
that did not belong to any of the VOC lineages.

TABLE 5

Mutation frequencies with respect to Wuhan reference
sequence (NC__045512.2) in iSeq sequenced samples
assayed between 2021 Jan. 31 and 2021 Mar. 14.

Mutation Frequency

A4358
A4T5A
A475S
A475V
C435T
C480C
C488C
E465V
E471G
E484A
E484K
E484Q
F464L
F4861
F486S
F490F
F490L
F490S
F490Y
F497S
G446V
G476D
G482G
G482N
G485G
G485S
G502G
1434L
14681
1468T
K444K
K444N
K444T
K458E
K438N
K458R
L441F
L452R
14527
L455F
L455M
L455V
L4611
L461P
L462R
L4928
N427E
N428E
N437N
N440E
N440S
N440Y

—
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TABLE 5-continued

Mutation frequencies with respect to Wuhan reference
sequence (NC_045512.2) in iSeq sequenced samples
assayed between 2021 Jan. 31 and 2021 Mar. 14.

Mutation Frequency

N448S
N450D
N450N
N460L
N460N
N487D
N5018
N501T
N501Y
P463pP
P479p
P491p
P499H
P499p
Q474Q
Q493L
Q498*
Q498H
Q506*
QS506E
QS507E
S438T
S443P
S459T
S469L
S469P
S4698
S477G
S477N
S494L,
S494P
T470K
T478K
VA433A
V433F
VA445A
VA83F
WA436R
Y449R
Y449Y
Y473H
Y495H
Y495Y
Deletion and Frameshift

(8] W =

[

w
[ S NS U R S S N U S "< J NG S SIS U SV Jc NS S S P N P NG G U P N

—_

—

420

[0087] In addition to well-recognized lineages, WWTPs 3,
10, and 11 contained RBD sequences with consistent con-
stellations of polymorphisms detected over several months
that did not match lineages reported in GISAID (FIG. 1C).
Herein we refer to these constellations of linked mutations
in the RBI) sequences as lineages (meaning that they are of
common descent), although without having the complete
genome sequence we cannot say whether these were derived
from a single lineage or multiple lineages with the same
RBD sequence. These cryptic lineages were not static, as
several of them appeared to acquire additional polymor-
phisms over the period of sampling. For example, one of the
lineages from WWTF 10 added the polymorphism F486P at
later sampling dates (FIG. 1C).

[0088] The cryptic lineages all remained relatively geo-
graphically constrained. The lineages from WWTP 3 and
WWTP 10 were only observed from those locations during
this sampling period. Sequences resembling the lineages
from WWTP 11 were occasionally seen in neighboring
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sewersheds. Four of the anomalous lineages, designated
WNY1, WNY2, WNY3, and WNY4, were selected for
further study. Each of these lineages contained at least five
polymorphisms; the most divergent was WNY4, which
contained 16 amino acid changes in its RBD including a
deletion at position 484. We note that WNY4 and the
Omicron VOC possess mutations at the overlapping residues
in the RBD, including K417, S477, T478, E484, G496,
Q498, N501, and Y505. Polymorphisms at several of these
positions have been reported to evade neutralization by
particular antibodies®'!>!2-13:14,

[0089] Interestingly, all four WNY lineages contained a
polymorphism at spike protein residue 498 (Q498H or
Q498Y). As of Nov. 30, 2021, there were only 35 SARS-
CoV-2 sequences in GISAID that contained the polymor-
phism Q498H, (eight in the USA), and none that contained
Q498Y. However, both of these polymorphisms have been
associated with host range expansion of SARS-CoV-2 into
rodents'>*%'7> which are generally resistant to the parent
SARS-CoV-2 lineage'®'%*°, Notably, as the concentration
of SARS-CoV-2 genetic material from NYC wastewater
decreased along with the decrease in COVID patients, the
fraction of the total sequences from these lineages has
proportionally increased (FIG. 1C and FIG. 4). By May and
June, these lineages often represented the majority of
sequences recovered from some sewersheds. For instance,
on June 7 the sequences recovered from WWTF10 were
predominantly composed of two variant lineages comprising
48 and 49% of the total sequences (FIG. 1C). By May, when
cases were dramatically dropping, several of the NYC
sewersheds did not contain high enough concentrations of
SARS-CoV-2 RNA for analysis, which prevented further
determination of city-wide variant distributions from waste-
water.

[0090] As an external confirmation of our findings, we
analyzed raw reads uploaded by Sep. 2021 to NCBI's
Sequence Read Archive (SRA) from nearly 5000 other
wastewater samples globally spanning 2020-2021, including
172 samples from New York state. Of all samples, only 7, all
from NY state sewersheds, had sequences resembling the
lineages we described (SRA Accessions: SRR.15202279,
SRR 15384049, SRR15291304, SRR15128978,
SRR15128983, SRR15202284, and SRR15202285).

Are cryptic lineages derived from unsampled COVID-19
infections?

[0091] The existence of these cryptic lineages may point
to COVID-19 infections of human patients that are not being
sampled through standard clinical sequencing efforts. The
frequency of weekly confirmed cases in NYC that were
sequenced ranged from 2.6% on Jan. 31, 2021 to 12.9% on
Jun. 12, 2021 (:/github.comlnychealth/coronavirus-data/
blob/master/variants/cases-sequenced.csv).  Nonetheless,
not all cases were diagnosed and not all positive samples
were sequenced. Therefore, it cannot be ruled out that the
WNY lineages may be derived from patients, who are not
being sampled in clinical settings.

[0092] Alternatively, these cryptic lineages may be
derived from physically distinct locations in the body. That
is, perhaps viruses of these lineages predominantly replicate
in gut epithelial cells and are not present in the nasopharynx
such that standard swabbing techniques can recover suffi-
cient quantities for sequencing. Finally, we speculate that
perhaps these mutations are found in minority variants that
are unreported in consensus sequences uploaded to EpiCoV
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(GISAID database) and other databases. Several groups
have identified evidence of within host quasispecies in NGS
datasets21,22. In one case, as many as 68% of the samples
contained evidence of quasispecies in several loci, 76% of
which contained nonsynonymous mutations concentrated in
the S and orfla genes®'. To address whether our variants
were associated with within-host diversity, we checked for
minority variants in the raw reads of sequencing runs
performed on samples collected between January 2020 to
July 2021 obtained from NY state COVID-19 patients
uploaded to the SRA. Of the 7309 samples publicly avail-
able as of Jul. 21, 2021, none had sequences that matched the
WNY lineages. Some sequences from these SRAs had
subsets of mutations associated with the WNY lineages, but
never a full suite or at a high frequency.

[0093] Arguing against the possibility of unsampled
human strains is the geographical stratification of these
cryptic lineages. Since January 2021, the lineages have
remained geographically constrained over many months in
the sewersheds we sampled, which is not consistent with a
contagious human pathogen. While there were some
COVID-19 related restrictions in NYC (e.g., restaurants
operated at 50% capacity), movement was generally not
restricted during the study period. Public transportation was
operating in a normal capacity. Furthermore, our group
regularly processes wastewater samples from over 100 loca-
tions and have never seen this kind of geographic constraint
of a SARS-CoV-2 lineage that coincides with verified
patient sequences. We suspect this lack of dispersal is
consistent with infections of non-human animals with
restricted movements or home ranges but note that it could
also be associated with patients confined to long-term
healthcare facilities (e.g., nursing homes, hospices).

Do Cryptic Lineages Indicate Presence of
SARS-CoV-2 Animal Reservoirs?

[0094] Another hypothesis is that these cryptic lineages
are derived from SARS-CoV-2 animal reservoirs. To date,
there have been a number of animals infected by SARS-
CoV-2, including mink??, lions and tigers®*, and cats and
dogs®>°. To gain insight into the possible host range of
these lineages, synthetic DNA coding for the amino acid
sequences for these four lineages were generated and intro-
duced into a SARS-CoV-2 spike expression construct for
functional analysis (FIG. 2). All four of these lineages were
found to be fully functional and produced transduction-
competent lentiviral pseudoviruses with titers similar to the
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parent strain (D614G). To determine if these pseudoviruses
displayed an expanded receptor tropism, stable cell lines
expressing Human, Mouse, or Rat ACE2 were cultured with
the pseudoviruses (FIG. 2). While the parent SARS-CoV-2
spike pseudoviruses could only transduce cells with human
ACE2, all four of the lineages could efficiently transduce
cells with the human, mouse, and rat ACE2. Because some
patient-derived SARS-CoV-2 lineages, such as Beta and
Gamma, have also gained the ability to infect rodent cells
(FIG. 2, N501Y+AS570D), this observation cannot be taken
as evidence that these lineages were derived from such a
host®”. Nonetheless, the observation is consistent with the
possibility that these lineages are derived from an animal
host such as a rodent.

[0095] If such reservoirs exist, the animal host would need
to meet several criteria. First, the host species would need to
be present in the sewershed. Second, the number of suscep-
tible animals present must be high enough to sustain an
epidemic for at least six months (i.e., the period for which
we observe these sequences). Third, host animals must not
disperse beyond the geographical locations where the
sequences are found. Finally, there must be a route for shed
viruses to enter the sewersheds where the lineages are seen.
[0096] We considered several mammalian species known
to inhabit NYC that may meet these criteria, including bats
(several species), cats (Felis catus), dogs (Canis familiaris),
gray squirrels (Sciurus carolinensis), mice (Mus musculus or
Peromyscus leucopus), opossums (Didelphis virginiana),
rabbits (Syivilagus floridanus), raccoons (Procyon lotor),
rats (Rattus norvegicus), and skunks (Mephitis mephitis). To
narrow our search, we reasoned that if viruses are being shed
from one of these animals, then we should be able to detect
rRNA from the animal in the sewershed as well.

Mammalian Species Detected in Wastewater

[0097] We extracted total RNA from wastewater samples
obtained on two different dates from sewersheds where the
WNY lineages were observed. This RNA was PCR ampli-
fied with 12S rRNA primers (Table 3) and deep sequenced.
Sequences mapping to mammalian rRNA were observed in
all samples (Table 1). In all cases, the majority of the rRNA
sequences mapped to human rRNA. Several species, such as
cow, pig, and sheep, were identified that are not indigenous
to NYC. These detects are likely derived from food con-
sumption so are ruled out as possible hosts. After non-
indigenous mammals were removed, four remaining mam-
malian species were repeatedly detected: humans, cats,
dogs, and rats (Table 1).

TABLE 3

Primers and probes used in this study

Forward
Primer SEQ ID Reverse SEQ ID
Name and Site (Probe) NO: Primer NO : Source
2019- GACCCCAA 1 TCTGGTTA 2 CDC 2019-
nCoV_N1 AATCAGCG CTGCCAGT ncCoV
(SARS-CoV-2 AAAT TGAATCTG Real-Time
spike) RT-PCR
Diagnostic
Panel
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Primers and probes used in this study

Forward
Primer SEQ ID Reverse SEQ ID
Name and Site (Probe) NO: Primer NO: Source
2019- FAM- 3 CDC 2019-
nCoV_N1 ACCCCG ncCovV
Probe (SARS- CAT/ZEN/TA Real-Time
CoV-2 spike) CGTTTGGT RT-PCR
GGACC- Diagnostic
3IABKFQ Panel
iSeq 100 RBD tcgteggcagegt 4 gtctecgtgggeteg 5 This study
sequencing cagatgtgtataag gagatgtgtataag
primers agacagCCAG agacagGAAA
(SARS-CoV-2 ATGATTTT GTACTACT
spike receptor ACAGGCTG ACTCTGTA
binding CcG TGGTTGG
domain) *
MiSeq RBD CTGCTTTAC 6 TCCTGATA 7 Reference
primary PCR TAATGTCT AAGAACAG 8
primers ATGCAGAT CAACCT
(SARS-CoV-2 TC
spike receptor
binding
domain)
MiSeq RBD acactctttccectac 8 gtgactggagttca 9 Reference
Nested PCR acgacgctcttceg gacgtgtgctcectte 8
primers atctGTGATG cgatctATGTC
(SARS-CoV-2 AAGTCAGA AAGAATCT
spike receptor CAAATCGC CAAGTGTC
binding TG
domain) *
128-V5- TCGTCGGC 10 GTCTCGTG 11 Reference
Tailed-F1 and AGCGTCAG GGCTCGGA 43
R1 ATGTGTAT GATGTGTA
AAGAGACA TAAGAGAC
GACTGGGA AGAGAACA
TTAGATAC GGCTCCTC
cce TAG
MisSeq 12s acactctttcectac 12 gtgactggagttca 13 Reference
PCR primers+* acgacgctcttceg gacgtgtgctcectte 43
atctACTGGG cgatctTAGAA
ATTAGATA CAGGCTCC
ccce TCTAG
TABLE 1 rodents are not permissive for infection by the canonical

Predominant species detected in NYC wastewater
via deep sequencing if 12S amplicons

Common WWTP 3 WWTP 10 WWTP 11
Genus name 6-7/6-28 6-7/6-28 6-7/6-28
Homo Human M/M M/M M/M
Bos Cow ++/+++ ++/++ ++/++
Sus Pig +++/+++ +++/+++ +++/+++
Rattus Rat A+t +— ++/++
Canis Dog +H/++ +HH ++/+
Felis Cat ++/++ +H+ +-
Ovis Sheep +/— +/— +/-

[0098] Results from samples obtained on June 7 and June

28 are shown. The fraction of the total sequences detected
are denoted as follows: Majority >50% (M), >1% (+++),
>0.1% (++), <0.1% (+), not detected (-).

[0099]

Cats and dogs are susceptible to SARS-CoV-

22829, and cats are able to transmit to other animalsS. Many
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SARS-CoV-2 strain®®?°, but some variants have an
expanded tropism that includes mice®’. A 2013 census
estimated that there are 576,000 pet cats in NYC house-
holds®!, but this estimate does not include stray cats.
Extrapolating from a limited study conducted in 2017
implies a stray cat population of about 2500 animals®, but
this number does not accord with the approximately 18,000
animals received annually by NYC Animal Care Centers>".
There are currently 345,727 active dog licenses in NYC33,
but this figure is likely a significant underestimate and the
true number may be at least double this figure. Despite these
uncertainties, both cat and dog populations are dwarfed by
the NYC rat population, which is estimated to number
between 2-8 million animals®*.

[0100] WWTP 10 wastewater contained cat, rat, and dog
rRNA, but rat rRNA reads were less than 0.1% of total reads
and were only detected on one of the two dates tested (Table
1). This low detection was expected because the WWTP 10
sewershed is not a combined system (i.e., stormwater gen-
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erally does not mix with wastewater). Moreover, the sew-
ershed serves a suburban residential area and is believed to
have one of the lowest rat densities in the city based on the
volume of rat complaints received by city services (https:/
data.cityofnewyork.us/Social-Services/Rats-Heat-Map/
g642-4e55). WWTP 3 and 11 wastewater also contained cat,
rat, and dog rRNA, though the composition varied. In
WWTP 3 wastewater, rat rRNA was the most prevalent after
humans, representing over 1% of the total rRNA reads
(Table 1). In WWTP 11, rat and dog rRNA were both above
0.1% of reads, but cat rRNA reads were less than 0.1% of
total reads and were only detected on one of two dates tested
(Table 1). All of these numbers are eclipsed by the over-
whelming prevalence of human rRNA in the same samples.
As no animal rRNAs are highly prevalent in all three
sewersheds, it is difficult to reconcile a single animal being
the reservoir for all cryptic lineages in NYC wastewater.
Cryptic Lineages Detected from Wastewater are Resistant to
Some Neutralizing Antibodies

[0101] In addition to polymorphisms from the cryptic
lineages that are known to affect viral tropism, many of the
polymorphisms are also known to affect antibody evasion. In
particular, the WNY polymorphisms at positions K417,
N439, N440, K444, 1452, N460, E484, Q493, S494, and
N501 have all been reported to evade neutralization by
particular antibodies®!*!>!*!* Most neutralizing antibod-
ies against SARS-CoV-2 target the RBD of the spike protein,
and most of these neutralizing antibodies are divided into
three classes based on binding characteristics™”.

[0102] To test if the cryptic lineages have gained resis-
tance to neutralizing antibodies, we obtained three clinically
approved neutralizing monoclonal antibodies representing
these 3 classes, LY-CoV016 (etesevimab, Class 1)36, LY-
CoV555 (bamlanivimab, Class 2)37, and REGN10987 (im-
devimab, Class 3)38, and tested their ability to neutralize the
cryptic lineages. All four of the lineages displayed complete
resistance to LY-CoV555, despite the parent lineage remain-
ing potently sensitive to this antibody (FIG. 3). WNY1 and
WNY2 remained at least partially sensitive to LY-CoV016
and REGN10987, but WNY3 and WNY4 appeared to be
completely resistant to all three neutralizing antibodies
(FIG. 3).

[0103] Finally, we tested the ability of plasma from fully
vaccinated individuals (Pfizer) or patients previously
infected with SARS-CoV-2 to neutralize WNY3 and
WNY4. All patients’ plasma retained some capacity to
neutralize these pseudoviruses (FIG. 3). However, previ-
ously infected patients had an average 2-fold and 6.4-fold
reduction in ID50 (WT vs. variant) with WNY3 and WNY4,
respectively. Vaccinated patient plasma did not have a
statically significant reduction with WNY3 but had an
average 2.9-fold reduction with WNY4. It must be noted that
neutralizing antibody activity from vaccinated individuals is
not solely directed against the spike RBD. Therefore, if the
full spike proteins from these cryptic lineages with the
additional mutations they carry were tested, the neutraliza-
tion capacity could be enhanced or further diminished. Thus,
the characteristics of these lineages provide them the capac-
ity to be a potential increased threat to human health.

Challenges

[0104] While we believe that our data, analysis, and
interpretation of our findings warrant sharing with the sci-
entific community, we recognize that our study has several
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limitations. The source of the novel lineages has not been
identified. Investigations are ongoing to test possible animal
reservoirs from these sewershed and to better pinpoint the
geographical source of the cryptic variants by sequencing
RNA from wastewater obtained upstream from our
WWTP’s of interest.

[0105] It is also recognized that the targeted sequencing
approach does not identify mutations outside of the targeted
region. In some cases, whole genome sequencing of waste-
water has been employed, but the results have been ambigu-
ous. Typical whole genome sequencing relies on amplifica-
tion and subsequent computational assembly of genomes
from overlapping 150-300 bp reads. When an infected
individual’s sample is sequenced, mutations appearing in
different reads are assumed to be linked given that the reads
likely come from a single virus genotype. By contrast,
wastewater generally contains virions shed from numerous
infected individuals, mutations identified cannot be reliably
assigned to a specific genome®®. To date it has not been
possible to isolate viable virus from wastewater such that
single virus genotypes can be sequenced*’. Therefore, we
cannot link mutations unless they are found on the same
amplicon.

[0106] A further challenge is that the depth of coverage
across the SARS-CoV-2 genomes sequenced from waste-
water tends to be uneven. As such, phylogenetically and
clinically important regions of the genome may fail to be
adequately sequenced at appropriate levels of coverage. We
chose to focus on a region of the spike RBD because of the
prevalence of mutations that are phylogenetically and clini-
cally important. We can reliably sequence this amplicon
with high coverage.

[0107] To address the limitations presented by targeting
just a small region of the SARS-CoV-2 spike, we are
incorporating targeted sequencing of other variable regions
of interest in the genome, particularly those regions that
contain mutations unique to specific variants of concern. In
addition, we are PM amplifying, cloning, and sequencing a
1.5 kb region of the spike protein gene to confirm the linkage
of mutations of interest.

SUMMARY

[0108] To date, most data on SARS-CoV-2 genetic diver-
sity has come from the sequencing of clinical samples, but
such studies may suffer limitations due to biases, costs, and
throughput. Here, we demonstrate the circulation of several
cryptic lineages of SARS-CoV-2 in the NYC metropolitan
area that have not been detected by standard clinical sur-
veillance. While the origins of these cryptic lineages have
not been determined, we have demonstrated that they have
expanded receptor tropism which is consistent with expan-
sion to an animal reservoir. Other SARS-CoV-2 animal
reservoirs have been identified>**!. However, no single
animal was strongly represented in all our rRNA sequencing
analysis, which raises doubts that a single animal reservoir
is the source of all the cryptic lineages.

[0109] Finally, we demonstrated that these cryptic lin-
eages have gained significant resistance to some patient-
derived neutralizing monoclonal antibodies. We note espe-
cially the high number of shared loci mutated in both our
WNY lineages and the Omicron VOC. it’s possible that
these shared mutated loci are a product of convergent
evolution to the shared selective pressure of antibody-
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mediated neutralization. Thus, these cryptic lineages could
be relevant to public health and necessitate further study.

Methods

Ethics Statement

[0110] All procedures performed in studies involving
human participants, including blood collection and process-
ing, were approved by The Institutional Review Board of the
University of Missouri (protocols #2043082 and 230262).
Written consent was received from all human subjects prior
to being enrolled in the study. The cohort of participants
were selected based on equivalent levels of antibodies to
SARS-CoV-2 RBD, age, or gender did not contribute to
differences between samples (Table 2). COVID+ partici-
pants were collected prior to Dec. 11, 2020 and did not
receive a COVID vaccine. Vaccinated individuals were
vaccinated with Pfizer and have not had a previous PCR+
COVID test. Patients were compensated $10/draw.

TABLE 2

Demographic information for participants
in antibody neutralizing study.

COVID-19 patients Vaccinated
Total Number 12 12
Age Average (Years) 39 51
Range (Years) 19-64 24-65
Gender Male 1 3
Female 11 9
Vaccine type — Pfizer

Wastewater Sample Processing and RNA Extraction

[0111] Wastewater (24 h composite samples) was col-
lected from the inflow at 14 NYC wastewater treatment
plants and RNA isolated according to our previously pub-
lished protocol2. While samples have been obtained and
processed on a weekly basis since June 2020, we report
herein the outcome of sequencing runs performed approxi-
mately every 2 weeks between January and June 2021. The
specific dates of sampling were January 3 1st, February 28th,
March 14th, April Sth, April 19th, May 10th, May 26th, June
7th, June 14th, and June 28th.

[0112] Briefly, 250 mL from 24 h composite raw sewage
samples obtained from NYC WWTPs were centrifuged at
5000xg for 10 min at 4° C. to pellet solids. Forty milliliter
of supernatant was passed through a 0.22 uM filter (Mil-
lipore, SLGPR33R). Filtrate was stored at 4° C. for 24 h
after adding 0.9 g sodium chloride (Fisher Scientific,
BP358-10) and 4.0 g PEG 8000 (Fisher Scientific, BP233-1)
then centrifuged at 12,000xg for 120 minutes at 4° C. to
pellet the precipitate. The pellet was resuspended in 1.5 mL
TRIzol (Fisher Scientific,15596026), and RNA was purified
according to the manufacturer’s instructions.

Targeted PCR: iSeq Sequencing

[0113] RNA isolated from wastewater was used to gener-
ate cDNA using ProtoScript® II Reverse Transcriptase kit
(New England Biolabs, M0368S). The RNA was incubated
with an RBD specific primer (ccagatgattttacaggctgcg,
Genewiz SEQ ID NO:4) and dNTPs (0.5 mM final concen-
tration, included in the kit) at 65° C. for 5 min and placed on
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ice. The RT buffer, DTT (0.01 M final concentration,
included in the kit), and the RT were added to the same tube
and incubated at 42° C. for 2 h followed by 20 min at 65°
C. to inactivate the enzyme. The RBD region was amplified
using Q5® High-Fidelity DNA Polymerase (New England
Biolabs, M0491S) using primers that incorporate Illumina
adapters (Table 4). PCR performed as follows: 98° C.
(0:30)+40 cycles of [98° C. (0:05)+53° C. (0:15)+65° C.
(1:00)]%x40 cycles+65° C. (1:00).

TABLE 4

Viral N1 copies/L by date for WWTPs associated
with unknown lineages described in FIG. 1C

Date WWTP 3 WWTP 10 ~ WWTP 11
Jan. 31, 2021 1,496,155.0 N/A INA

Feb. 28, 2021 464,927.1 40,046.3 240,540.3
Mar. 14, 2021 302,431.6 81,635.5 158,205.5
Apr. 5, 2021 149,385.9 121,498.9 280,317.7
Apr. 19, 2021 61,092.8 72,645.4 49,146.5
May 10, 2021 8,183.5 8,085.3 117,408.2
May 26, 2021 12,978.3 28,591.6 130,956.9
Tun. 7, 2021 8,812.9 18,082.1 19,436.2
Jun. 14, 2021 17,366.4 165,067.6 4273.3
Jun. 28, 2021 12,639.4 47,753.7 101,757.1

[0114] The RBD amplicons were purified using AMPure

XP beads (Beckman Coulter, A63881). Index PCR was
performed using the Nextera DNA CD Indexes kit (Illumina,
20018707) with 2xKAPA HiFi HotStart ReadyMix (Roche,
KK2601), and indexed PCR products purified using
AMPure beads (Beckman Coulter, A63881). The indexed
libraries were quantified using the Qubit 3.0 and Qubit
dsDNA HS Assay Kit (Invitrogen, Q32854) and diluted in
10 mM Tris-HCI to a final concentration of approximately
0.3 ng/ul. (1 nM). The libraries were pooled together and
diluted to a final concentration of 50 pM. Before sequencing
on an Illumina iSeq100, a 10% spike-in of 50 pM PhiX
control v3 (Illumina, FC-110-3001) was added to the pooled
library. The Illumina iSeq instrument was used to generate
paired-end 150 base pair length reads.

Targeted PCR: MiSeq Sequencing

[0115] The primary RBD RT-PCR was performed using
the Superscript IV One-Step RT-PCR System (Thermo
Fisher Scientific, 12594100). Primary RT-PCR amplification
was performed as follows: 25° C. (2:00)+50° C. (20:00)+95°
C. (2:00)+[95° C. (0:15)+55° C. (0:30)+72° C. (1:00)]x25
cycles using the MiSeq primary PCR primers (Table 3).
Secondary PCR (25 ul.) was performed on RBD amplifica-
tions using 5 pL. of the primary PCR as template with MiSeq
nested gene specific primers containing 5' adapter sequences
(Table 3) (0.5 uM each), dNTPs (100 pM each) (New
England Biolabs, N0447L) and Q5 DNA polymerase (New
England Biolabs, M05418S). Secondary PCR amplification
was performed as follows: 95° C. (2:00)+[95° C. (0:15)+55°
C. (0:30)+72° C. (1:00)]x20 cycles. A tertiary PCR (50 puL)
was performed to add adapter sequences required for Illu-
mina cluster generation with forward and reverse primers
(0.2 umM each), dNTPs (200 pumM each) (New England
Biolabs, N04471) and Phusion High-Fidelity DNA Poly-
merase (1U) (New England Biolabs, MO530L). PCR ampli-
fication was performed as follows: 98° C. (3:00)+[98° C.
(0:15)+50° C. (0:30)+72° C. (0:30)]x7 cycles+72° C. (7:00).
Amplified product (10 pl) from each PCR reaction is com-
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bined and thoroughly mixed to make a single pool. Pooled
amplicons were purified by addition of Axygen AxyPrep
MagPCR Clean-up beads (Axygen, MAG-PCR-CL-50) in a
1.0 ratio to purify final amplicons. The final amplicon library
pool was evaluated using the Agilent Fragment Analyzer
automated electrophoresis system, quantified using the
Qubit HS dsDNA assay (Invitrogen), and diluted according
to Illumina’s standard protocol. The Illumina MiSeq instru-
ment was used to generate paired-end 300 base pair length
reads. Adapter sequences were trimmed from output
sequences using cutadapt.

[0116] Wastewater rRNA sequencing cDNA from waste-
water was also used to generate libraries using the primers
indicated in Table 3. rRNA Libraries were amplified using
ProtoScript® II Reverse Transcriptase (New England Bio-
labs, M0368S) and pooled and sequenced on the iSeq100 as
described above.

Bioinformatics

[0117] iSeq reads were uploaded to the BaseSpace
Sequence Hub and demultiplexed using a FASTQ genera-
tion script. Reads were processed using the published
Geneious workflows for preprocessing of NGS reads and
assembly of SARS-CoV-2 amplicons*?. Paired reads were
trimmed, and the adapter sequences removed with the
BBDuk plugin. Trimmed reads were aligned to the SARS-
CoV-2 reference genome MN908947. Variants present at
frequencies of 1% or above were called using the Annotate
and Predict Find Variations/SNPs in Geneious and verified
by using the V-PIPE SARS-CoV-2 application™.

[0118] Reads from iSeq and Mi Seq sequencing were
processed as previously described®. Briefly, VSEARCH
tools were used to merge paired reads and dereplicate
sequences™. Dereplicated sequences from RBD amplicons
were respectively mapped to the reference sequence of
SARS-CoV-2 (NC 045512.2) spike ORF using Mini-
map245. Mapped RBD amplicon sequences were then pro-
cessed with SAM Refiner using the same spike sequence as
a reference and the command line parameters “--alpha 1.8
--foldab 0.6”. The output from SAM Refiner (available at
https://github.com/degregory/Cryptic_WNY _sup/tree/
main/SAM_Refiner_outputs) were reviewed to determine
the known and novel lineage makeup of the sampled sew-
ersheds. To verify and visualize the variant alleles, Free-
Bayes46 was used to call variants on the mapped reads and
Integrative Genomics Viewerd7 was used to generate
genomic plots.

[0119] For sequencing from rRNA templates, dereplicated
reads with a minimum unique count of 10 were mapped with
Bowtie248 to a collected reference index of mitochondrial
and rRNA related animal sequences from NCBI’ s nucleo-
tide and refseq databases. Mapped rRNA sequences were
reviewed for matching of specific organisms. Sequences
with poor mapping to sequences in the index and a random
selection of sequences with good mapping were checked by
Blast to verify the organism match. Matches were corrected
based on the blast results as needed.

[0120] For both iSeq and MiSeq datasets, we examined
Outbreak.info for the prevalence of each mutation and their
associated lineages in New York, the United States and
worldwide.

[0121] For sequences from GISAID, fasta formatted
sequences from NYC patients were obtained from the
GISAID database for submissions between January to April
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2021. These sequences were processed similarly to the
dereplicated sequences above. Minimap2 was used to map
the sequences to the spike ORF, then SAM Refiner was used
to process the mapped sequences using “-- min_count 1
--min_samp_abund 0” parameters to include all variations in
the output.

[0122] Fastq formatted sequences were obtained for all
sequenced SARS-CoV-2 clinical samples from New York
state as of Jul. 2, 2021, and all SARS-CoV-2 wastewater
samples as of Sep. 2021. Metadata tables for all processed
SRAs are available at ://github.com/degregory/Cryptic_
WNY_sup/tree/main/SRAs. Fastq files were processed simi-
larly to our iSeq and MiSeq sequencing runs with the
merging step skipped for unpaired reads. Reads mapped to
the spike Orf were processed with SAM Refiner with the
parameters “--wgs 1 -- min_count 1 --min_samp_abund 0”.

Plasmids

[0123] Eukaryotic expression vectors for the heavy and
light chains of antibodies LY-CoV016, LY-CoV555, and
REGN10987 were obtained from Genscript. The lentiviral
reporter constructed containing Gaussia luciferase (Gluc)
with a reverse-intron (HIV-1-GLuc) was previously
described49. The codon-optimized SARS-CoV-2 spike
expression vector was obtained from Tom Gallagher50. This
construct was modified to enhance transduction efficiency
by truncating the last 19 amino acids and introducing the
D614G amino acid change. DNA gBlocks containing the
WNY RBD sequences were synthesized by IDT and intro-
duced into the SARS-CoV-2 expression construct using
In-Fusion cloning (Takara Bio, 638943). Lentiviral Mouse
and Rat Ace2 vectors pscALPSpuro-MmACE2 (Mouse) and
pscALPSpuro-RnACE2 (Rat) were obtained from Jeremy
Luban51.

Cell Culture

[0124] The 293FT cell line was obtained from Invitrogen.
The 293FT+TMPRSS2 and 293FT+TMPRS S2+human
Ace2 cells were previously described52. All cells were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Cytiva, SH30022.01) supplemented with 10%
fetal bovine serum, 2 mM L-glutamine (Sigma, G751), 1
mM sodium pyruvate (Sigma, S8636), 10 mM nonessential
amino acids (Sigma, M7145), and 1% minimal essential
medium (MEM) vitamins (Sigma, M6895). The ACE2 cell
lines were generated by transfecting 293FT cells with 500 ng
HIV GagPol expression vector, 400 ng of pscALPSpuro-
MmACE2 (Mouse) or pscALPSpuro-RnACE2 (Rat), and
100 ng of VSV-G expression vector. Viral medium was used
to transduce 293FT+TMPRSS2 cells53, and cells were
selected with puromycin (1 mg/mL) (Sigma, P8833) begin-
ning 2 days postransduction and were maintained until
control treated cells were all eliminated.

Monoclonal Antibody Synthesis

[0125] Transfections of 10 cm dishes of 293FT cells were
performed with 5 pg each of heavy and light chain vectors
and 40 pg polyethyleneimine (PEI) (Polysciences, 23966-
2)53.

Virus Production and Infectivity Assays

[0126] All transfections were performed in 10 cm dishes.
293FT cells were transfected with a total of 9 pg of HIV-
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1-GLuc, 1 mg of CMV spike vector, and 40 pg of PEI
(Polysciences, 23966-2)53. Supernatants containing the
virus were collected 2 days of post-transfection. Transduc-
tion of ACE2 expressing cells was performed by plating
30,000 cells in 96 well plates and co-culturing with 50 uL. of
HIV-1-GLuc/Spike particles. GLuc was measured 2 days
post-transduction. All measurements were taken from dis-
tinct samples.

Antibody Neutralization Assay

[0127] Subjects were requested to provide a date of posi-
tive PCR test for SARS-CoV-2 and subsequently had labo-
ratory-based serologic tests to confirm the presence of
antibody against SARS-CoV-2 51 RBD protein. A total of
10-20 mL of blood was collected from each participant. The
plasma was then separated from the blood cells by centrifu-
gation and stored at -80° C.

Pseudovirus Neutralization Assay

[0128] All human plasma samples were heat inactivated
for 30 min at 56° C. prior to the assay. Samples were diluted
at 2-fold in ten serial dilutions in duplicates. Serially diluted
samples were incubated with pre-titrated amounts of indi-
cated pseudovirus at 37° C. for 1 h before addition of 293FT
cells expressing human ACE2 and TMPRSS2 at 30,000 cells
per well. Cells were incubated for 2 days and then the
supernatant was used to measure Gaussia luciferase (RLU).
All measurements were taken from distinct samples. Infec-
tion was normalized to the wells infected with pseudovirus
alone.

Statistical Analysis

[0129] Data and statistical analyses were performed in
GraphPad Prism 9.0. A two-way ANOVA was performed to
analyze the effect of receptor type and virus genotype on
Gaussia luciferase intensity. Neutralization IC50 titers were
calculated using nonlinear regression (inhibitor vs. normal-
ized response—variable slope). Non-parametric pairwise
analysis for neutralization titers were performed by Wil-
coxon matched-pairs signed rank test.

Reporting Summary

[0130] Further information on research design is available
in the Nature Research Reporting Summary linked to this
article.

Data Availability

[0131] Source data are provided with this paper. Raw
sequencing reads are available in NCBI’s Sequence Read
Archive (SRA) under accession #PRINA715712.
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Example II: Genetic Diversity and Evolutionary
Convergence of Cryptic SARS- CoV-2 Lineages
Detected Via Wastewater Sequencing

[0185] Reference is made to Gregory D. et al. Genetic
diversity and evolutionary convergence of cryptic SARS-

Page 48 of 69



US 2024/0035101 Al

CoV-2 lineages detected via wastewater sequencing. PLOS
Pathogens 2022; and is incorporated in its entirety.

Results

[0186] Beginning in early 2021, wastewater surveillance
programs including RBD amplicon sequencing (FIG. 5A)
were independently implemented in Missouri [9] and NYC
[25]. A similar strategy was subsequently adopted in Cali-
fornia by the University of California, Berkeley wastewater
monitoring laboratory (COVID-WEB). All of the sequence
output was analyzed with our previously described SAM
Refiner pipeline [9], which is designed to remove PCR-
generated chimeric sequences. While the vast majority of
sequences observed with this method matched to known
lineages identified in patients, reproducible lineages that did
not match the known circulating lineages were also detected.
Herein, we refer to each RBD haplotype with a unique
combination of amino acid changes as a lineage, and com-
binations of lineages that all have specific amino acid
changes in common as lineage classes. Amino acid combi-
nations identified that have not been seen previously from
patients are referred to as cryptic lineages. Here we describe
cryptic lineages detected from Jan. 1, 2021 through Mar. 15,
2022.

[0187] For display purposes, for most sewersheds (those
with >3 cryptic lineage-positive samples) individual poly-
morphisms were only displayed if they were present in at
least two independent samples. Further, individual lineages
were only displayed if they were over 2% of the total signal
in at least one sample or were present in at least 2 indepen-
dent samples. The detailed display criteria is outlined in
Materials and Methods. The complete uncompressed data
sets are included in S1-S9 Data of the incorporated manu-
script Gregory D. et al. . PLOS Pathogens 2022.

2.1 Lineage Persistence and Evolution Over Time

[0188] In total, cryptic lineages were observed in 9 sew-
ersheds across 3 states (Table 6) out of approximately 180
sewersheds that were routinely monitored. Each cryptic
lineage class was generally unique to a sewershed. These
lineages contained between 4-24 non-synonymous substitu-
tions, insertions, and deletions. In some cases, lineages were
detected for a short duration but with multiple similar
co-occurring sequences. For example, in Missouri sewer-
shed MO33, a lineage class containing 4-5 RBD amino acid
changes were consistently detected at low relative abun-
dances from March 15 to the end of April 2021 (FIG. 5B and
Table 6). A total of 7 unique sequences were spread across
the 5 sampling events in this date range, and multiple unique
sequences co-occurred within a given sample.

TABLE 6

Overview of cryptic lineage detection

Days Number Number
Loca- Date range when within of of RBD
tion lineages appeared range samples mutations
NY2 Aug. 16, 2021-Feb. 28, 2022 170 10 4-18
NY3 Jan. 31, 2021 [8]-Mar. 14, 2022 437 7 16-24
NY10  Apr. 4, 2021-Nov. 29, 2021 239 22 4-11
NY11  Apr. 19, 2021-Nov. 22, 2022 217 20 4-9
NY13 Oct. 26, 2021-Feb. 14, 2022 111 5 12-15
NY14  May 10, 2021-Oct. 18, 2021 161 9 8-15
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TABLE 6-continued

Overview of cryptic lineage detection

Days Number Number
Loca-  Date range when within of of RBD
tion lineages appeared range samples mutations
MO33  Mar. 15, 2021-Apr. 27, 2021 43 12 4-6
MO45  Jun. 8, 2021-Feb. 22, 2022 259 3 4-5
CA Nov. 4, 2021-Dec. 21, 2021 47 3 16
[0189] Meanwhile, in other sewersheds, cryptic lineages

were detected briefly, before disappearing, and then reap-
pearing many months later. For example, in Missouri sew-
ershed MO45, lineages were first detected in June 2021 and
then were not seen again until February 2022 (FIG. SC and
Table 6). The longest observed lineage class was in sewer-
shed NY3 where we previously reported a lineage class from
January 2021 [8] that was detected sporadically until March
2022 (FIG. 6A and Table 6). On average, cryptic lineages
lasted for around 6 months, such as the lineage class from
NY14 which lasted from May to October, 2021 (FIG. 6B
and Table 6).

[0190] Each sewershed had its own unique set of lineages,
but these lineages were not static. For instance, in NY10, the
lineages first detected in April 2021 contained 4-5 RBD
amino acid changes, but by October and November the
lineages contained at least 6-8 RBD amino acid changes
(FIG. 7 and Table 6).

[0191] Insome cases, the sewersheds contained more than
one lineage class. For instance, the NY11 sewershed con-
tained several closely related lineages (class A) starting in
April 2021, but a new lineage class (class B) was detected
starting in August 2021. These two classes were clearly
distinct with very few amino acid changes in common (FIG.
8A and Table 6).

[0192] Overall, specific lineage classes persisted within,
but did not spread beyond, their individual sewersheds, with
one notable exception. A cryptic lineage detected on Aug.
16, 2021 in NYC sewershed NY2 precisely matched a
lineage detected in sewershed NY 11 between June-Septem-
ber 2021 (FIG. 8A and 8B indicated by *). The NY11 and
NY2 sewersheds do not border each other, but are not
separated by any bodies of water.

[0193] In addition to amino acid changes, several of the
lineages observed in these sewersheds contained amino acid
deletions near positions 445 and 484. For instance, lineages
NY11 contained 445-446 deletions, NY14 contained 444-
445 deletions, NY3 and NY11 contained a deletion at
position 484, and NY2 contained a deletion at position 483
(FIGS. 6 and 8).

[0194] Most cryptic lineages detected did not contain
changes consistent with being derived from any known
VOCs. The one exception was a lineage class containing
amino acid changes N501Y and A570D in NY 13 that first
appeared on Sep. 26, 2021, which suggested possible deri-
vation from the Alpha VOC (FIG. 9 and Table 6). The Alpha
VOC had been the dominant lineage in NYC between April
and June 2021, but by Sep. 26, 2021, it had been supplanted
by Delta VOC and was no longer being detected in NYC
[26].

Page 49 of 69



US 2024/0035101 Al

19

2.2 Rare and Concerning Amino Acid Changes are
Common in Cryptic Lineages and are Sometimes
Shared with Omicron

[0195] In November 2021, the Omicron VOC was first
detected in South Africa. This VOC contained eleven
changes in the Spike protein between amino acids 410-510.
Of these eleven amino acid changes, four (K417T, S477N,
T478K, and N501Y) were present in previous VOCs. The
remaining seven amino acid changes were rare prior to the
Omicron VOC. All seven of these new amino acid changes
had been detected in at least one of the wastewater lineages:
N440K (MO33), G4465 (NY2), E484A (MO45, NY10,
NY11, NY2, NY13, CA), Q493R (NY3, NY14), G4965
(NY2), Q498R (NY13, NY14), and YS505H (NY2, NY3,
NY13, NY14, CA) (FIGS. 6 and 8-10). None of the waste-
water lineages have combinations of amino acid changes

Feb. 1, 2024

consistent with having a common ancestor with Omicron
and most were initially detected prior to the emergence of
Omicron. However, these shared amino acid changes sug-
gest that the cryptic lineages were under selective pressures
similar to those that shaped the Omicron lineage.

[0196] Although each sewershed with cryptic lineages had
its own signature combinations of amino acid changes,
many of these changes were recurring among multiple
sewersheds. Some of the more striking examples are
described below.

[0197] N460K. All nine of the sewersheds contained lin-
eages with this change. Changes at this position are known
to lead to evasion of class I neutralizing antibodies [27,28].
However, this amino acid change was very rare, appearing
in less than 0.01% of sequences in GISAID [22-24] sub-
mitted by Mar. 15, 2022 (Table 7).

TABLE 7

Table. Prevalence in GISAID of common substitutions found in cryptic lineages. Data reflects
the number of sequences from humans deposited into GISAID by the indicated dates’

Global Prevalence Global
Substi- in Humans Prevalence
tution Location Nov. 1, 2021 Mar. 15, 2022
Total Sequences 4,824,812 9,349,201
G413R NY10, NY14 147 239
K417T MO33, MO45, NY2, NY3, 108,537 119,127
NY11, NY13, NY14, CA
N439K MO33, NY2, NY3 37,227 40,274
N440K MO33 9,154 1,652,112
K444A NY14 14 68
K444S8 NY2, NY11 21 26
K444T NY2, NY10, NY11, NY14 58 217
V445A NY11, NY14 24 84
V445A CA, NY3, NY13, NY14 298 557
G446S CA, NY2 472 1,336,425
G446A NY11 19 82
G446D NY3, NY13 75 224
Y449R NY2, NY3, NY11 0 0
1452Q NY2, NY3 10,498 12,137
L452R MO33, NY3, NY14 2,315,718 4,324,990
Y453F NY3 1,320 1,497
F456L NY2, NY3, NY10, NY14 259 736
N460K NY2, CA, MO33, MO45, NY3, 76 242
NY10, NY11, NY13, NY14

S477N CA, NY3, NY10, NY14 71,960 2,164,897
T478K CA, MO45, NY2, NY3 2,249,016 6,340,479
VA483A NY2 49 932
E484A NY3, NY11 31 912
E484A CA, MO45, NY2, NY10, NY11, NY13 551 2,087,453
E484P NY2 0 73
E484V NY3, NY10 104 1,610
F486P CA, NY3, NY10, NY11 2 3
F486V NY13, NY14 4 34
F490Y CA, NY2, NY10, NY11, NY14 120 163
Q493R NY3, NY14 26 2,083,669
Q493K MO33, MO45, NY10, NY13, NY14 152 835
S494p MO45, NY2, NY10 12,916 15,009
Q498H CA, MO45, NY2, NY11, NY14 36 57
Q498R NY13 91 2,007,408
Q498Y NY2, CA, NY3, NY10, NY11, NY14 0 13
P499S CA, NY14 216 353
N501S CA, NY10, NY11, NY14 166 663
N501T CA, MO33, NY2, NY3, NY10, NY11, NY14 4742 5,639
N501Y NY11, NY13 1,325,387 3,389,688
G504D NY3, NY14 190 580
Y505H CA, NY2, NY3, NY11, NY13, NY14 133 2,013,881t
H519N NY10, NY11 13 31
T5721 CA, NY2 16,610 26,948
T572N NY10, NY14 148 298

Khare S, Gurry C, Freitas L, Schultz M B, Bach G, Diallo A, et al. GISAID’s Role in Pandemic Response. China CDC Wkly.
2021; 3: 1049-1051. doi: 10.46234/ccdew2021.255
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K417T. Eight of the nine sewersheds contained lineages
with the amino acid change K417T. Changes at this position
are common and are known to participate in evasion from
class I neutralizing antibodies [27,28]. Although K417T was
present in the Gamma VOC, K417N is the more common
amino acid change at this position. The K417N amino acid
change was not observed in any of the wastewater cryptic
lineages.

[0198] NS501S/T. The amino acid changes N501S and
N501T were seen in four and seven of the nine sewersheds,
respectively. Changes at this position directly affect receptor
binding and can affect the binding of multiple classes of
neutralizing antibodies [19,29,30]. Although mutations at
this position are very common, the most common change by
far is N501Y, which was present in multiple VOCs. By
contrast, N501S and N501T were present in less than 0.01%
and 0.1% of sequences in GISAID [22-24] submitted by
Mar. 15, 2022 (Table 7).

[0199] Q498H/Y. Seven of the nine sewersheds in this
study contained lineages with the amino acid change Q498H
or Q498Y. It should be noted that Q498Y differs from the
Wuhan ancestral sequence by two nucleotide substitutions at
the 498th codon (CAA—TAC). Q498H (CAA—CACQ) is a
necessary intermediary in this transition as TAA encodes a
stop codon. In several cases both Q498H and Q498Y were
seen in association with particular lineage classes including
in NY2, NY11, NY14 and CA (FIGS. 6B, 8 and 10).
Changes at this position directly affect receptor binding
[19,29,30]. Notably, Q498H and Q498Y have been associ-
ated with mouse adapted SARS-CoV-2 lineages [31-33].
Both of these amino acid changes are very rare, appearing in
less than 0.01% of sequences in GISAID [22-24] submitted
by Mar. 15, 2022. Prior to November 2021, Q498Y had
never been seen in a patient sample (Table 7).

[0200] E484A. Six of the nine sewersheds contained lin-
eages with the amino acid change E484A. Changes at this
position are known to participate in evasion from class II
neutralizing antibodies [27,28]. Prior to the emergence of
Omicron in November 2021, E484A was present in about
0.01% of sequences submitted to GISAID [22-24] (Table 7).

[0201] Q493K. Five of the nine sewersheds contained
lineages with the amino acid change Q493K. Changes at this
position directly affect receptor binding and can affect the
binding of multiple classes of neutralizing antibodies [19,
27-30,34]. This amino acid change is biophysically very
similar to the Q493R mutation in Omicron. However, the
Q493K amino acid change was very rare in patient derived
sequences, appearing in less than 0.01% of sequences in
GISAID [22-24] submitted by March 15, 2022 (Table 7).

[0202] YS05SH. Five of the nine sewersheds contained
lineages with the amino acid change YS505H. Prior to the
emergence of Omicron in November 2021, YS505H was
present in about 0.01% of sequences submitted to GISAID
[22-24] (Table 7).

[0203] K444T and K445A. The amino acid changes
K444T and K445A were each seen in four of the nine
sewersheds. Changes at these positions are known to par-
ticipate in evasion from class III neutralizing antibodies
[28]. However, these amino acid changes were very rare,
each appearing in less than 0.01% of sequences in GISAID
[22-24] submitted by Mar. 15, 2022 (Table 7).

[0204] Y449R. Three of the nine sewersheds contained
lineages with the amino acid change Y449R. This change is
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noteworthy because, as of Mar. 15, 2022, no sequences with
this amino acid change had been submitted to GISAID
[22-24] (Table 7).

2.3 Long-Read Sequencing of S1 Identifies
Substantial NTD Modifications and Suggests High
dN/dS Ratio

[0205] With each sample that contained novel cryptic
lineages, attempts were made to amplify a larger fragment of
the S1 domain of Spike. Amplification of larger fragments
from wastewater is often inefficient, but sometimes can be
achieved. To gain more information about the S1 domain of
Spike and independently confirm the authenticity of the
RBD lineages, we optimized a PCR strategy that amplifies
1.6 kb of the SARS-COV-2 Spike encompassing amino
acids 57-579. These fragments were then either subcloned
and sequenced or directly sequenced using Pacific Biosci-
ences HiFi sequencing (FIG. 11A).

[0206] The S1 amplification from the MO33 and MO45
sewersheds contained the RBD amino acid changes previ-
ously seen and each contained 3 additional amino acid
changes upstream from the region sequenced using the
targeted amplicon strategy described above (FIG. 11A).
Many of the S1 amplifications from the NY10, NY11, NY13
and NY14 sewersheds contained numerous changes in S1
(FIG. 11A). In particular, many of the sequences contained
deletions near amino acid positions 63-75, 144, and 245-
248. All three of these areas are unstructured regions of the
SARS-COV-2 spike where deletions have been commonly
observed in sequences obtained from patients

[0207] [35]. Two distinct S1 sequences were detected from
the NY14 sample collected on Jun. 28, 2021. Interestingly,
the first sequence contained 13 amino acid changes which
matched the RBD sequences from the same sewershed. The
second sequence did not match any lineage that had been
seen before, though it contained several mutations that were
commonly seen in other cryptic lineages (see section 2.2).
This second sequence presumably represented a unique
lineage that had not been detected by routine wastewater
surveillance.

[0208] A single S1 sequence was obtained from the NY13
samples collected on Oct. 31, 2021. This sequence generally
matched the RBD sequence from the same date, but did
contain minor variations. Importantly, the S1 sequence con-
tained deletions at positions 69-70 and 144, which, along
with the amino acid changes N501Y and A570D, match the
changes found in the Alpha VOC lineage. This information
is consistent with the NY13 lineages being derived from the
Alpha VOC.

[0209] Comparing the number of non-synonymous to syn-
onymous mutations in a sequence can elucidate the strength
of positive selection imposed on a sequence. The ratios of
non-synonymous and synonymous mutations in this region
of S1 from the Alpha, Delta, and Omicron VOCs (BA.1)
were 19/0, 2/0, and 4/1, respectively. It was not possible to
calculate the formal dN/dS ratios since many of the
sequences did not have synonymous mutations in this
region, so instead the numbers of non-synonymous and
synonymous mutations were plotted. The cryptic lineages
contained 5 to total non-synonymous mutations and 0 to 2
total synonymous mutations (FIG. 11B).
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2.4 Cryptic Lineages from NCBI Suggest an Early
Common Ancestor for Many of the NYC Lineages

[0210] In addition to RBD amplicon sequencing per-
formed in our laboratories, we downloaded the 5609 SARS-
CoV-2 wastewater fastq files from NCBI’s Sequence Read
Archive (SRA) that were publicly available on NCBI on Jan.
21, 2022 (not including submissions from our own groups).
We screened these sequences for cryptic lineages by search-
ing for recurring amino acid changes seen via RBD ampli-
con sequencing (K444T, Y449R, N460K, E484A, F486P,
Q493K, Q493R, Q498H, Q498Y, NS501S, N501T, and
Y505H) (see above and Table 7), requiring at least two of
these mutations with a depth of at least 4 reads. This strategy
identified samples from 15 sewersheds (Table 8). Four were
collected from unknown sewersheds in New Jersey and
California in January 2021. The other 11 were collected by
the company Biobot from NYC between June and August

Feb. 1, 2024

2021. All but one of the lineages closely matched the cryptic
sequences that had been observed via RBD amplicon
sequencing from the same sewershed. The one exception
was SRR16038150, which contained 4 amino acid changes
that had not been seen in any of the previous sewershed
samples in the same combination. The Biobot sequences
were 40-96% complete and appeared to contain 30-100%
cryptic lineages based on the frequency of mutation
A23056C (Q498H/Y), a mutation shared with the lineages
in all 11 sewershed samples from NYC. We speculate that
the relative abundance of cryptic lineages was high because,
during this period, NYC experienced the lowest levels of
COVID-19 infections seen since the start of the pandemic,
and therefore the level of patient-derived SARS-CoV-2
RNA in wastewater was very low. As a result, the sequences
that matched the known circulating lineage were at low
abundance.

TABLE 8

Cryptic lineage whole genome sequences from nationwide surveys.

Percentage
SRA cryptic Genome PANGO
Accession State Submitter Sample Date lineage  coverage Sewershed assignment RBD Changes
SRR17120725 CA  Aquavitas 2021 Jan. 4 7% 27,403 n/a® ND? E484A/Q498H/
H519N
SRR16638981 NI Aquavitas 2021 Jan. 18 7% 28,185 n/a” ND? E484A/Q498H/
H519N
SRR16542155 NI Aquavitas 2021 Jan. 18 7% 27,295 n/a® ND? E484A/Q498H/
HS519N
SRR16362183 NI Aquavitas 2021 Jan. 4 100% 15,217 n/a® ND? E484A/Q498H/
H519N
SRR16038150 NY  Biobot 2021 Aug. 17 79% 28,227 NY2 B.1.503 Y449P/E484A/
Analytics F490Y/Q498H
SRR16038156 NY  Biobot 2021 Aug. 9 92% 24,595 NY11 B.1.503 K417T/K444T/
Analytics Y449H/N460K/
E484A/F490Y/
Q498H
SRR15706711 NY  Biobot 2021 Aug. 9 100% 11,877 NYI11 ND? K417T/K444T/
Analytics Y449H/N460K/
E484A/F490Y/
Q498H/AS570D
SRR15384049 NY  Biobot 2021 Jul. 12 99% 24,001 NY10 B.1 Q493K/Q498Y/
Analytics HS519N/T572N)
SRR15291305 NY  Biobot 2021 Jul. 5 100% 22,316 NY11 P1.15 K417T/K444T/
Analytics Y449H/E4R4A/
F490Y/Q498H
SRR15291304 NY  Biobot 2021 Jul. 4 100% 28,634 NY10 B.1 Q493K/Q498/
Analytics HS519N/T572N
SRR15202285 NY  Biobot 2021 Jun. 28 100% 12,209 NY2 ND? K4448/V445K/
Analytics G446V/Y449R/
L452Q/N460K/
K462R/
S47TN/T478E/
T478R/DEL483/
E484P/F4861/
F490p/
G4968/Q498Y/
P499S/N501T/
YS05H/VS111
SRR15202284 NY  Biobot 2021 Jun. 28 98 16,281 NY14 ND? K417T/K444S/
Analytics DEL445-6/
L452R/N460K/
S477D/F486V/
Q493K/Q498Y/
P499S/N501T
SRR15202279 NY  Biobot 2021 Jun. 28 30% 21,974 NY11 B.1 N440K/K444S/
Analytics DEL445-6/
L452Q/Y453F/
N460K/S477N/
D484/F486A/
Q493K/Q498K/
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TABLE 8-continued
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Cryptic lineage whole genome sequences from nationwide surveys.

Percentage
SRA cryptic Genome PANGO
Accession State Submitter Sample Date lineage  coverage Sewershed assignment RBD Changes
P499S/N501Y/
HS519N
SRR15128983 NY  Biobot 2021 Jun. 16 99% 21,152 NYI11 A29 K444T/Y449H/
Analytics E484A/Y489Y/
F490Y/Q498H
SRR15128978 NY  Biobot 2021 Jun. 16 100% 15,593 NY10 ND? E484A/F486P/
Analytics S494/Q498Y/
HS519N

[0211] To compare the mutational profile among these
different NYC samples, we first determined all of the
mutations that occurred in at least 3 of the 11 cryptic
lineages. We then produced a heat map to compare the
frequency of each of these mutations from wastewater
samples with the mutations that were reported from New
York patient samples in June 2021 (FIG. 12). Surprisingly,
the sewershed sequences often lacked two of the four
consensus sequences that define the B.1 PANGO lineage
(GISAID G clades or Nextstrain ‘20° clades) of SARS-
COV-2 [36]. Almost all patient samples collected in NYC
during June 2020 contained the mutations C241T, C3037T,
C14408T, and A23403G. The cryptic lineages from NYC
wastewater all appeared to contain the mutations C3037T
and A23403G, but possessed the ancestral sequences at
positions 241 and 14408. In addition, there were two muta-
tions in the S gene that were found in nearly all of the cryptic
lineages, A23056C (Q498H/Y) and C24044T (L828F). Both
of these mutations were found in less than 1% of patient
samples. There were 3 additional mutations outside of the S
gene that were highly prevalent in most of the wastewater
samples, but essentially absent from patient samples:
C25936G (Orf3 H182D), G25947C (Orf3 QI185H), and
T27322C (Orf6 S41P). While other mutations were detected
repeatedly within a sewershed, no other mutations spanned
multiple sewersheds.

[0212] To confirm that some of the cryptic lineages lacked
the B.1 lineage consensus mutations, we designed primers to
amplify and sequence the C14408 region of SARS-CoV-2
RNA isolated from wastewater. Indeed, samples from NY 11
and NY10 that had a high prevalence of cryptic lineages
were found to contain sequences that lacked C14408T (FIG.
13). However, when samples were amplified from the NY13
sewershed when the cryptic lineages there were present, we
observed only the modern C14408T, as would be expected
if the NY13 lineage were derived from the Alpha VOC. In
addition, we performed whole genome sequencing on a Mar.
30, 2021 sample from MO33 when the cryptic lineages were
highly prevalent and did not detect any sequence that lacked
C241T or C14408T, suggesting the cryptic lineages in this
sewershed diverged after the emergence of the B.1 lineage.
Finally, we also analyzed the sequences from NCBI that
contained the cryptic lineages from NJ and CA and did not
find any sequences lacking C241T or C14408T. Thus, the
lineages lacking C241T and C14408T appear to be limited
to a subset of the cryptic lineages from NYC. These data are
consistent with the hypothesis that a SARS-CoV-2 lineage
bearing mutations C3037T and A23403G, but possessing the
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ancestral genotype at positions 241 and 14408, was the
direct ancestor of most of the cryptic lineages found in NYC.

3. Discussion

[0213] Our results point to the evolution of numerous
SARS-CoV-2 lineages under positive immune selection
whose source/host remains unknown.

3.1 Relatedness of and Origin of Cryptic Lineages

[0214] We previously detected cryptic lineages via tar-
geted amplicon sequencing [8], but lacked information
about their derivation. Here, from comparison of the sew-
ersheds for which whole genome sequencing is available, it
is clear that the cryptic lineages from wastewater are not all
derived from a common ancestor. The NY13 lineage
appeared to be derived from the Alpha VOC. If this is true,
the NY13 lineage most likely branched off from Alpha
sometime in early to mid-2021 when that variant was
common in NYC. However, many lineages from the NY 10,
NY11, NY2, and NY14 sewersheds in New York appear to
likely share a common ancestor that branched off from a
pre-B.1 lineage. Additionally, we often observed swarms of
related sequences that co-occurred within a sewershed on a
single date, and accumulated new mutations over time,
suggesting continued diversification from a single origin
within each sewershed.

3.2 Comparison with the Omicron VOC

[0215] The Omicron VOC and the wastewater lineages
appear to have been subjected to high positive selection.
While prior VOCs had 3 or fewer amino acid changes in the
amplified region of the RBD, the Omicron VOC (BA.1)
contained 11 and the cryptic lineages from wastewater
averaged over 10. By comparison, a cluster of SARS-COV-2
sequences that appear to have circulated in white-tailed deer
for over a year accumulated only 2 amino acid changes in
this region [37]. Of the nonsynonymous RBD mutations in
Omicron, four were in at least one prior VOC: K417N,
S477N, T478K, and N501Y. The other seven were relatively
rare; N440K was present in of sequences and the other six
were each present in less than 0.1% of sequences in GISAID
[22-24] prior to Nov. 1, 2021. All of the rare Omicron
changes were observed in at least one of the cryptic waste-
water lineages. Collectively, this suggests that the wastewa-
ter lineages and the Omicron VOC likely arose under similar
selective pressures. The high dN/dS ratios found in cryptic
lineages and in Omicron suggest that these selective pres-
sures must be exceptionally strong.
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3.3 Source of Lineages

[0216] In spite of detailed tracking and cataloging of the
cryptic lineages, the question where they are coming from
remains unanswered. The most parsimonious explanations
are 1) undetected spread within the human population, 2)
prolonged shedding by individuals, or 3) spread in animal
reservoirs.

[0217] Undetected spread in the population appears
unlikely. While the sequencing rate for US patient samples
is not 100%, it is high enough that population-level spread
of cryptic lineages would not be missed. Alternatively, as it
is known that SARS-CoV-2 can replicate in gastrointestinal
sites [38,39], the lack of detection of cryptic lineages by
clinical sequencing could be explained by the potential
adaptation of some SARS-CoV-2 to replicate exclusively in
the gastrointestinal tract [1,38]. Nonetheless, even if repli-
cation of these lineages were occurring outside of the
nasopharyngeal region, this could not explain why cryptic
lineages generally remain geographically constrained.
[0218] The most likely explanation for the appearance of
cryptic lineages in wastewater is that they are shed by people
with long-term COVID infections. Many such infections
have been documented, particularly in immunosuppressed
populations. Indeed, the vast majority of amino acid changes
in the RBD of the Omicron VOC and the cryptic lineages
confer resistance to neutralizing antibodies. In particular,
substitutions at positions 417, 440, 460, 484, 493 and 501
have all been well documented to lead to immune evasion
[17,27,34,40-42]. Additionally, RBD changes K417T,
N440K, N460K, E484A, Q493K, and N501Y have all been
observed in persistent infections of immunocompromised
patients [43,44]. Given the repeated appearance of these
mutations in diverse sewersheds, the majority of the selec-
tive pressure on the cryptic lineages is almost certainly
immune pressure. A possible explanation for cryptic lin-
eages is that they are the result of long-term SARS-CoV-2
infections of intestinal tissue. A recent paper reported
extended presence of viral RNA in feces, long after it was
undetectable in respiratory samples and suggested SARS-
CoV-2 replication in the gastrointestinal (GI) tract could
explain some of the symptoms

[0219] associated to long-Covid [38]. The authors propose
that SARS-CoV-2 infects the gastrointestinal tract and that
some individuals shed the virus up to 7-months post-diag-
nosis.

[0220] The counterargument to cryptic lineages coming
from patients is the sheer volume of viral shedding required
to account for the wastewater signal. Many of the sewer-
sheds process 50-100 million gallons of wastewater per day.
Reliable amplification of a sequence from wastewater gen-
erally requires that the sequence is present at least 10,000
copies per liter. Therefore, detection of a specific virus
lineage in such a sewershed would seem to require several
trillion virus particles to be deposited each day. If this signal
were derived from a single infected patient or even a small
group of patients, those patients would have to shed expo-
nentially more virus than typical COVID-19 patients.
[0221] The final explanation for the cryptic lineages in
wastewater is that they are shed into wastewater by an
animal host population. Previously, we determined through
rRNA analysis of several NYC sewersheds that the major
non-human mammals that contribute to the wastewater are
cats, rats, and dogs [8]. Of these three, rats were the only
species that seemed to be a plausible candidate. Indeed, we
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also showed that the cryptic lineages from the sewersheds
had the ability to utilize rat and mouse ACE2 [8]. However,
one of the sewersheds with the most consistent signal in
2021 was NY10, which had little to no rat rRNA. In
addition, it is not clear why circulation in an immune
competent animal such as a dog or a rat would result in a
more rapid selection of immune escape mutations than
circulation in humans, yet the cryptic lineages display accu-
mulation of many times more immune escape changes than
seen in viruses circulating in the human population.

3.4 The Importance of Wastewater Sequencing
Methodology for Identification of Novel Variants

[0222] To provide information regarding the appearance
and spread of SARS-CoV-2 variants in communities, next
generation sequencing technologies have been applied to
sequence SARS-CoV-2 genetic material obtained from sew-
ersheds around the world [45-47]. Commonly, SARS-CoV-2
RNA extracted from wastewater is amplified using SARS-
CoV-2 specific primers that cover the entire genome [48-50].
Bioinformatic pipelines are employed to identify circulating
SARS-CoV-2 variants [16,51]. In general, the presence and
abundance of variants in wastewater corresponds to data
obtained from clinical sequencing [45,46]. However, to our
knowledge, there have been no other reports of cryptic
lineages detected in wastewater that were not also observed
in clinical sequence data. A major issue with generating
whole genome sequence data from nucleic acid isolated
from wastewater is sequence dropout over diagnostically
important regions of the genome [48,52,53]. In some cases,
diagnostically important regions of the genome that accu-
mulate many mutations, such as the Spike RBD, receive
little to no sequence coverage, making variant attribution
difficult. Since wastewater contains a mixture of virus lin-
eages and whole genome sequencing relies on sequencing of
small genome fragments, mutations appearing on different
reads cannot be linked together. Indeed, some variant iden-
tification pipelines map reads to

[0223] reference genomes to estimate the probability that
mutations are found in the same genome [16]. Such strate-
gies would not be able to detect variants containing unique
constellations of mutations. Detecting novel variants that are
present at low relative abundances may be better achieved
by targeted amplicon sequencing, such as the strategy we
present here.

Methods

4.1 Wastewater Sample Processing and RNA
Extraction

[0224] 24-hr composite samples of wastewater were col-
lected weekly from the inflow at each of the wastewater
treatment plans.

NYC: Samples were processed on the day they were col-
lected and RNA was isolated according to our previously
published protocol [6]. Briefly, 250 mL from a 24-hr com-
posite wastewater sample from each WWTP were centri-
fuged at 5,000xg for 10 min at 4° C. to pellet solids. A 40
mlL aliquot from the centrifuged samples was passed through
a 0.22 pM filter (Millipore). To each corresponding filtrate,
0.9 g sodium chloride and 4.0 g PEG 8000 (Fisher Scientific)
were added. The tubes were kept at 4° C. for 24 hrs and then
centrifuged at 12,000xg for 120 minutes at 4° C. to pellet the
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precipitate. The pellet was resuspended in 1.5 mL TRIzol
(Fisher Scientific), and RNA was purified according to the
manufacturer’s instructions.

MO: Samples were processed as previously described [9].
Briefly, wastewater samples were centrifuged at 3000xg for
10 min and then filtered through a 0.22 uM polyethersulfone
membrane (Millipore, Burlington, MA, USA). Approxi-
mately 37.5 mL of wastewater was mixed with 12.5 mL
solution containing 50% (w/vol) polyethylene glycol 8000
and 1.2 M NaCl, mixed, and incubated at 4° C. for at least
1 h. Samples were then centrifuged at 12,000xg for 2 h at 4°
C. Supernatant was decanted and RNA was extracted from
the remaining pellet (usually not visible) with the QIAamp
Viral RNA Mini Kit (Qiagen, Germantown, MD, USA)
using the manufacturer’s instructions. RNA was extracted in
a final volume of 60 pul..

CA: Samples were processed as previously described [54].
Briefly, 40 mLs of influent was mixed with 9.35 g NaCl and
400 uLL of 1M Tris pH 7.2, 100 mM EDTA. Solution was
filtered through a 5-um PVDF filter and 40 mLs of 70%
EtNY11 was added. Mixture was passed through a silica
spin column. Columns were washed with 5 ml of wash
buffer 1 (1.5 M NaCl, 10 mM Tris pH 7.2, 20% EtNY11),
and then 10 mL of wash buffer 2 (100 mM NaCl, 10 mM Tris
pH 7.2, 80% EtNY11). RNA was eluted with 200 ul of
ZymoPURE elution buffer.

4.2 Targeted PCR: MiSeq Sequencing

[0225] The primary RBD RT-PCR was performed using
the Superscript IV One-Step RT-PCR System (Thermo
Fisher Scientific,12594100). Primary RT-PCR amplification
was performed as follows: 25° C. (2:00)+50° C. (20:00)+95°
C. (2:00)+[95° C. (0:15)+55° C. (0:30)+72° C. (1:00)]x25
cycles using the MiSeq primary PCR primers CTGCTT-
TACTAATGTCTATGCAGATTC SEQ ID NO: 6 and
NCCTGATAAAGAACAGCAACCT SEQ ID NO: 14. Sec-
ondary PCR (25 pl) was performed on RBD amplifications
using 5 pl of the primary PCR as template with MiSeq
nested gene specific primers containing 5' adapter sequences
(0.5 uM each) acactctttccctacacgacgetetteccgatct GTRAT-
GAAGTCAGMCAAATYGC SEQ ID NO: 15 and gtgactg-
gagttcagacgtgtgctcttccgatct ATGTCAAGAATCT-

CAAGTGTCTG SEQ ID NO: 9, dNTPs (100 uM each)
(New England Biolabs, N0447L) and Q5 DNA polymerase
(New England Biolabs, M0541S). Secondary PCR amplifi-
cation was performed as follows: 95° C. (2:00)+[95° C.
(0:15)+55° C. (0:30)+72° C. (1:00)]x20 cycles. A tertiary
PCR (50 pl)) was performed to add adapter sequences
required for Illumina cluster generation with forward and
reverse primers (0.2 uM each), dNTPs (200 uM each) (New
England Biolabs, N0447L) and Phusion High-Fidelity or
(KAPA HiFi for CA samples) DNA Polymerase (1U) (New
England Biolabs, M0530L). PCR amplification was per-
formed as follows: 98° C. (3:00)+[98° C. (0:15)+50° C.
(0:30)+72° C. (0:30)]x7 cycles+72° C. (7:00). Amplified
product (10 pl ) from each PCR reaction is combined and
thoroughly mixed to make a single pool. Pooled amplicons
were purified by addition of Axygen AxyPrep MagPCR
Clean-up beads (Axygen, MAG-PCR-CL-50) or in a 1.0
ratio to purify final amplicons. The final amplicon library
pool was evaluated using the Agilent Fragment Analyzer
automated electrophoresis system, quantified using the
Qubit HS dsDNA assay (Invitrogen), and diluted according
to Illumina’s standard protocol. The Illumina MiSeq instru-
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ment was used to generate paired-end 300 base pair reads.
Adapter sequences were trimmed from output sequences
using Cutadapt.

4.3 Long PCR and Subcloning

[0226] The long RBD RT-PCR was performed using the
Superscript IV One-Step RT-PCR System (Thermo Fisher
Scientific, 12594100). Primary long RT-PCR amplification
was performed as follows: 25° C. (2:00)+50° C. (20:00)+95°
C. (2:00)+[95° C. (0:15)+55° C. (0:30)+72° C. (1:30)]x25
cycles using primary primers CCCTGCATACACTAAT-
TCTTTCAC SEQ ID NO: 16 and TCCTGA-
TAAAGAACAGCAACCT SEQ ID NO:7. Secondary PCR
(25 uL) was performed on RBD amplifications using 5 pL. of
the primary PCR as template with nested primers (0.5 uM
each) CATTCAACTCAGGACTTGTTCTT SEQ ID NO: 17
and ATGTCAAGAATCTCAAGTGTCTG SEQ ID NO: 18
, dNTPs (100 uM each) (New England Biolabs, N04471)
and Q5 High-Fidelity DNA Polymerase (New England
Biolabs, M0491L). Secondary PCR amplification was per-
formed as follows: 95° C. (2:00)+[95° C. (0:15)+55° C.
(0:30)+72° C. (1:30)]x20 cycles.

[0227] Positive amplifications were visualized in an aga-
rose gel stained with ethidium bromide, excised, and puri-
fied with a NucleoSpin Gel and PCR Clean-up Kit (Mache-
rey-Nagel, 74609.250). Gel purified DNA was subcloned
using a Zero Blunt TOPO PCR Cloning Kit (Invitrogen,
K2800-20SC). Individual colonies were transferred to
capped test tubes containing 10 ml of 2xYT broth (Ther-
moFisher, BP9743-5). Test tubes were incubated at 37° C.
and shook at 250 rpm for 24 hours. The resulting E. Coli
colonies were centrifuged for 10 minutes at 5000xg and the
supernatant was decanted. Plasmid DNA was extracted from
the pellet using a Genelet Plasmid Miniprep Kit (Ther-
moFisher, K0503). The concentration of plasmid DNA
extracts was measured using a NanoDrop One (Ther-
moFisher, ND-ONE-W).

4.4 PacBio Sequencing

[0228] A nested RT-PCR protocol was used to generate 1.6
kb Spike amplicons from wastewater RNAs for PacBio
sequencing. The primary RT-PCR amplification was per-
formed with the Superscript IV One-Step RT-PCR System
(Invitrogen) and the same thermal cycling program as
described above for MiSeq amplicons. These inter Spike
gene-specific  primer sequences  (5'-[BC10ab]-ATT-
CAACTCAGGACTTGTTCTT SEQ ID NO: 19 and 5'-
[BC10xy]-ATGTCAAGAATCTCAAGTGTCTG SEQ ID
NO: 18) were tagged directly on their 5' ends with standard
16 bp PacBio barcode sequences and used with asymmetric
barcode combinations that allow large numbers of samples
to be pooled prior to sequencing. The following thermal
cycling profile was used for nested PCR: 98° C. (2 min)+
[98° C. (10 sec)+55° C.(10 sec)+72° C. (1 min)]|x20 cycles+
72° C. (5 min). The resulting PCR amplicons were then
subjected to three rounds of purification with AMPure XP
beads (Beckman Coulter Life Sciences) in a ratio of 0.7:1
beads to PCR. Purified amplicons were quantified using a
Qubit dsDNA HS kit (ThermoFisher Scientific) and pooled
prior to PacBio library preparation.

[0229] After ligation of SMRTbell adaptors according to
the manufacturer’s protocol, sequencing was completed on
a PacBio Sequel II instrument (PacBio, Menlo Park, CA

Page 55 of 69



US 2024/0035101 Al

USA) in the Genomic Sequencing Laboratory at the Centers
of Disease Control in Atlanta, GA, USA. Raw sequence data
was processed using the SMRT Link v10.2 command line
toolset.Circular consensus sequences were demultiplexed
based on the asymmetric barcode combinations and sub-
jected to PB Amplicon Analysis to obtain high-quality
consensus sequences and search for minor sequence vari-
ants.

4.5 Bioinformatics

4.5.1 MiSeq and PacBio Processing

[0230] Sequencing reads were processed as previously
described. Briefly, VSEARCH tools were

[0231] used to merge paired reads and dereplicate
sequences [55]. Dereplicated sequences from RBD ampli-
cons were mapped to the reference sequence of SARS-
CoV-2 (NC_045512.2) spike ORF

[0232] using Minimap?2 [56]. Mapped amplicon sequences
were then processed with SAM Refiner using the same spike
sequence as a reference and the command line parameters
“—Alpha 1.8—foldab 0.6 [9].

[0233] The covariant deconvolution outputs were used to
generate the haplotype plots in FIGS. 5-11. Covar outputs of
SAM Refiner for MiSeq sequences were collected by sew-
ershed and multiple runs of the same sample averaged. The
collected sequence data were processed to determine core
haplotypes of cryptic lineages observed in each sewershed.
First sequences that contained only one or no variation
relative to the reference Wuhan I sequence were discarded.
Remaining sequences with 6 or fewer variations and con-
taining the polymorphisms defining Alpha, Beta, Gamma or
Delta were assigned to the defining haplotype of the match-
ing VOC. Any sequences not reassigned with fewer than 4
variations were removed. Sequences with at least 6 varia-
tions were matched against Omicron BA.1, BA.2 and BA.S.
Sequences that matched an Omicron lineage with more than
70% identity were assigned to the defining haplotype for the
matching lineage. Remaining unassigned sequences were
then processed to remove polymorphisms that did not appear
in at least two sample dates (except for MO45 and California
sequences, due to the small number of samples with cryptic
sequences) or never appeared in a sample at an abundance
greater than 0.5%. In-frame deletions bypassed this removal.
Condensed sequences that appear in at least two samples or
had a summed abundance of at least 2% across all samples
were passed on to further steps. The above process was
reiterated until no more processing occurred. Non-VOC
sequences were then aligned via MAFFT and then all
sequences rendered into figures using plotnine. The PacBio
sequences were similarly collected to generate the haplotype
plot in FIG. 11, without the polymorphism condensation or

alignment.

4.5.2 NCBI SRA Screening

[0234] Raw reads were downloaded and then processed
similar to MiSeq sequencing except the reads were mapped
to the entire SARS-CoV-2 genome and SAM Refiner was
run with the parameters ‘—wgs 1—collect 0—indel 0—co-
var 0—min count 1-—min_samp_abund 0—min_col_abund
O—ntabund O—ntcover 1°. Unique sequence outputs from
SAM Refiner were then screened for specific amino acid
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changes. The nt call outputs of samples of interest were used
to determine other variations in the genomes sequenced.

4.5.3 14408 Sequencing

[0235] The long RBD RT-PCR was performed using the
Superscript IV One-Step RT-PCR System (Thermo Fisher
Scientific, 12594100). Primary long RT-PCR amplification
was performed as follows: 25° C. (2:00)+50° C. (20:00)+95°
C. (2:00)+[95° C. (0:15)+55° C. (0:30)+72° C. (1:30)]x25
cycles using primary primers ATACAAAC-
CACGCCAGGTAG SEQ ID NO: 20 and AACCCTTA-
GACACAGCAAAGT SEQ ID NO: 21. Secondary PCR (25
pL) was performed on RBD amplifications using 5 pL of the
primary PCR as template with nested primers (0.5 uM each)
ACACTCTTTCCCTACACGACGCTCTTCC-
GATCTGGTAGTGGAGTTCCTGTTGTAG SEQ ID 22
NO: and GTGACTGGAGTTCAGACGTGTGCTCTTCC-
GATCTAGCACGTAGTGCGTTTATCT SEQ ID NO: 23,
dNTPs (100 uM each) (New England Biolabs, N0447L.) and
QS5 High-Fidelity DNA Polymerase (New England Biolabs,
MO0491L). Secondary PCR amplification was performed as
follows: 95° C. (2:00)+[95° C. (0:15)+55° C. (0:30)+72° C.
(1:30)]%20 cycles.

4.5.2 Whole Genome Sequencing

[0236] Whole genome sequencing of the SARS-CoV-2
genome from the MO33 sewershed was performed using the
NEBNext ARTIC SARS-CoV-2 Library Prep Kit (Illumina).
Amplicons were sequenced on an Illumina MiSeq instru-
ment. Output sequences were analyzed using the program
SAM Refiner [58].
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Example III: Tracing the origin of SARS-CoV-2
Omicron-Like Spike Sequences Detected in
Wastewater

[0303] Reference is made to Shafer M. et al. Tracing the
origin of SARS-CoV-2 Omicron-like spike sequences
detected in wastewater. medRxiv 2022.10.28.22281553; and
is incorporated in its entirety.

Methods

Collection of Wastewater

[0304] Wastewater samples for this study (January 2022
through March 2023) were collected in collaboration with
experienced wastewater engineers from the city wastewater
utility. The Wisconsin State Laboratory of Hygiene (WSLH)
determined specific locations in the wastewater collection
system to obtain samples for each round of testing, allowing
them to gradually narrow down the origin of the Wisconsin
Lineage source region. Sewage lift-stations, manholes, and
facility sewer line access points were sampled with com-
positing autosamplers (ISCO 6712 and 6712¢). Depending
upon manhole depth, the autosampler was either placed on
a shelf adjacent to the wastestream or suspended from the
manhole opening, with weighted collection lines placed into
the wastewater stream. The autosamplers were programmed
to collect 24-hr composites, typically on a time-based mode,
with wastewater composited into a 10-liter polypropylene
container. The composite was kept cool during collection
with ice packed around the collection container. Composite
samples were transported to the analytical laboratory within
a few hours of sample retrieval. While wastewater flows
were available from the pump-stations and central municipal
wastewater treatment facility, flow measurements were not
made in the manhole waste streams.

Isolation of Viral RNA from Wastewater

[0305] Wastewater samples were shared between the Wis-
consin State Laboratory of Hygiene (WSLH) and the Uni-
versity of Missouri, with the WSLH focusing on virus
quantitation and whole genome sequencing, and the Uni-
versity of Missouri focusing on RBD-targeted sequencing.
At the WSLH, after the addition of a bovine coronavirus
(BCoV) viral recovery control and concentration of virus
using Nanotrap Magnetic Virus Particles (Ceres Nanosci-
ences, VA, USA) on a Kingfisher Apex instrument (Ther-
moFisher Scientific, MA, USA), total nucleic acids were
extracted using Maxwell(R) HT Environmental TNA Kkits
(Promega, Madison, W1, USA) on a Kingfisher Flex instru-
ment (ThermoFisher Scientific, Waltham, MA, USA). The
University of Missouri concentrated the virus using a PEG
protocol on pre-filtered samples (0.22 uM polyethersulfone
membrane (Millipore, Burlington, MA, USA)).

[0306] Samples were incubated with PEG (polyethylene
glycol 8000) and 1.2 M NaCl, centrifuged, and the RNA was
isolated from the pellet with the QlAamp Viral RNA Mini
Kit (Qiagen, Germantown, MD, USA).

[0307] Two approaches were used to isolate viral RNA
from wastewater. For samples processed at WSLH, waste-
water samples (homogenized and unfiltered) were spiked
with 20 pul/250 mL Calf-Guard® (Zoetis, Parsippany, NJ,
USA), a cattle vaccine containing Bovine Coronavirus
(BCoV) (as a virus recovery control), and briefly stored at 4°
C. until the viral targets were isolated and concentrated,
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typically on the day of receipt. A total of 10 mL (2x5 mL)
of wastewater was concentrated using Nanotrap Magnetic
Virus Particles, Microbiome A and Enhancing Reagent 2
(Ceres Nanosciences, Manassas, VA, USA), using a King-
Fisher Apex automation platform. Total nucleic acids (TNA)
were extracted using Maxwell(R) HT Environmental TNA
kits (Promega, Madison, W1, USA) and eluted in 200 pL. of
25 mM Tris HCl (pH 8.0) buffer. The extraction was
automated using a KingFisher Flex (ThermoFisher Scien-
tific, Waltham, MA, USA). The long program was used for
the concentration.

[0308] For samples processed at the University of Mis-
souri, samples were processed as previously described.4
Briefly, wastewater samples were centrifuged at 3000xg for
10 min and filtered through a 0.22 uM polyethersulfone
membrane (Millipore, Burlington, MA, USA). Approxi-
mately 37.5 mL of wastewater was mixed with 12.5 mL
solution containing 50% (w/vol) polyethylene glycol 8000
and 1.2 M NaCl, mixed, and incubated at 4 C for at least 1
h. Samples were then centrifuged at 12,000xg for 2 h at 4 C.
Supernatant was decanted and RNA was extracted from the
remaining pellet (usually not visible) with the QlAamp Viral
RNA Mini Kit (Qiagen, Germantown, MD, USA) using the
manufacturer’s instructions. RNA was extracted in a final
volume of 60 pl.

Quantification of Viral RNA by RT-dPCR

[0309] The WSLH quantified the concentration of SARS-
CoV-2, BCoV (viral recovery control), and PMMoV (fecal
marker) in each sample using reverse transcriptase digital
PCR (RT-dPCR). PCR inhibition was probed with a bovine
respiratory syncytial virus (BRSV) spiked into each PCR
reaction.

[0310] Quantification of SARS-CoV-2, BCoV (internal
control), PMMoV (fecal marker), and BRSV (spiked inhi-
bition control) was achieved using reverse transcriptase
digital PCR (RT-dPCR). Master mix was prepared using the
One-Step Viral PCR kit (4x) (Qiagen, Germantown, MD,
USA) and GT dPCR SARS-CoV-2 Wastewater Surveillance
Assay Kit (GT Molecular, Fort Collins, CO, USA) with
quantification of the following viral targets: N1, N2, BCoV,
and PMMoV included with the GTMolecular dPCR SARS-
CoV-2 Wastewater Surveillance Assay Kit, and BRSV prim-
ers and probes from IDT.5 The samples were quantified on
a QIAcuity Four Digital PCR System (Qiagen, German-
town, MD, USA). N1, N2, and BCoV were multiplexed on
QIAcuity Nanoplate 26k 24-well plates while PMA/IoV and
BRSV were singleplexed on 8.5k 96-well nanoplates.
Cycling and exposure conditions are detailed in the table
shown below. Analysis of the RT-dPCR results was per-
formed with the QIAcuity Software Suite version 2.1.7.182.
Thresholds were manually set to separate negative and
positive partitions.

TABLE 10

dPCR thermocycling conditions

Thermocycling Conditions:

Step Time Temp ° C.
Reverse Transcription 30 min 50
DNA polymerase activation 2 min 95
45 cycles Denaturation 10 sec 95
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TABLE 10-continued

dPCR thermocycling conditions

Anneal/Extend 30 sec 55
Target Channel Exposure Gain
N1 Red (ROX) 500 4
N2 Green (FAM) 300 6
BCoV Yellow (HEX) 300 6
PMMoV Green (FAM) 300 6
BRSV Yellow (HEX) 500 6

Identification of Cryptic Lineages in Wastewater
with Non-Omicron PCR Amplification and
Amplicon Sequencing

[0311] A nested RT-PCR approach was used to selectively
amplify non-Omicron spike protein RBD regions from
wastewater samples. Amplified RBD regions were then
sequenced using an [llumina MiSeq instrument and analyzed
using the SAMRefiner software.19 The Wisconsin Lin-
eage’s unique RBD sequences were used to identify and
track the lineage across time and space.

[0312] The primary RBD RT-PCR was performed using
the Superscript IV One-Step RT-PCR System (Thermo
Fisher Scientific, 12594100). Primary RT-PCR amplification
was performed as follows: 25° C. (2:00)+50° C. (20:00)+95°
C. (2:00)+[95° C. (0:15)+55° C. (0:30)+72° C. (1:00)]x25
cycles using the MiSeq primary PCR primers 5'-AT-
TCTGTCCTATATAATTCCGCAT-3' SEQ ID NO: 24 and
5'-CCCTGATAAAGAACAGCAACCT-3' SEQ ID NO: 25
(the first primer was changed to 5'-TATATAATTCCGCAT-
CATTTTCCAC-3' SEQ ID NO: 26 starting in May, 2022 to
adapt to changing Omicron lineages). Secondary PCR (25
pL) was performed on RBD amplifications using 5 pL of the
primary PCR as template with MiSeq nested gene specific
primers containing 5' adapter sequences (0.5 pM each)
5'-acactctttccctacacgacgcetettcegatctGTGATGAAGTCA-
GACAAATCGC-3' SEQ ID NO: 27 and 5'-gtgactggagttca-
gacgtgtgctcttccgatct ATGTCAAGAATCTCAAGTGTCTG-
3' SEQ ID NO: 9, dNTPs (100 uM each) (New England
Biolabs, N0447L) and Q5 DNA polymerase (New England
Biolabs, M05418S). Secondary PCR amplification was per-
formed as follows: 95° C. (2:00)+[95° C. (0:15)+55° C.
(0:30)+72° C. (1:00)]x20 cycles. A tertiary PCR (50 uL) was
performed to add adapter sequences required for Illumina
cluster generation with forward and reverse primers (0.2 uM
each), dNTPs (200 uM each) (New England Biolabs,
N0447L) and Phusion High-Fidelity or (KAPA HiFi for CA
samples) DNA Polymerase (1U) (New England Biolabs,
MO0530L). PCR amplification was performed as follows: 98°
C. (3:00)+[98° C. (0:15)+50° C. (0:30)+72° C. (0:30)]x7
cycles+72° C. (7:00). Amplified product (10 pl) from each
PCR reaction is combined and thoroughly mixed to make a
single pool. Pooled amplicons were purified by the addition
of Axygen AxyPrep MagPCR Clean-up beads (Axygen,
MAG-PCR-CL-50) or in a 1.0 ratio to purify final ampli-
cons. The final amplicon library pool was evaluated using
the Agilent Fragment Analyzer automated electrophoresis
system, quantified using the Qubit HS dsDNA assay (Invit-
rogen), and diluted according to Illumina’s standard proto-
col. The Illumina MiSeq instrument was used to generate
paired-end 300 base pair reads. Adapter sequences were
trimmed from output sequences using Cutadapt.
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[0313] Sequencing reads were processed as previously
described. Briefly, VSEARCH tools were used to merge
paired reads and dereplicate sequences.6 Dereplicated
sequences from RBD amplicons were mapped to the refer-
ence sequence of SARS-CoV-2 (NC_045512.2) spike ORF
using Minimap2.7 Mapped amplicon sequences were then
processed with SAM Refiner using the same spike sequence
as a reference and the command line parameters “--Alpha
1.8 --foldab 0.6”.8

[0314] The haplotypes representing at least 25% of the
total sequences in at least one sample were rendered into
figures using plotnine

SARS-CoV-2 Whole Genome Sequencing of
Wastewater

[0315] For SARS-CoV-2 whole genome sequencing
(WGS), 13 uL of total nucleic acids from the wastewater
extracts were used as input to QIAGEN’s Direct SARS-
CoV-2 Enhancer kit (Qiagen, Germantown, MD, USA).
Amplicon libraries were prepared on a Biomek i5 liquid
handler (Beckman Coulter, Brea, CA, USA). Libraries were
quantified using a High Sensitivity Qubit 1xdsDNA HS
Assay Kit (ThermoFisher Scientific), and fragment size was
analyzed by a QIAxcel Advanced and the QX DNA Screen-
ing Kit (QIAGEN, Germantown, MD, USA). Sequencing
was performed on an Illumina MiSeq instrument using
MiSeq Reagent v2 (300 cycles) kits. Fastq files were ana-
lyzed with the nf-core/viralrecon 2.5 workflow>’ (10.5281/
7en0do.3901628) using the SARS-CoV-2 Wuhan-Hu-1 ref-
erence genome (Genbank accession MN908947.3) The
workflow was initiated as outlined on the project’s data
portal (https://go.wisc.edu/4134pl).

[0316] Sequencing libraries were generated at the WSLH
using the QIAseq DIRECT SARS-CoV-2 Enhanced kits
with the primer Booster (QIAGEN, Germantown, MD,
USA) following manufacturer’s instructions. Briefly, 13 ulL
of total nucleic acid were reverse transcribed into cDNA
using hexaprimers. SARS-CoV-2 genome was then specifi-
cally enriched using a SARS-CoV-2 primer panel. The panel
consists of approximately 550 primers for creating 425
amplicons, covering the entire SARS-CoV-2 viral genome.
UDI were 1:5 diluted. The library preparation was fully
automated using the Biomek i5 Automated Workstation
(Beckman Coulter). Libraries were quantified using a High
Sensitivity Qubit 1xdsDNA HS Assay Kit (ThermoFisher
Scientific) and fragment size analyzed by a QIAxcel
Advanced and the QX DNA Screening Kit (QIAGEN,
Germantown, MD, USA). Libraries were sequenced on an
Iumina MiSeq platform using MiSeq Reagent v2 (300
cycles) Kkits.

[0317] Isolated RNA from each Facility Line B time point
was whole-genome sequenced at least twice in separate
Illumina MiSeq runs in anticipation of needing sequence
technical replicates for later analysis. The data were ana-
lyzed with the nf-core/viralrecon workflow using the SARS-
CoV-2 Wuhan-Hu-1 reference genome (Genbank accession
MN908947.3) and the QlAseq Direct SARS-CoV-2 primer
bed file. After creating a sample sheet as described on the
nf-core/viralrecon website the workflow was initiated as
outlined on the project’s data portal. The output “variants_
long_table.csv” from iVar was made into a pivot table in
Microsoft Excel to make Supplemental Table 2 (as disclosed
in Shafer M. et al. medRxiv 2022.10.28.22281553). Because
called variant frequencies differ between sequencing repli-
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cates from each time point, we decided to display the results
from each replicate for the sake of transparency. Codons
with variants detected in at least one sequence replicate from
each time point were selected from Supplemental Table 2
and sorted by gene and frequency to make Supplemental
Table 3 (as disclosed in Shafer M. et al. medRxiv 2022.10.
28.22281553. The presence of a particular called variant in
one sequence replicate indicates that that variant could be
present in the sample. The absence of a called variant in a
replicate, on the other hand, does not prove its absence from
the sample. Thus, we decided to include variants in Supple-
mental Table 3 even if they were only present in one
sequence replicate for each time point.

Virus Culture

[0318] To remove debris, samples were centrifuged twice
at 3,500 rpm at 4° C. for 15 minutes and then passed through
a 0.8 uM syringe filter (Agilent) or left unfiltered. Samples
(1 ml) were incubated on nearly confluent Vero E6-TM-
PRSS2 (JCRB1819) or Vero E6-TMPRSS2/hACE2 cells
(from Barney Graham, NIH) seeded the day prior in TC252
cm flasks for 1 hour at 370 C. After the incubation, cells
were washed twice and media was added back to the cells.
The media contained 2-times the normal concentration of
penicillin, streptomycin and amphotericin along with
chloramphenicol. Cells were monitored daily for potential
virus-induced cytopathic effects. After 10 days, a blind
passage was performed using the entire volume of media (~4
ml) to fresh, nearly confluent cells seeded the day prior in
TC1752 cm flasks.

Variant Proportion Assessment

[0319] Variant proportions were assessed from WGS data
using Freyja v.1.3.11, a tool previously developed to esti-
mate the proportions of SARS-CoV-2 variants in deep
sequence data containing mixed populations (10.1038/
$41586-022-05049-6). Briefly, BAM files generated using
viralrecon were processed by Freyja to create the variant and
depth files (Wuhan-Hu-1 reference genome: MN908947.3).
Variant proportions were assessed utilizing the median esti-
mates obtained via the Freyja bootstrap boot function
(nb=10). The UShER barcode was updated on Mar. 20,
2023.

Root-to-Tip Regression

[0320] To generate FIG. 17A, we first downloaded from
GenBank all full consensus genomes for SARS-CoV-2
belonging to Pango lineage B.1.234 (the inferred parent of
the Wisconsin Lineage) and collected from specimens in the
Midwest region (Illinois, Indiana, Iowa, Kansas, Michigan,
Minnesota, Missouri, Nebraska, North Dakota, Ohio, South
Dakota, and Wisconsin). The accession numbers for this
dataset can be found on the GitHub repository accompany-
ing this repository. The dataset is composed of 304 indi-
vidual genome sequences collected between 2020 May 4
and 2021May 1, which represents all the available B.1.234
sequences for the Midwest region available on GenBank.
The dataset was filtered to exclude incomplete and low-
quality sequences and to retain no more than 50 isolates per
state. The list of accession numbers for the filtered isolates
can also be found on the GitHub repository accompanying
this manuscript. A total of 268 sequences were ultimately
aligned to the Wuhan-Hu-1 reference sequence
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MN908947.3 using MAFFT (v7.505). A maximum likeli-
hood phylogenetic tree was inferred using iqtree (v.2.2.0.3)
with a molecular clock and distances obtained through
treetime (v0.9.3). The analysis was conducted independently
for the wastewater samples (WSLH-222, WSLH-223,
WSLH-230, and WSLH-231) and root-to-tip distances for
all strains were visualized in R (ggplot, dplyr). Phylogeny
was visualized and annotated with FigTree (v.1.4.4). Scripts
are available in the GitHub repository accompanying this

manuscript  (https:/github.com/tcflab/wisconsin_cryptic_
lineages).

Analyses for Natural Selection
[0321] Variants obtained through the nf-core/viralrecon

workflows were processed using custom Python scripts to
generate panels b-d in FIG. 17. The multiple replicates for
each collection date were used to obtain the intersection of
variants, that is, variants that were found in all replicates for
each collection date. The frequencies and depth of the
resulting variants were recalculated. Variants differing from
reference sequence Wuhan-Hu-1 (MN908947.3) were clas-
sified as non-synonymous (Non-syn), synonymous (Syn),
insertions-deletions (indels), or others (including nonsense
and frameshift mutations) using SnpEff (v.5.0). Synony-
mous and non-synonymous point mutations were quantified
and compared between timepoints, and 95% confidence
intervals obtained from the relative risk (RR) of every
nucleotide substitution against its inverted change (i.e.,
RR="A>C’/*C>A’) using SciPy’s relative_risk function (v.1.
9.3). To obtain the proportion of variants per site, we
enumerated synonymous and non-synonymous substitutions
across the SARS-CoV-2 genome, and obtained the propor-
tion against the number of synonymous and non-synony-
mous sites, respectively, using SNPGenie (v.2019.10.31). A
binomial probability distribution was implemented to obtain
the 95% confidence intervals via SciPy’s binomtest function
(v.1.9.3). AMann-Whitney two-sided test was applied to test
the difference between mN and S on each gene, while a
one-sided test was used to test for an enrichment of the N
value of Spike against the TN value on the other genes. To
obtain synonymous and nonsynonymous divergence values
(panel e), the average Hamming distance between B.1.234
isolates (dataset used in FIG. 17a) and the MN908947.3
reference sequence was calculated as has been done previ-
ously for other coronaviruses.® Divergence was obtained
over a sliding window of 36 days by dividing the observed
synonymous and nonsynonymous differences between the
isolate and reference by the total possible number of syn-
onymous and nonsynonymous nucleotide substitutions.
Only windows that contained at least 2 sequences were
considered for the analysis. Divergence values were inde-
pendently calculated for each of the wastewater timepoints
against the MN908947.3 reference sequence. Plot was visu-
alized using Matplotlib. Scripts are available in the GitHub
repository accompanying this manuscript (https:/github.
com/tcflab/wisconsin_cryptic_lineages).

Results

[0322] On Jan. 11, 2022, a cryptic lineage containing at
least six unusual spike RBD substitutions was first detected
in a composite wastewater sample from a metropolitan
publicly owned treatment works (POTW) in Wisconsin
(FIG. 14c¢). This initial sample was composited from raw
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influent from five interceptor districts in the metropolitan
area sewershed, effectively sampling a population of more
than 100,000 people. The source of the enigmatic RBD
sequences was narrowed by testing each of the five inter-
ceptor district lines. The Wisconsin Lineage was only
detected in one district line, which served seven sub-dis-
tricts. Of the seven sub-district lines, only the line from
Sub-District 5 contained the target (FIG. 14¢). Additional
testing in March 2022 of manholes upstream of the inter-
ceptor line within Sub-District 5 confirmed the persistence
of the Wisconsin Lineage and further refined the lineage’s
source. As the sampling effort progressed further upstream
in the sewershed, the proportion of the Wisconsin Lineage
(labeled B.1.234 in FIG. 14), determined using Freyja®'
v.1.3.11, increased relative to the total SARS-CoV-2
sequences detected at each sampling site (FIG. 145). By
May 2022, this investigation had traced the source of the
lineage to a single manhole accessing a lateral that collected
wastewater from a single building. Subsequent testing of
wastewater from sewer service lines within this building in
June 2022 further narrowed the source to one sewer line
serving six toilets (called “Facility Line B”) on one side of
the building (FIG. 14a). 12s rRNA sequencing detected
predominantly human rRNA from this source, supporting
the hypothesis that this cryptic lineage was being shed by a
human. Chicken rRNA, the next largest taxon identified, was
less than 0.05% of the sample (Table 9). Facility Line B was
retested for the cryptic lineage in August and again in
September of 2022, remaining positive at each time point.

TABLE 9

Abundance of contributing species to the June Facility Line
B sample. 128 ribosomal RNA (tRNA) sequencing was performed
on two replicates of the June sample of Facility Line B. The
average count and abundance between these two samples is shown.
Homo sapiens (human) was found to be the predominant
contributor to this sample. Cow and chicken rRNA were the
second and third most abundant (<1% each).

Facility Line B (June)

Average Average
Species Common Name Count Abundance
Homo sapiens Human 116,842.68 88.22%
Unmatched Unmatched 12,522.80 9.46%
Pan paniscus  Human, chimp, but more 4,507.00 3.40%

likely human

Poor match 794.00 0.60%
Elephantulus ~ Human - mismatch, human 72.00 0.05%
fuscipes
Gallus gallus  Bird, Chicken 49.00 0.04%
Bos taurus Cattle 30.00 0.02%
Pan troglodytes Human, chimp, but also 29.00 0.02%

human

[0323] As quantified by digital PCR, unprecedentedly
high wastewater SARS-CoV-2 RNA viral loads were
observed in samples collected from Facility Line B on June
16th (~520,000,000 genome copies per liter undiluted
wastewater), August 16th (~1,600,000,000 copies per liter),
September 23rd (~2,700,000,000 copies per liter) and Sep-
tember 27th (~550,000,000 copies per liter) (FIG. 145).
Drops of this raw wastewater tested positive for SARS-
CoV-2 in a lateral flow antigen test. Despite these high viral
loads, viable virus could not be cultured from wastewater
after multiple attempts.
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[0324] The extremely high levels of viral RNA in Facility
Line B allowed us to amplify and sequence entire viral
genomes to shed further light on the origins and evolution of
this unusual lineage. We generated whole genome sequences
from the Facility Line B samples taken on Jun. 16, Aug. 16,
Sep. 23 and Sep. 27, 2022. All of these sequences were
classified as lineage B.1.234 by Pangolin. In SARS-CoV-2
genomic surveillance using clinical specimens, B.1.234
viruses were first detected in Wisconsin on 2 Sep. 2020, and
were last detected on Mar. 30 2021.>*> Combining our
observations, we posit that the simplest explanation for the
appearance and persistence of the Wisconsin Lineage is that
a single individual, originally infected when B.1.234 was in
circulation, developed a persistent infection and continued
to excrete viruses into wastewater throughout 2022.

[0325] While the original B.1.234 lineage does not have
any characteristic spike RBD amino acid changes relative to
the reference Wuhan-Hu-1, Omicron lineages detected in
wastewater concurrently with the Wisconsin Lineage had
many (FIG. 15a). RBD amplicon sequencing of the Wis-
consin Lineage using non-Omicron PCR amplification
detected 29 RBD changes at a frequency of at least 25%, and
43 more at a frequency of at least 10%. Sequencing single
amplicons that span the RBD allowed us to define haplo-
types, i.e., specific combinations of mutations found
together in a single RNA molecule. We repeatedly
sequenced spike RBD in wastewater samples from the
Sub-District 5 interceptor line, and haplotypes of the Wis-
consin Lineage were detected every month from January
2022 to January 2023 (FIG. 155, 18). In all, we detected 87
RBD haplotypes between January 2022 and January 2023,
but the mean number of haplotypes detected at any one time
point was 2 (range, 1-6) (FIG. 18). The signal became
undetectable in January 2023. Of the RDB amino acid
changes with a frequency of at least 25%, 11 of these were
at the same site as Omicron RBD changes, 9 were identical
to Omicron, and 9 are absent from known Omicron lineages
to date (FIG. 15a,b). Some of these exact amino acid
changes, or different changes at the same positions, were
initially detected in the Wisconsin Lineage months before
becoming predominant in globally circulating Omicron lin-
eages (FIG. 16).

[0326] The cryptic lineage is also highly divergent outside
of'the spike RBD. When plotted on a radial phylogenetic tree
using Nextclade, our Illumina whole genome consensus
sequences from Facility Line B show a similar degree of
divergence from the Wuhan-Hu-1 reference to 22B Glade
and XBB* Omicron lineages (FIG. 19). To investigate this
further, we used iVar within the nf-core/viralrecon workflow
to call variants at 225% frequency from the Wuhan-Hu-1
reference and turned that output into a pivot table (disclosed
in Shafer et al Medrxiv 10.28.22281553). From this pivot
table, we identified which amino acid sites had variants
detected at every time point in at least one whole genome
sequence replicate. One of the Wisconsin Lineage’s most
characteristic (and peculiar) mutations is in the N-terminal
domain (NTD) of the membrane protein, where thereis a 15
nucleotide insertion (I8delinsSNNSEF) found at an average
frequency of 92.4% in all sequences (disclosed in Shafer et
al Medrxiv 10.28.22281553).

[0327] We next asked whether the unusual combinations
of mutations present in the Wisconsin Lineage could be the
result of natural selection favoring nonsynonymous (amino-
acid-changing) mutations. First, we calculated the nucleo-
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tide substitution rate that prevailed when B.1.234 viruses
were circulating in the US Midwest (Illinois, Indiana, Iowa,
Kansas, Michigan, Minnesota, Missouri, Nebraska, North
Dakota, Ohio, South Dakota, and Wisconsin) and found that
mutations accumulated in the Wisconsin Lineage faster than
expected based on this rate (FIG. 17a). Across the four
timepoints with available genome sequences, there is a
notable excess of nonsynonymous nucleotide substitutions
(mean 121.8+16.3) relative to synonymous ones (mean
22.5+4.7) (FIG. 17b). Some previous reports have suggested
that mutations mediated by APOBEC cytidine deaminases
can lead to a dramatic excess of C-to-T substitutions within
SARS-CoV-2-infected hosts.2314 In our sequences, C to T
transitions were the most common mutation type, but did not
dramatically outnumber other types (FIG. 17¢). To further
characterize genetic diversity within each sample, we used
the summary statistic m, which quantifies the number of
pairwise differences per nonsynonymous (ntN) and synony-
mous (7tS) site within a set of sequences. Within the spike
gene, TN was significantly greater than 7S at each timepoint,
which could indicate ongoing diversifying selection on spike
(FIG. 17d). Spike also had significantly higher nonsynony-
mous diversity compared to ORFlab, ORF3a, M, ORF6,
ORF7a, and N at each timepoint (FIG. 17d). Because =
counts pairwise differences per site within a sample, muta-
tions that have become fixed or nearly fixed within the virus
population do not contribute to & values. We therefore next
calculated divergence, i.e., the average Hamming distance
between each sequenced virus (either B.1.234 variants or the
Wisconsin Lineages) and the ancestral sequence Wuhan-
Hu-1 (MN908947.3; FIG. 17¢). Both synonymous and non-
synonymous divergence values were substantially higher for
the Wisconsin Lineage than for B.1.234 viruses. Notably,
nonsynonymous divergence was also dramatically elevated
relative to synonymous divergence in the wastewater lin-
eage. Together these observations suggest that the accumu-
lation of mutations in the Wisconsin Lineage, particularly in
spike, is the result of adaptive evolution.

Discussion

[0328] Here we traced the source of a cryptic SARS-
CoV-2 lineage, first detected in wastewater from a central
municipal wastewater treatment facility, to a single point
source. At the identified point source of this cryptic lineage
(Facility Line B), non-human animal sequences made up a
minimal proportion of rRNA detected. Thus, the likelihood
that this virus was being shed by an otherwise scarce animal
reservoir is low, especially given the high viral RNA con-
centrations of samples from this site. We conclude that the
Wisconsin Lineage, the cryptic SARS-CoV-2 lineage we
detected in wastewater throughout 2022, was most likely
derived from a single human individual with an unusually
prolonged infection.

[0329] We detected remarkably high levels of SARS-
CoV-2 RNA in Facility Line B, the source of the Wisconsin
Lineage signal. In one Canadian study, the highest total viral
concentrations in municipal wastewater of the three cities
tested during the Omicron surge was 3.4 million gene
copies/L.>

[0330] Another study reported peak SARS-CoV-2 concen-
trations of 1.1 million copies/LL coming from a single uni-
versity residence hall with 328 residents.?® Average N1/N2
SARS-CoV-2 concentrations detected from Facility Line B
in this study peaked at 2.7 billion copies/L. This finding may
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help to resolve a paradox from earlier cryptic lineage stud-
ies: if cryptic lineages come from only a single source, how
could they be detected in a dilute municipal wastewater
sample? Based on wastewater flow data from the Sub-
District 5 interceptor line and estimations of typical toilet
use, we would expect the Wisconsin Lineage viral RNA to
be diluted from a wastewater volume of approximately 200
gallons at Facility Line B into a volume of 8 million gallons
at the Sub-District 5 interceptor. Thus, if there were 2 billion
copies/L. at Facility Line B, we would expect to detect
~50,000 copies/L at the Sub-District 5 interceptor. This is a
comparable concentration, if a little lower, than what we
actually observed over 13 months (FIG. 14¢). We hypoth-
esize that these high levels of viral RNA result from a
prolonged infection involving virus replication in the GI
and/or urinary tracts, though the extent to which such
infections shed more virus into the wastewater than infec-
tions where replication primarily occurs in the upper and/or
lower respiratory tracts needs to be investigated further.

[0331] The large preponderance of nonsynonymous sub-
stitutions in the Facility Line B viral genomes suggests that
this virus has undergone diversifying selection on spike, and
perhaps on other genes. This is consistent with reports of
individuals with prolonged SARS-CoV-2 infections, in
whom weak immunity and persistent virus replication result
in the selection of immune escape variants.'”'® Many RBD
amino acid changes present in the Wisconsin Lineage have
eventually appeared in Omicron variants circulating in
human populations. In the RBD region of the spike gene,
R346T, V445P, L452Q, L452R, N460K, and F486V and
F486P emerged in circulating Omicron variants globally
between January of 2022 and January of 2023 (FIG. 15).
Some of these spike mutations, specifically R346T, V445P,
and N460K, emerged in the Wisconsin Lineage five to six
months before becoming highly prevalent globally (largely
associated with the spread of BQ.1.1* and XBB.1.5). In the
Wisconsin Lineage, a phenylalanine-to-alanine substitution
at spike residue 486 (F486A) appeared approximately four
months before the rise of S:F486V (found in BA.5*/BQ.1*
variants) and ten months before the rise of S:F486P (found
in XBB.1.5%). The RBD mutations Y453F and V483 A have
been detected since January and February 2022, respec-
tively, in the Wisconsin Lineage but have been found in less
than one percent of global sequences during that same time
(FIG. 16). We could therefore speculate that those two
substitutions, or other mutations at these sites, may become
more prevalent in circulating viruses in the future.

[0332] In addition to the highly divergent spike, there was
a cluster of fixed variants in the region that encodes the
ectodomain of the viral membrane protein. The mutation
cluster includes a  15-nucleotide insertion  (5'-
GCAACAACTCAGAGT-3' SEQ ID NO: 28) that encodes
the amino acids SNNSEF (SEQ ID NO: 31) by splitting the
A and TT of an existing isoleucine codon. Interestingly, the
insertion is identical to the sequence found between posi-
tions 11,893 and 11,907 in ORFlab which suggests intra-
molecular recombination. Additionally, the Wisconsin Lin-
eage has M:A2E, M:G6C, and M:L17V amino acid
substitutions. The phenotypic impact of these substitutions,
if any, is unclear. One possible explanation is diversifying
selection of immune escape variants. This region of the
membrane protein is exposed outside of the SARS-CoV-2
virion and is a known target for binding antibodies.>”** In
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Heffron et al.,, 2021, membrane-binding antibodies were
present at a higher level than spike-binding antibodies.
[0333] Our data strongly suggest that SARS-CoV-2 cryp-
tic lineages in wastewater originate from human sources.
While animal sources may contribute in other settings, that
is not the case here. This has several important implications.
Such lineages likely exist wherever people are infected with
SARS-CoV-2, i.e., worldwide. That is, many, perhaps most,
divergent SARS-CoV-2 lineages detected in wastewater
likely reflect ongoing human infections, and may therefore
pose a transmission risk to others. The elevated number of
nonsynonymous substitutions in the wastewater variant, and
its accumulation of mutations at a rate faster than expected
based on its ancestral lineage, resemble attributes of the
original Omicron lineage when it emerged.®® Indeed, a
leading hypothesis for the origin of many previous SARS-
CoV-2 variants of concern is that they arose in immuno-
compromised individuals with prolonged infections.!”-'®
The fact that the Wisconsin Lineage appears to be derived
from a prolonged infection with an ancestral B.1.234 virus
further highlights the importance of prolonged infections in
the emergence of highly divergent viruses and emphasizes
the importance of identifying, tracing, and treating such
infections.

[0334] To this end, more frequent global wastewater viral
surveillance/sequencing of catchment areas would likely
detect many more examples of cryptic SARS-CoV-2 lin-
eages. We speculate that Omicron derived cryptic lineages
will be detectable in wastewater in the future. Given the
extensive spread of Omicron, the number of prolonged
infections that give rise to these cryptic lineages is also
expected to increase, making the emergence and detection of
cryptic lineages more common. Although RBD sequencing
covers only a small segment of the SARS-CoV-2 genome,
we believe this method will continue to be valuable in
wastewater surveillance due to its high sensitivity. We note
that individuals with immunocompromising conditions are
at increased risk for prolonged infections but may not be the
only population in which such infections occur; the facility
in which the cryptic lineage was detected was an otherwise
unremarkable business, not a healthcare facility or other
location with medically fragile occupants. SARS-CoV-2
cryptic lineage sequences could aid in forecasting the future
evolutionary trajectory of SARS-CoV-2 to evaluate the
cross-protection of existing and future vaccines and mono-
clonal antibodies. In the present, wastewater surveillance
has become an irreplaceable window into the progression of
the pandemic as clinical sampling wanes and more human-
derived cryptic wastewater lineages await detection.
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Example IV: Wastewater Cryptic Variants Proceed
Globally Circulating Variants

[0365] The inventors propose that evolutionarily advanced
variants detected in wastewater (EACL; evolutionarily
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advanced cryptic lineages) and patient sequences (EAPL;
evolutionarily advanced patient lineages) precede globally
circulating ones, an assertion backed by continued work on
the Wisconsin EACL, whose Spike variants anticipated
global SARS-CoV-2 Omicron variants (FIG. 16). The dates
at the bottom of the panel indicate when these variants were
detected in the EACL, while the top panel shows the
frequency of variants at these sites in globally circulating
sequences.

[0366] The inventors successfully identified EACL and
EAPL via NCBI SRA data mining. A new EACL found in
two sewersheds around 40 miles apart in Ohio (SRA records
SRR24054801 and SRR24054763) further support the
hypothesis that single individuals are shedding EACL.

[0367] Moreover, the inventors found nearly early identi-
cal EACL (SRA ERR10058890) and EAPL (GISAID EPI_
ISL_5280146; SRA ERX6769989) in Liverpool, UK in
October 2021, linking wastewater EACL detection to nasal
swab EAPL detection. This suggests some individuals
exhale viruses with EACL-like sequences, motivating con-
tinued study of both EACL and EAPL.

[0368] FIG. 20 demonstrates the Ohio, Wisconsin, and UK
EACL/EAPL genome sequences are about as divergent from
the original SARS-CoV-2 as Omicron viruses (clades 21M,
K,L, 22%, and 23*). However, the EACL/EAPL evolved
these extensive changes independently of each other, most
likely during prolonged infections.

[0369] FIG. 21 reveals convergent Spike amino acid vari-
ants in the Wisconsin, Ohio, and UK EACL/EAPL, imply-
ing shared evolutionary pressures. Variant residues shared
between at least two EACL/EAPL or all four are highlighted
in light and dark blue, respectively. Variants in circulating
viruses in the UK and US when these EACL/EAPL were
detected are shown on the right. Despite their independent
evolution, some of the EACL/EAPL evolutionary pressures
(e.g., escape from antibody responses directed against
Spike) result in the selection of remarkably similar variants.
This convergence can be harnessed to forecast residues, like
Spike V367 and 1.828, and specific amino acid variants that
we predict will eventually increase in frequency in globally
circulating SARS-CoV-2 viruses.

[0370] Discovering more EACL and EAPL will enhance
our understanding of virus features that best predict future
SARS-CoV-2 variation and allow better characterization of
the risk posed by these enigmatic viruses for transmission
between individuals in the future.

SEQUENCE LISTING

Sequence total quantity: 31

SEQ ID NO: 1 moltype = DNA length = 20

FEATURE Location/Qualifiers
source 1..20
mol_type = other DNA
organism = synthetic construct

SEQUENCE: 1
gaccccaaaa tcagcgaaat
SEQ ID NO: 2

moltype = DNA Ilength = 24

FEATURE Location/Qualifiers
source 1..24
mol_type = other DNA
organism = synthetic construct

SEQUENCE: 2

2/12/2024 16:17:11

20
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tctggttact gccagttgaa

SEQ ID NO: 3
SEQUENCE: 3
000

SEQ ID NO: 4
FEATURE
source

SEQUENCE: 4
tcgteggeag cgtcagatgt
SEQ ID NO: 5

FEATURE
source

SEQUENCE: 5

gtetegtggg cteggagatyg tgtataagag acaggaaagt actactactce tgtatggttg

g

SEQ ID NO: 6
FEATURE
source

SEQUENCE: 6
ctgetttact aatgtctatg

SEQ ID NO: 7
FEATURE
source

SEQUENCE: 7
tcctgataaa gaacagcaac

SEQ ID NO: 8
FEATURE
source

SEQUENCE: 8
acactctttce cctacacgac

SEQ ID NO: 9
FEATURE
source

SEQUENCE: 9
gtgactggag ttcagacgtyg

SEQ ID NO: 10
FEATURE
source

SEQUENCE: 10
tcgteggeag cgtcagatgt

SEQ ID NO: 11
FEATURE
source

SEQUENCE: 11
gtetegtggg cteggagatg
SEQ ID NO: 12

FEATURE
source

2/12/2024 16:17:11

tctg

moltype = length =

moltype = DNA 1length = 55
Location/Qualifiers

1..55

mol_type = other DNA

organism = synthetic construct

gtataagaga cagccagatg attttacagg ctgcg

moltype = DNA length = 61
Location/Qualifiers

1..61

mol_type = other DNA

organism = synthetic construct

moltype = DNA length = 27
Location/Qualifiers

1..27

mol_type = other DNA

organism = synthetic construct

cagattc

moltype = DNA length = 22
Location/Qualifiers

1..22

mol_type = other DNA

organism = synthetic construct

ct

moltype = DNA length = 55
Location/Qualifiers

1..55

mol_type = other DNA

organism = synthetic construct

gcetetteega tetgtgatga agtcagacaa atcge

moltype = DNA length = 57
Location/Qualifiers

1..57

mol_type = other DNA

organism = synthetic construct

tgctetteeg atctatgtca agaatctcaa gtgtetg

moltype = DNA 1length = 51
Location/Qualifiers

1..51

mol type = other DNA

organism = synthetic construct

gtataagaga cagactggga ttagataccc ¢

moltype = DNA 1length = 51
Location/Qualifiers

1..51

mol_type = other DNA

organism = synthetic construct

tgtataagag acagagaaca ggctcctcta g

moltype = DNA length = 51
Location/Qualifiers

1..51

mol_type = other DNA

organism = synthetic construct

24

55

60

27

22

55

57

51

51
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SEQUENCE: 12
acactettte cctacacgac

SEQ ID NO: 13
FEATURE
source

SEQUENCE: 13
gtgactggag ttcagacgtyg

SEQ ID NO: 14
FEATURE
source

SEQUENCE: 14
ncctgataaa gaacagcaac

SEQ ID NO: 15
FEATURE
source

SEQUENCE: 15
acactctttce cctacacgac

SEQ ID NO: 16
FEATURE
source

SEQUENCE: 16
ccctgeatac actaattett

SEQ ID NO: 17
FEATURE
source

SEQUENCE: 17
cattcaactc aggacttgtt

SEQ ID NO: 18
FEATURE
source

SEQUENCE: 18
atgtcaagaa tctcaagtgt

SEQ ID NO: 19
FEATURE
source

SEQUENCE: 19
attcaactca ggacttgtte
SEQ ID NO: 20

FEATURE
source

SEQUENCE: 20
atacaaacca cgccaggtag
SEQ ID NO: 21

FEATURE
source

SEQUENCE: 21

aacccttaga cacagcaaag

SEQ ID NO: 22

2/12/2024 16:17:11

getettecga tetactggga ttagatacce ¢

moltype = DNA length = 52
Location/Qualifiers

1..52

mol_type = other DNA

organism = synthetic construct

tgctetteeg atcttagaac aggctectet ag

moltype = DNA Ilength = 22
Location/Qualifiers

1..22

mol type = other DNA

organism = synthetic construct
ct

moltype = DNA 1length = 55
Location/Qualifiers

1..55

mol_type = other DNA

organism = synthetic construct

gctettecga tetgtratga agtcagmcaa atyge

moltype = DNA length = 24
Location/Qualifiers

1..24

mol_type = other DNA

organism = synthetic construct

tcac

moltype = DNA length = 23
Location/Qualifiers

1..23

mol_type = other DNA

organism = synthetic construct

ctt

moltype = DNA length = 23
Location/Qualifiers

1..23

mol_type = other DNA

organism = synthetic construct

ctyg

moltype = DNA length = 22
Location/Qualifiers

1..22

mol_type = other DNA

organism = synthetic construct

tt

moltype = DNA 1length = 20
Location/Qualifiers

1..20
mol_type = other DNA
organism = synthetic construct

moltype = DNA length = 21
Location/Qualifiers

1..21

mol_type = other DNA

organism = synthetic construct

t

moltype = DNA 1length = 55

51

52

22

55

24

23

23

22

20

21
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FEATURE
source

SEQUENCE: 22

Location/Qualifiers

1..55

mol_type = other DNA

organism = synthetic construct

acactettte cctacacgac getettecga tetggtagtg gagttectgt tgtag 55

SEQ ID NO: 23
FEATURE
source

SEQUENCE: 23

moltype = DNA Ilength = 54
Location/Qualifiers

1..54

mol_type = other DNA

organism = synthetic construct

gtgactggag ttcagacgtyg tgctetteceg atctagecacg tagtgegttt atet 54

SEQ ID NO: 24

moltype = DNA Ilength = 24

FEATURE Location/Qualifiers
source 1..24
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 24
attctgtcct atataattcc gcat 24

SEQ ID NO: 25
FEATURE
source

SEQUENCE: 25

moltype = DNA Ilength = 22
Location/Qualifiers

1..22

mol_type = other DNA

organism = synthetic construct

ccctgataaa gaacagcaac ct 22

SEQ ID NO: 26
FEATURE
source

SEQUENCE: 26

moltype = DNA length = 25
Location/Qualifiers

1..25

mol_type = other DNA

organism = synthetic construct

tatataattc cgcatcattt tccac 25

SEQ ID NO: 27
FEATURE
source

SEQUENCE: 27

moltype = DNA length = 55
Location/Qualifiers

1..55

mol_type = other DNA

organism = synthetic construct

acactettte cctacacgac getettecga tetgtgatga agtcagacaa atcege 55

SEQ ID NO: 28
FEATURE
source

SEQUENCE: 28
gcaacaactc agagt

SEQ ID NO: 29

FEATURE
source

SEQUENCE: 29

moltype = DNA length = 15

Location/Qualifiers

1..15

mol_type = genomic DNA

organism = Severe acute respiratory syndrome-related
coronavirus

15

moltype = DNA length = 32

Location/Qualifiers

1..32

mol_type = genomic DNA

organism = Severe acute respiratory syndrome-related
coronavirus

tctectacagt gttcccactt acaagttttg ga 32

SEQ ID NO: 30

moltype = DNA length = 32

FEATURE Location/Qualifiers
source 1..32
mol_type = genomic DNA
organism = Severe acute respiratory syndrome-related
coronavirus
SEQUENCE: 30
tctctacagt gttcccacct acaagttttg ga 32

SEQ ID NO: 31
FEATURE

2/12/2024 16:17:11

moltype = AA 1length = 6
Location/Qualifiers
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38
-continued
source 1..6
mol_type = protein
organism = synthetic construct
SEQUENCE: 31
SNNSEF 6
We claim: 13. The method of claim 12, wherein the RT-PCR primers

1. A method for identifying antigenic variants from cryp-
tic lineages arising in a virus population comprising:

collecting a urine or stool sample from a subject with a

prolonged infection or from wastewater samples from
at least one location;

extracting RNA from the sample;

sequencing the variable regions of viral RNA from waste-

water; and

identifying cryptic lineages containing antigenic variants

in the virus population.

2. The method of claim 1, wherein the virus is SARS-
CoV-2.

3. The method of claim 2, wherein the antigen is the Spike
or membrane protein.

4. The method of claim 3, wherein the variable region is
the RBD of the Spike protein or the first 19 amino acids of
the membrane protein.

5. The method of claim 1, further comprising testing
recombinant virus comprising the antigenic variants in an
antibody neutralization assay.

6. The method of claim 5, further comprising generating
antibodies capable of recognizing the antigenic variants.

7. The method of claim 6, wherein the antibodies are
neutralizing antibodies and block replication of a virus
comprising the antigenic variant.

8. The method of claim 6, wherein the antibodies are
monoclonal antibodies.

9. The method of claim 1, further comprising generating
a vaccine comprising at least one of the antigenic variants.

10. The method of claim 9, wherein the vaccine is a
mRNA, peptide, or inactivated viral vaccine.

11. The method of claim 9, wherein the vaccine comprises
more than one antigenic variant.

12. The method of claim 1, wherein the variable regions
are amplified with RT-PCR primers comprising SEQ ID NO:
6 or 16 and 7 or SEQ ID NO: 25 and 26 prior to the
sequencing step.

2/12/2024 16:17:11

are SEQ ID NO: 6 and 7 and a second amplification is
completed prior to sequencing using a set of nested primers
of SEQ ID NO: 8 and 9.

14. The method of claim 12, wherein the RT-PCR primers
are SEQ ID NO: 25 and 26 and a second amplification is
completed prior to the sequencing using a set of nested
primers of SEQ ID NO: 8 and 18.

15. The method of claim 12, wherein the RT-PCR primers
amplify at least a 1.5 kb region encoding a SARS-CoV-2
Spike protein.

16. The method of claim 15, wherein the RT-PCR primers
are

(SEQ ID NO: 16)
CCCTGCATACACTAATTCTTTCAC
and

(SEQ ID NO: 7)
TCCTGATAAAGAACAGCAACCT .

17. The method of claim 16, further comprising a nested
amplification step, wherein the nested primers are CATT-
CAACTCAGGACTTGTTCTT (SEQ ID NO: 17) and
ATGTCAAGAATCTCAAGTGTCTG (SEQ ID NO: 18).

18. The method of claim 1, further comprising analyzing
the cryptic lineages containing antigenic variants and deter-
mining if the antigenic variants become variants of concern.

19. The method of claim 1, wherein databases with viral
sequences from wastewater or databases with sequences
from virally infected subjects are used to identify cryptic
lineages containing antigenic variants in the virus popula-
tion.

20. The method of claim 1, wherein the RNA is extracted
from fecal matter or urine.

#* #* #* #* #*
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