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Abstract

Antiviral susceptibility monitoring is integral to influenza surveillance conducted by CDC in
collaboration with partners. Here, we outlined the algorithm and methods used for assessing
antiviral susceptibility of viruses collected during 2023-2024 season. Virus specimens were
provided by public health laboratories in the United States (US) and by laboratories in other
countries that belong to the Pan American Health Organization. In the US, antiviral susceptibility
surveillance conducted nationally is strengthened by sequence-only analysis of additional viruses
collected at a state level. Viral genome sequence analysis was the primary approach to assess
susceptibility to M2 blockers (n = 5123), neuraminidase (NA) inhibitors (n = 6874), and a
polymerase acidic protein (PA) inhibitor (baloxavir, n = 6567). Over 99 % of type A viruses had
M2-S31N that confers resistance to M2 blockers. Although oseltamivir-resistant viruses carrying
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NA-H275Y (N1 numbering) were rare (0.35 %), a cluster of four such viruses was identified in
Haiti. Viruses with other NA mutations conferring reduced inhibition by NA inhibitor(s) were
also detected sporadically. This includes a cluster of three influenza B viruses in Texas that

shared a new mutation, NA-A245G conferring reduced inhibition by peramivir. Three viruses with
reduced baloxavir susceptibility were identified, which had PA-I138T, PA-Y24C or PA-V122A;

the latter two new mutations identified through augmented approach to sequence analysis. To
monitor baseline susceptibility, supplementary /n vitro testing was conducted on approximately 7
% of viruses using NA inhibition assay and cell culture-based assay IRINA. Implementation of
Sequence First approach provided comprehensive and high throughput methodology for antiviral
susceptibility assessment and reduced redundant phenotypic testing.

Keywords

Antiviral resistance; IRINA; Baloxavir; Neuraminidase inhibitor; Oseltamivir; Reduced
susceptibility; Influenza; NGS; Peramivir

1. Introduction

Vaccines and antiviral medications are needed to prevent and treat human infections

caused by seasonal and pandemic influenza viruses (Krammer et al., 2018; Paules

and Subbarao, 2017). Antivirals from three classes, M2 blockers, neuraminidase (NA)
inhibitors (oseltamivir, zanamivir, and peramivir), and polymerase acidic cap dependent
endonuclease (PA CEN) inhibitor (baloxavir) are approved in the US by Food and Drug
Administration (FDA) (https://www.cdc.gov/flu/treatment/antiviral-drugs.html). Notably,
mutations occurring in circulating viruses can diminish the usefulness of antivirals. Since
20086, the Centers for Disease Control and Prevention (CDC) does not recommend the use
of M2 blockers because most seasonal influenza A viruses acquired M2-S31N, an amino
acid substitution that confers cross-resistance to amantadine and rimantadine (CDC, 2006).
During 2007-2009, many A (H1N1) viruses in circulation carried NA-H275Y, a marker of
resistance to oseltamivir and peramivir (Meijer et al., 2009). Those A (HLN1) viruses were
replaced by 2009 pandemic viruses (A (HIN1)pdmO09 hereafter) that lacked NA-H275Y

but carried M2-S31N (Garten et al., 2009). Globally, oseltamivir-resistant A (HIN1)pdm09
viruses were periodically detected in several countries during the years after the pandemic,
but their frequency remained low (CDC, 2009; Hurt et al., 2012; Takashita et al., 2024).
Besides NA-H275Y, many other changes within or near the NA enzyme active site have
been suspected to reduce susceptibility to oseltamivir and/or other NA inhibitors (Govorkova
et al., 2022; Yen, 2016). The effect of these NA changes on enzyme-drug interactions are
often type-, subtype-, and antiviral-specific. In 2018, PA inhibitor baloxavir was approved in
Japan and US and then marketed in many countries worldwide (Beigel and Hayden, 2021;
Mifsud et al., 2019). It is prescribed as a single oral dose, which makes it an attractive
option. Baloxavir appears to have a relatively low barrier to resistance emergence, especially
in children (Hayden et al., 2018; Hirotsu et al., 2020). In clinical settings, PA-138T is the
primary mutation that confers resistance to baloxavir, and viruses with this mutation have
been reported to sporadically transmit from human-to-human (Omoto et al., 2018; Imai et
al., 2020; Takashita et al., 2019). Other changes at this and other PA residues have also been
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associated with reduced susceptibility to baloxavir (Table S1). Taken together, these findings
underscore the need to continuously monitor antiviral susceptibility of seasonal influenza
Viruses.

Influenza virologic surveillance is carried out by laboratories around the world with the
aims to characterize influenza viruses causing infections in humans, select candidate
vaccine viruses, and detect the emergence of antigenically novel and antiviral-resistant
viruses. The landscape of US national influenza surveillance is complex but comprehensive
and layered, where the Influenza Division/CDC, in collaboration with state and local
jurisdiction public health partners, collects and analyzes data from multiple surveillance
systems (https://www.cdc.gov/fluview/overview/index.html). The multiple elements of the
US national virologic surveillance are categorized into five tiers, beginning at the point-of-
care settings (tiers 1 and 2), state Public Health Laboratories (PHLs, tier 3), three state
PHLs designated as National Influenza Reference Centers (NIRCs, tier 4), and ending with
Influenza Division laboratories at CDC (tier 5) (Jester et al., 2018). A decade ago, the
Right Size Roadmap was developed by the CDC in collaboration with the Association

of Public Health Laboratories (APHL) to provide a nationally representative standardized
sampling strategy, which ensured data confidence (https://www.aphl.org/aboutAPHL/
publications/Documents/ID-Influenza-Right-Size-Roadmap-Edition2.pdf). Notably, antiviral
susceptibility monitoring conducted as a part of Right Size virologic surveillance has been
strengthened by supplemental in-state surveillance where detection of oseltamivir-resistant
viruses has been carried out by either state PHLs or NIRCs using pyrosequencing (Okomo-
Adhiambo et al., 2015; Storms et al., 2012). CDC has provided protocols, reference
materials and other support (e.g., quality assurance). In subsequent years, the NIRC in
New York State Department of Health (Wadsworth Center; NY NIRC) has served as the
designated laboratory for supplemental antiviral surveillance.

To further improve the efficiency of virologic surveillance, implementation of the
Sequence First Initiative began in 2014 first at CDC, then CDC in partnership

with APHL established a next generation sequencing (NGS) pipeline at three NIRCs
(https://lwww.aphl.org/programs/infectious_disease/influenza/Pages/default.aspx). Under this
initiative, all submitted samples (clinical specimens or isolates) are subjected to NGS

to generate virus genome sequences without a need for virus isolation or further
passaging in cells or eggs (Jester et al., 2018). This major technological advancement
facilitated changes to virologic surveillance including antiviral susceptibility monitoring.
The previous strategy was to “propagate and test more viruses” at CDC and NIRCs.
Viruses identified as outliers based on /7 vitro testing were then sequenced at CDC

to identify mutations responsible for the altered phenotype. The Sanger method was
principally used to sequence two or three virus genes of representative viruses and those
identified as outliers. With the implementation of genomic NGS, the testing paradigm
shifted to “sequence to guide phenotypic testing” (https://www.cdc.gov/flu/php/viruses/
genetic-characterization.html). This testing algorithm reduced efforts and time associated
with virus culturing and phenotypic analysis and reduced redundant phenotypic testing,
while allowing simultaneous detection of all known molecular markers of drug resistance
(https://iwww.cdc.gov/fluview/overview/index.html).
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Approval of baloxavir brought up a need to develop and implement a phenotypic

assay suitable for surveillance purposes. At first, CDC laboratory used a single-cycle,
replication-based assay known as high content imaging-based neutralization test (HINT),
which yielded desirable testing outcomes and facilitated establishment of a provisional
cut-off for surveillance data reporting (Gubareva et al., 2019). To improve throughput and
turnaround time and eliminate dependence on highly specialized equipment, a streamlined
version of HINT, known as Influenza Replication Inhibition Neuraminidase-based Assay
(IRINA), was developed and has been used to conduct baloxavir surveillance since the
2022-2023 season (Patel et al., 2022). It is noteworthy that the Sequence First approach
was instrumental to detect PA mutants with reduced susceptibility to baloxavir as they
rarely occur in nature (Gubareva et al., 2019). Those PA mutants were made available

to other laboratories for reference purposes (https://www.internationalreagentresource.org/
Catalog.aspx?q=Baloxavir%20Susceptibility%20Reference%20Virus%20Panel).

As outlined above, several major events have shaped the influenza virologic and antiviral
susceptibility surveillance in the 21st century: emergence of drug-resistance, the 2009
influenza pandemic, approval of new antivirals, technological advances in sequencing,
bioinformatics, and implementation of new technologies at CDC and other laboratories.

In this study, we described the antiviral susceptibility surveillance conducted by Influenza
Division/CDC and partners in 2023-2024 influenza season providing a detailed algorithm,
methods, and findings.

Materials and methods

2.1. Viruses

2.2.

Influenza positive specimens used in this study were submitted to three NIRCs by US PHLs
and to CDC'’s Influenza Division by laboratories located in countries that are members of
the Pan American Health Organization (PAHO). All A (H3N2) and most A (HIN1)pdm09
viruses were propagated in MDCK-SIAT1 cells, whereas type B and some A (H1IN1)pdmQ9
viruses (from PAHO countries) were propagated in MDCK cells. Reference influenza
viruses from the CDC NA inhibitors and baloxavir susceptibility panels (International
Reagent Resource; FR-1678 and FR-1755) were used for quality control purposes.

NGS and sequence analysis

Viral RNA was extracted using QlAamp viral RNA mini kit (Qiagen) and codon-complete
influenza genome was amplified using Uni/Inf primer set and Super-Script |11 one-step
RT-PCR with Platinum Taq High Fidelity enzyme (Invitrogen). Indexed paired end
libraries were generated using Nextera XT sample preparation kit (Illumina) following the
manufacturer’s protocol. Illumina MiSeq was used to generate raw sequence reads that were
assembled into consensus genomes by IRMA with the default FLU module (Shepard et al.,
2016). In addition to the quality control set within IRMA, sequences were also required

to meet the following criteria: /) negative controls on the run’s flowcell have <1000 reads
matching influenza and <1 % of reads matching influenza, /7) fewer than 10 minor alleles
=5 %, /7f) = 90 % of the reference segment covered, /) no premature stop codons, and v) a
median coverage depth =100x.
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2.3. NA inhibition (NI) assay

Virus susceptibility to NA inhibitors (oseltamivir, zanamivir, peramivir, and laninamivir)
was tested using the CDC standardized fluorescence-based NI assay as previously described
(Okomo-Adhiambo et al., 2013, 2016). NI assay is a surrogate phenotypic, functional assay
that determines drug concentration required to inhibit NA enzyme activity by 50 % (ICsgp).
The relative fluorescence unit (RFU) readouts were curve-fitted using nonlinear regression
to determine 1C5p (Okomo-Adhiambo et al., 2013). Fold change in 1C5q of a sequence-
flagged virus (i.e., virus identified as carrying a known or suspected molecular marker

of reduced inhibition) was calculated relative to a subtype- or lineage-specific median
generated by testing representative viruses that circulated during the 2023-2024 season.
Fold changes were interpreted according to the arbitrary criteria adopted by surveillance
laboratories: “normal inhibition” (type A <10-fold; type B < 5-fold), “reduced inhibition
(RI)” (type A 10-100-fold; type B 5-50-fold), and “highly reduced inhibition (HRI)” (type
A >100-fold; type B > 50-fold) (Govorkova et al., 2022; Meijer et al., 2014).

2.4. IRINA

To test virus susceptibility to baloxavir, cell culture-based IRINA was carried out as
previously described (Patel et al., 2022). IRINA measures enzyme activity of nascent

NA molecules expressed on the surface of virus-infected cells as an indicator of virus
replication. Baloxavir effective concentration yielding 50 % reduction in NA activity (ECsg)
was determined by curve fitting RFU readouts. A set of viruses representing different
geographic areas and collection dates were grouped by type and subtype and tested to
determine the baseline baloxavir susceptibilities for the season (median ECsgs). These
median values were used to identify potential outliers and to characterize sequence-flagged
viruses. For surveillance purposes, >3-fold increase in ECgq value of test virus over the
median was used as the provisional cut-off to report reduced baloxavir susceptibility
(Gubareva et al., 2019; Govorkova et al., 2022). When available, PA sequence-matched
control virus was also tested to delineate the effect of a particular PA substitution on
baloxavir susceptibility.

3. Results

3.1. Overview of influenza virologic surveillance and antiviral testing conducted by CDC

In this study, the influenza virologic surveillance conducted by CDC with partners included
three parts: US national, US supplemental, and other PAHO countries (Fig. 1).

US national: As per Right Size guidance, PHLs in 50 states and territories submitted up
to 14 clinical specimens (4 A (HIN1)pdmO09, 6 A (H3N2), and 4 B/Victoria) every two
weeks to one of the three NIRCs (Fig. 1). NIRCs received a total of 5842 specimens (Table
S2), successfully performed NGS analysis of 5736 (98 %), and shared sequence data with
CDC. Notably, NIRCs promptly alerted CDC about the presence of oseltamivir-resistance
conferring mutation, NA-H275Y in six A (HIN1) pdm09 viruses. NIRCs attempted to
isolate virus from 65 % of received specimens and shipped 3505 successfully isolated
viruses (92 % of attempted) to CDC for storage and further characterization, including
antiviral testing. National data are posted weekly on FluView (https://www.cdc.gov/fluview/
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surveillance/past-reports.html) and included in the season summary as a web report (https://
www.cdc.gov/flu/whats-new/flu-summary-2023-2024.html).

US supplemental: For antiviral supplemental surveillance, PHLs have been asked to
submit up to five additional specimens biweekly. During the 2023-2024 season, nine PHLs
submitted a total of 328 specimens for testing to the designated laboratory at NY NIRC (Fig.
1). NY NIRC provided cumulative reports on testing outcomes to submitting state PHLs and
CDC. Pyrosequencing was mainly used by NY NIRC in 2023-2024, but efforts have been
made to transition to NGS as the future primary method.

Notably, during the 2023-2024 season, all three NIRCs and six recently

established Influenza Sequencing Centers (ISCs) in Colorado, Florida,

Hawaii, Massachusetts, Minnesota, and Texas have been tasked to carry

out NGS on additional specimens collected in their state and share

sequence data with CDC (https://www.cdc.gov/flu/php/genomic-sequencing-infrastructure/?
CDC_AAref Val=https://www.cdc.gov/flu/weekly/genomic-sequencing-infrastructure.htm).
This resulted in NGS data for over 1500 viruses. This part of surveillance is based on a
sequence-only approach and have been used to obtain additional information on viruses
circulating at a state level.

Other PAHO countries: During this season, CDC received 1295 influenza positive
specimens from laboratories located in 25 countries from the PAHO region (Fig. 1, Table
S3). Among those, 1154 (89 %) were sequenced and 711 (55 %) were isolated for further
characterization (Table S3).

Influenza antiviral susceptibility monitoring

Since molecular markers that confer resistance to M2 blockers are well established, we used
sequence-only analysis to detect viruses resistant to these medications (Deyde et al., 2007).
The assessment of virus susceptibility to NA inhibitors and baloxavir was performed using
the combination of sequence analysis and /n vitrotesting (Fig. 2).

M2 blockers: M2 sequences of 5123 influenza A viruses (2574 A (HIN1)pdm09 and 2549
A (H3N2)) were analyzed. Except two A (HIN1)pdmOQ9 from US (0.04 %), all viruses had
either M2-S31N (99.8 %) or M2-S31D (0.1 %), markers of cross-resistance to M2 blockers.
A small proportion of viruses with M2-S31N (0.8 %) carried an additional substitution

at residues previously associated with M2-blocker resistance, L26, V27 or A30 (Data not
shown).

NA inhibitors: We analyzed NA sequences of 6874 viruses and 21 were sequence-flagged
either with substitutions previously associated with RI/HRI by any NA inhibitor (n = 16) or
new substitutions at residues previously associated with RI/HRI (n = 5) (Fig. 2, Table 1). Of
these, 15 belonged to the A (HIN1)pdmO09 subtype and six to B/Victoria lineage.

Among sequence-flagged A (HLN1)pdmO09 viruses, nine had NA-H275Y, including one
each detected in the US states, Connecticut, Colorado, Maine, Montana, Oregon, and
Washington; and three in Haiti (Table 1, S4). In addition, one virus collected in the US
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had dual substitutions, NA-1223V + S247N, recently shown to confer RI by oseltamivir
(Patel et al., 2024). Three viruses had NA-1223T, while two viruses had new substitutions,
NA-Q136H or NA-D199V. Among B/Victoria viruses, three carried known substitutions,
NA-D197N (n = 2) or NA-H273Y (n = 1). Three viruses had new substitutions, two from
the US with NA-A245G and one from Canada with NA-H273Q (Table 1). No B/Yamagata
lineage viruses were detected.

Following sequence analysis, we tested viruses using NI assay for two purposes: /) to
establish baseline susceptibility (median 1Csps) using representative viruses from different
circulating groups (n = 596), and /i) to assess susceptibility of sequence-flagged viruses (n

= 17). Viruses from both influenza A subtypes exhibited similar baseline susceptibilities

(<2 times difference) for all NA inhibitors, with peramivir having the lowest median I1Cggs
(Table 2). Compared to influenza A, median 1Csgs for B/Victoria viruses were elevated
~2-5-fold for all NA inhibitors, except for oseltamivir whose 1C5qs were elevated by ~119-
178-fold. This confirmed previous reports that oseltamivir is less effective at inhibiting NA
activity of type B viruses (Table 2) (Franco-May et al., 2024; Okomo-Adhiambo et al., 2013,
2016).

To interpret NI assay results for sequence-flagged viruses, we primarily used established
median 1Csggs; for few viruses, the result was also confirmed using I1Csgs of NA sequence-
matched viruses (Tables 1 and 2, S4). As expected, A (HIN1)pdmO09 viruses with NA-
H275Y displayed HRI by oseltamivir and peramivir, while the virus with NA-1223V +
S247N showed RI by oseltamivir only. Conversely, viruses with NA-Q136H, NA-D199V, or
NA-1223T displayed <10-fold increase in ICgps, interpreted as normal inhibition (Table 1).

Two B/Victoria viruses with NA-D197N exhibited RI by zanamivir and peramivir, and one
of them also showed borderline RI (5-fold) by oseltamivir. NA-H273Y conferred HRI by
peramivir, while a different substitution at the same residue, NA-H273Q had drastically
opposite effects improving the ability of oseltamivir and peramivir to inhibit NA activity
(Table 1). The new substitution NA-A245G conferred 14-fold RI by peramivir relative to
both, lineage-specific median ICsq or a sequence-matched virus without this mutation.

Frequency of NA-H275Y and clusters of NA mutants: Through US national
surveillance, we identified six NA-H275Y viruses (6/2160; 0.28 %) (Table 1, S2). In
addition, the designated laboratory (NY NIRC) detected four NA-H275Y among 196 A
(H1N1)pdmaQ9 viruses submitted by nine PHLs (4/196, 2.04 %). All four NA-H275Y viruses
were from NY state, of which two samples were collected following treatment (Table

S4). NGS data generated by six ISCs led to detection of three additional NA-H275Y

viruses among 622 viruses analyzed (3/622; 0.48 %) (Table S4). Combined data showed

that oseltamivir- and peramivir-resistant viruses circulated at a low frequency in the US
(13/2978; 0.44 %).

In Haiti, three NA-H275Y viruses were detected during the reported period (Table 1).
Among a total of 25 A (HIN1)pdmO09 viruses that were submitted from Haiti during 2023-
2024 season and successfully sequenced, an additional virus with NA-H275Y was identified
that was collected outside of reporting period. Interestingly, all four NA-H275Y viruses
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were collected in the town of Jérémie and the submitting laboratory confirmed that only
these viruses were available from this location (Table S5). The collection dates of these
NA-H275Y viruses spanned from September 12 to November 3, 2023. They were collected
from outpatients of different ages, who visited two relatively close sites (<1 mile); three
visited Hopital Saint Antoine de Jérémie and one from Klinik Pép Bondye HHF (Table
S5). NGS analysis revealed high nucleotide level similarity in all gene segments. Moreover,
these viruses shared two rare substitutions in the PB2 protein, PB2-S334G and PB2-V480lI.
At the time of our analysis, this combination of mutations had not been found in other
sequences of viruses collected in Haiti or in other A (H1N1)pdm09 sequences deposited in
public databases. Available NGS and other information point to a local circulation of the
oseltamivir-resistant A (HIN1)pdmO09 viruses in Haiti in autumn of 2023.

Based on hemagglutinin phylogenetic analysis of 17 NA-H275Y viruses, seven from US
belonged to clade 5a.2a.1, while remaining ten (from US and Haiti) belonged to clade 5a.2a.

Through US national surveillance, we identified NA-A245G in two B/Victoria viruses, a
new substitution that conferred RI by peramivir (Table 1). An additional virus with this
mutation was identified through ISC-based surveillance in Texas. Notably, all three viruses
were collected on the same day (February 22, 2024) in Tarrant County, Texas from children
aged 6-11 (Table S5). All three shared the same genomic sequences, indicating likely
transmission among contacts. NA sequence analysis of available B/Victoria viruses from
Texas (n = 58) found no additional viruses with NA-A245G.

Overall, detection of influenza viruses with substitutions conferring RI/HRI by NA
inhibitors was low. None of the sequence-flagged viruses exhibited RI by laninamivir. None
of A (H3N2) viruses analyzed had known or suspected NA substitutions that may confer
RI/HRI by any NA inhibitor.

PA inhibitor baloxavir: Of 6567 viruses subjected to PA sequence analysis, one A
(H3N2) virus was identified with substitution PA-138T, associated with reduced baloxavir
susceptibility (Table S1). Interestingly, this virus was collected from a patient in Hawaii, US,
who had not taken baloxavir but had recently traveled from Japan. Three B/Victoria viruses
with PA-M341 were sequence-flagged for confirmatory phenotypic testing (Table S6). This
PA change in type B virus was previously shown not to affect baloxavir susceptibility
(Govorkova et al., 2022).

As baloxavir is a newer antiviral, molecular markers affecting susceptibility are not fully
elucidated. Therefore, we performed augmented PA sequence analysis to identify: /) new
substitutions at previously reported residues, or /7) substitutions at 14 additional residues
implicated in PA inhibitor binding via crystal structure or mutational analysis (Table S1).
This augmented analysis yielded 128 sequence-flagged viruses (61 A (HLN1)pdmQ9, 57 A
(H3N2), and 10 B/Victoria) (Table S6), of which eight had new substitutions at previously
reported residues: PA-L28M or PA-M34V. Among remaining sequence-flagged viruses, type
A viruses most carried PA-A20T (86/120; ~72 %), or PA-A20V (8/120; ~6.6 %) (Taniguchi
et al., 2024). There were also type A viruses with PA substitution at residue 24, 84, 106, 120,
or 122, and B/Victoria viruses with change at PA residue 121, 123, or 134 (Table S6).
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A subset of representative viruses (n = 460) was tested in the presence of baloxavir using
IRINA to determine subtype- or lineage-specific median ECgq (Fig. 3). 42 available isolates
of sequence-flagged viruses were also tested. A (HIN1)pdm09 and A (H3N2) subtypes had
similar median ECsgps, 0.80 and 0.58 nM, respectively. Median ECs for B/Victoria viruses
was ~5-7-fold higher (4.06 nM), consistent with results generated using different assays
(Gubareva et al., 2019; Koszalka et al., 2019; Patel et al., 2022; Takashita et al., 2018). Only
three sequence-flagged viruses that we tested had ECsgs above the subtype-specific >3-fold
cut-off (Fig. 3, Table S6). Expectedly, an A (H3N2) virus with PA-138T showed 102-fold
higher ECs (Fig. 3). Two A (HIN1)pdmO09 viruses with new substitutions, PA-Y24C or PA-
V122A showed 4- or 11-fold higher ECsqs relative to median, respectively (Fig. 3). Notably,
both these viruses showed 4- or 9-fold increase when compared to the PA sequence-matched
controls, respectively (Tables S4 and S6).

Taken together, sequence analysis and phenotypic testing indicated a low frequency (0.05 %)
of viruses with reduced baloxavir susceptibility during the 2023-2024 season.

Interim PA sequence analysis to assess susceptibility to baloxavir

There is consensus that PA-I138T is a primary pathway to baloxavir-resistance (Ince et

al., 2020; Omoto et al., 2018), but there are no well-established laboratory correlates for
clinically relevant baloxavir resistance. Numerous studies, including clinical, surveillance,
mutational, and other studies have identified many PA substitutions, especially in influenza
A viruses that elevate baloxavir ECggs /n vitro (Table S1).

Sequence-only assessment of baloxavir susceptibility can be useful for laboratories without
capabilities for /n vitrotesting or in situations when virus is not readily available. To aid

in the sequence-based assessment of baloxavir susceptibility, we divided PA substitutions
into three categories: /) primary (reduced susceptibility); 7/) secondary (suspected reduced
susceptibility); and /) tertiary (normal susceptibility) (Table 3, S7). Notably, detection of
PA substitution from the secondary group without phenotypic testing can only be interpreted
as suspected reduced susceptibility.

4. Discussion

In this study, we described the antiviral surveillance conducted by Influenza Division/CDC
and its domestic and international country partners from the PAHO region for the
2023-2024 season. In collaboration with APHL, CDC also participates in supplemental
antiviral surveillance aimed at increasing the volume of data at an individual US

state-level. This arm of surveillance has greatly expanded in recent years. One

example of the advancements is the transition from pyrosequencing, which detects

limited key substitutions, to NGS-based analysis allowing simultaneous detection of all
previously reported resistance-conferring changes for all approved antivirals. Another
example is the generation of NGS data on additional influenza viruses collected

at a state-level by the recently designated six ISCs, further enhancing supplemental
NGS-based surveillance (https://www.cdc.gov/flu/php/genomic-sequencing-infrastructure/?
CDC_AAref_Val=https://www.cdc.gov/flu/weekly/genomic-sequencing-infrastructure.htm).
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Together, this improves granularity of antiviral susceptibility data and provides additional
valuable information on properties of circulating and emerging viruses.

During the 2023-2024 season, over 8000 genome sequences of influenza viruses were
generated by CDC, NIRCs, and ISCs. NGS analysis was the primary approach for
comprehensive virologic surveillance including antiviral susceptibility assessment (Table
S8). When a resistance-conferring molecular marker is well-established (e.g., NA-H275Y),
the NGS-driven approach works effectively to detect, and monitor spread of resistant
viruses. However, interpreting sequence-only data can be challenging.

Numerous changes in the antiviral-targeted proteins have been reported in literature or
identified via surveillance (Govorkova et al., 2022; Table S1). Some NA substitutions

are subtype-, lineage-, and even strain-specific, others emerge during virus propagation

in cell culture, and some are neutral mutations with no or only marginal effects on 1Csp.
Improvements are needed in terms of presentation of these inventories as well as developing
bioinformatic tools to aid surveillance laboratories in sequence analysis. FluSurver (https://
flusurver.bii.a-star.edu.sg) has begun to address some of these needs by providing a research
tool, which is also accessible on the GISAID database, that identifies substitution at specific
protein residues associated with reduced antiviral susceptibility compared to a reference
sequence. However, interpretation of this data by the end-user remains critical for adequate
assessment of identified changes and further refinement and continual updates are needed.

The present study describes our current antiviral testing algorithm and interpretation of
combined sequence analysis and testing outcomes. We report that nearly all seasonal
influenza A viruses in circulation remain resistant to M2 blockers. Conversely, viruses
displaying reduced susceptibility to NA inhibitors and baloxavir were detected at a low
frequency. Furthermore, none of the A (H3N2) viruses were detected with NA changes
known to confer RI/HRI by any of four NA inhibitors. Additionally, none had substitutions
that emerged during culturing in MDCK cells (e.g., NA-Q136K). This emphasizes the
importance of using MDCK-SIAT1 cells for virus isolation as well as shorter propagation
time, which together reduce the emergence of NA mutants during propagation and improves
the quality of isolates for testing in NI assay (Mishin et al., 2014).

Although viruses displaying RI/HRI in NI assay were rarely detected, we identified

two small clusters. The first was detected in Haiti where four oseltamivir-resistant

A (H1N1)pdmO9 viruses with NA-H275Y were collected at the same locality during
September—November 2023. The second cluster included three B/Victoria viruses carrying
NA-A245G, which conferred RI by peramivir. All three viruses were collected from the
same county in Texas on the same day. Notably, the third virus of this cluster was
identified from sequences generated by the Texas ISC, while the other two were detected
via US national surveillance. These community clusters are a reminder of the ability for
some resistance-conferring NA mutants to transmit and circulate locally. The NGS data is
especially valuable when investigating a potential cluster of drug-resistant viruses because
such viruses are expected to share a high level of homology in all gene segments. To this
point, the viruses from the Haiti cluster not only displayed the high level of homology in
all genes, but also shared two rare PB2 mutations not found in any other viruses collected
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globally. Genomic NGS data are known to provide insights into the genesis of antiviral-
resistant viruses, such as the acquisition of resistance via gene reassortment. In general,
resistance-conferring mutations are not expected to provide an evolutionary advantage when
the usage of antivirals is relatively low. However, resistant viruses may successfully compete
with wildtype viruses under certain conditions, such as NA mutations that improve the
balance of HA and NA functions (Neverov et al., 2015). Antiviral-resistant viruses can

also gain evolutionary advantage by acquiring a favorable gene constellation (hitch-hiking
mechanism) or an antigenically advanced hemagglutinin (Hurt, 2014; Mohan et al., 2021;
Wau et al., 2012). The later mechanism was apparent in a small cluster of NA-H275Y viruses
detected by our laboratory among inhabitants of a border detention center in Texas, US in
January 2020 (Mohan et al., 2021).

We also sequence-flagged viruses with new substitutions at previously reported residues
(e.g., NA-H273Q in B/Victoria virus). Whereas NA-H273Y was shown to elevate I1Css for
oseltamivir and peramivir in type B viruses (Gubareva et al., 2017), NA-H273Q produced an
opposite effect, which highlights the challenges of predicting NI testing outcomes based on
sequence-only data.

In the past, a CDC standardized fluorescence-based NI assay was used by NIRCs to test
NA inhibitor susceptibility for thousands of influenza viruses each year (Okomo-Adhiambo
et al., 2016). Following the Sequence First initiative, only the Influenza Division/CDC
laboratory conducts this testing but at a much smaller scale. It is worth mentioning that

NI assay data continue to indicate a low inhibitory activity of oseltamivir towards type

B viruses. Our laboratory previously reported 47- to 80-fold lower activity of oseltamivir
against type B versus type A viruses circulated during 2011 (Okomo-Adhiambo et al.,
2013). Here, we observed an even greater difference, ~119- to 178-fold. Notably, clinical
studies have shown reduced effects of oseltamivir against influenza B compared to influenza
A virus infections (Heinonen et al., 2010; Kawai et al., 2006; Sugaya et al., 2007). A recent
study also showed that baloxavir was more effective than oseltamivir when used to treat
children with influenza B virus infections (Sun et al., 2024).

Compared to NA, the PA CEN domain has lesser sequence variability (Dias et al., 2009;
DuBois et al., 2012). Thus, NGS-based assessment of baloxavir susceptibility is less
challenging. However, information on markers of reduced susceptibility to baloxavir is
incomplete. In addition, there are certain differences in residues involved in baloxavir
binding between type A versus B viruses (Omoto et al., 2018). In this study, we also
enhanced PA sequence analysis by flagging viruses with substitutions other than those
previously reported (Table S1). Specifically, we identified over 100 additional influenza A
viruses with substitutions at residues implicated in binding of PA CEN inhibitors (Tables
S1 and S8). Except for two viruses with PA-Y24C or PA-VV122A, the remaining sequence-
flagged viruses displayed normal susceptibility (Table S6). Residue 24 is part of the PA
active site; through crystal structure, it was shown that baloxavir makes van der Waals
contact with tyrosine at this residue in type A viruses (Omoto et al., 2018). Previous reports
have shown that Y24 is highly conserved (~98 %) in influenza A viruses and PA-Y24H
was observed as natural polymorphism at low frequency (~2 %), while PA-Y24C was rare
(Taniguchi et al., 2024; Stevaert et al., 2013). Y24H in swine-origin viruses did not affect

Antiviral Res. Author manuscript; available in PMC 2025 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 12

baloxavir susceptibility (Taniguchi et al., 2024). Here, our results showed that PA-Y24F in A
(HLN1)pdmO9 virus mildly elevated baloxavir ECsq (1.9-fold), while PA-Y24C in this virus
background conferred reduced susceptibility (4-fold) to baloxavir (Table S6).

Similarly, valine at residue 122 is highly conserved (99.9 %) (Yang et al., 2024; Stevaert et
al., 2013). Crystal structures have predicted that it interacts with the 5” phosphate of RNA
substrate and is involved in the hydrogen bond network necessary for baloxavir binding
(Kumar et al., 2021; Omoto et al., 2018). PA-VV122T mildly reduced virus susceptibility

to an early PA inhibitor, L-742,001 (Stevaert et al., 2013), while PA-V122L was shown

to affect viral cRNA and mRNA synthesis by altering the RNA-binding ability and CEN
activity (Yang et al., 2024). Our results showed that PA-V122L in A (H3N2) and PA-V122]
in A (HIN1)pdmO9 virus had no effect on baloxavir susceptibility (Table S6). PA sequence
analysis of 219,234 influenza A viruses (accessed from GISAID on October 17, 2024)
revealed that PA-VV122A is a very rare natural polymorphism, which we found in only 18
viruses (data not shown). Overall, this enhanced screening led to identification of two new
markers of reduced baloxavir susceptibility, PA-Y24C and PA-V122A.

As NGS-based analysis has become a cornerstone for surveillance, we wanted to assist
PHLs by offering a streamlined PA mutation inventory. Therefore, we divided known

PA substitutions into three categories with respect to baloxavir susceptibility: primary,
secondary, or tertiary. When more clinical, virologic, and phenotypic data become available,
this classification will need revision. Phenotypic testing is required to supplement NGS
analysis and availability of a reliable phenotypic assay is indispensable, especially
considering the tight threshold for reporting reduced baloxavir susceptibility (i.e., ECsq >
3-fold above median or sequence-matched control virus) (Gubareva et al., 2019; Govorkova
et al., 2022). When both comparators are used to calculate the fold change, but testing
outcomes show discordance (<3- vs. >—3-fold), the result obtained relative to the ECsg of
sequence-matched control virus should be reported.

We have shown that both single-cycle replication-based assays (HINT and IRINA) generate
consistent results and provided good correlation between changes to PA CEN sequence

and ECsxqs and corresponding fold changes (Gubareva et al., 2019; Patel et al., 2022). To
reduce testing turnaround time, our laboratory transitioned from using HINT to IRINA

for baloxavir susceptibility monitoring during the 2022-2023 season (https://www.cdc.gov/
fluview/overview/index.html). Reference viruses can be used for quality control purposes
and can aid in harmonizing reporting across different laboratories using IRINA and other
cell culture-based assays.

Overall, our data highlight that the frequency of seasonal influenza viruses displaying
reduced susceptibility to NA inhibitors or baloxavir remained low during the 2023-2024
season. In conclusion, our study describes the current methods and testing algorithm, which
can be used to monitor susceptibility of circulating and emerging influenza viruses to FDA-
approved antivirals. It also emphasizes a need for improved and readily accessible tools for
NGS analysis as well as bioinformatic support for surveillance laboratories to streamline and
expedite reporting of generated data.
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Fig. 1.

Illustration of the three parts of the virologic surveillance system coordinated by CDC
Influenza Division, with a focus on antiviral susceptibility surveillance for the 2023-2024
season, which spanned from October 1, 2023 to September 30, 2024. The three parts of
the virologic surveillance system are: US national, US supplemental in-state, and other
PAHO countries. Two domestic surveillance systems, national and supplemental in-state
are administered in collaboration with APHL. The virus transfer, NGS data transfer, and
reporting of data are captured in this illustration. For US national surveillance, 50 state PHLs
(*including District of Columbia (federal district) and Puerto Rico (territory)) submitted
specimens to three NIRCs. NGS and virus isolation of these specimens were carried out by
three NIRCs and NGS data and virus isolates were transferred to CDC.

US supplemental in-state surveillance is based on a sequence-only approach. For 2023-2024
season, nine PHLs submitted specimens for antiviral surveillance to designated NY NIRC
laboratory, which reported cumulative pyrosequencing-based testing results to submitting
PHLs and CDC. As per new implemented initiatives, three NIRCs and six ISCs began
carrying out NGS on additional specimens collected in a respective state and shared
sequence data with CDC. For surveillance in other PAHO countries, laboratories located

in 25 countries submitted influenza positive specimens to CDC; NGS and virus isolation in
cell culture were carried out by CDC laboratories.

On combined viruses submitted for US national and other PAHO countries surveillance,
CDC lahoratory performed the sequence-based screening for antiviral susceptibility
assessment and /7n vitro testing of subset of viruses with antivirals. Antiviral data for US
national surveillance were weekly posted on CDC FluView. Generated NGS data from all
three parts of surveillance were deposited into influenza sequence databases (NCBI and
GISAID).
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The location of three state PHLs designated as NIRCs and six as ISCs are shown with
two-letter US state postal abbreviations (CA, California; CO, Colorado; FL, Florida; HI,
Hawaii; MA, Massachusetts; MN, Minnesota; NY, New York; TX, Texas; WI, Wisconsin).
The names of three NIRCs are: California Department of Public Health Viral and Rickettsial
Disease Laboratory, New York State Department of Health (Wadsworth Center), and
Wisconsin State Laboratory of Hygiene; and of six ISCs are: Colorado Department of Public
Health and Environment, Florida Department of Public Health Laboratories, Hawaii State
Department of Health, Massachusetts Department of Public Health, Minnesota Department
of Health, and Texas Department of State Health Services.
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Fig. 2.
Antiviral testing algorithm and testing volume in 2023-2024 influenza season. Of received

specimens from other PAHO countries and for US national surveillance, 1154 and 5736
viruses were sequenced by CDC laboratory and three NIRCs, respectively.

CDC laboratory screened the generated NA sequences of 6874 viruses using conventional
approach to flag viruses that had substitutions previously associated with reduced or highly
reduced inhibition (RI/HRI) by NA inhibitors or a new substitution at a residue previously
associated with RI/HRI. PA sequences of 6567 viruses were screened for substitutions
previously associated with reduced baloxavir susceptibility. The conventional approach

was augmented by identifying viruses with either new substitutions at previously reported
residues or any substitution at 14 additional residues implicated in drug-binding (see result
section for more information). This led to identifying a total of 153 viruses with known or
suspected substitutions (21 with NA and 132 with PA changes).

For other PAHO countries and US national surveillance, 711 and 3505 viruses were isolated
in cell culture by CDC laboratory and three NIRCs, respectively. Isolates of sequence-
flagged viruses were subjected to NGS sequencing to confirm that no changes occurred
during virus culturing. Viruses were tested for susceptibility by NA inhibitors using the NA
inhibition assay (NI assay), while baloxavir susceptibility was tested using cell culture-based
Influenza Replication Inhibition Neuraminidase-based assay (IRINA).

A subset of representative viruses from both influenza A subtypes and B/Victoria-lineage
(~7-9 % of sequenced) were tested to determine median ICg/ECsq values. Available
isolates of sequence-flagged viruses (17 with NA and 42 with PA changes) were tested.
Median 1C5o/ECsq values were used: i) to identify potential outliers, and ii) to characterize
sequence-flagged viruses. Fold change in ICsq to NA inhibitors or in ECgq to baloxavir were
interpreted according to the provisional criteria adopted by surveillance laboratories. Data
interpretation and reporting was done based on combined sequence analysis and testing.
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B/Victoria cut-off (12.18 nM)

A(H1N1)pdm09 cut-off (2.40 nM)
A(H3N2) cut-off (1.74 nM)

Assessment of baloxavir susceptibility using IRINA. Representative influenza viruses (n

= 460) lacking PA substitutions of concern were tested to determine subtype- or lineage-
specific median ECsg. In a scatter dot plot, median with interquartile range is shown. All

the representative viruses without PA substitutions had ECsg values below the subtype- or
lineage-specific >3-fold cut-off (i.e., normal susceptibility). ECggs of two A(HIN1)pdm09
viruses with PA-Y24C or PA-V122A and an A(H3N2) virus with PA-138T were also plotted,

which showed 4-, 11- and 102-fold increase, respectively (i.e.,
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