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Aim: Influenza control demands multifaceted strategies, including antiviral drugs. Baloxavir, a recent addition to influenza treatment, 
acts as an inhibitor of the Polymerase acid (PA) component of the viral polymerase. However, mutations associated with resistance 
have been identified.
Purpose: This study analyzed PA gene sequences of influenza A and B viruses (IAV and IBV, respectively) reported in the Americas, 
retrieved from databases published until May 2023, to identify primary markers of resistance to baloxavir.
Patients and Methods: PA gene sequences were obtained from the GISAID and NCBI databases, focusing on countries in the 
Americas with 500 or more sequences for IAV, and 50 or more sequences for IBV.
Results: Of the 58,816 PA sequences analyzed for IAV, only 55 (0.1%) harbored resistance markers, representing approximately 1 in 
1000 occurrence. The most frequent markers were I38V (21 cases) and I38M (7 cases) at position 38 of PA, followed by E199G (9 
cases) at position 199. For IBV, 14,684 sequences were analyzed, of which only eight presented a resistance marker (0.05%). Five 
sequences had the M34I marker, while the remaining three had the I38V marker. While frequency of resistance markers in PA is 
comparable to other regions, these results highlight the need for enhanced sequencing efforts, particularly in Latin America. Such 
efforts would serve to intensify influenza surveillance and inform public health interventions.
Conclusion: While baloxavir demonstrates efficacy against influenza, resistance markers have been identified, including pre-existing 
ones. Our study adds eight (IAV: six and IBV: two) new spontaneously occurring substitutions to the existing literature, highlighting 
the need for continued surveillance. Among these, I38M stands out due to its significant tenfold reduction in drug susceptibility. 
Therefore, vigilant monitoring of these resistance markers in IAV and IBV remains crucial for maintaining baloxavir’s effectiveness 
and informing future public health interventions.
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Introduction
Influenza viruses are classified into four types: A, B, C and D, based on variations in their internal proteins, the 
nucleoprotein and matrix protein 1. The genome of these viruses consists of segmented negative-sense RNA, comprising 
8 segments in influenza A and B viruses, and 7 segments in influenza C and D viruses.1

Among these, Influenza A virus (IAV) holds the greatest significance for human health. It can be further classified into 
subtypes based on the genetic and antigenic properties of its surface glycoproteins, hemagglutinin (HA), and neurami-
nidase (NA). As of now, 18 HA types and 11 NA types have been identified.2

IAV is prone to genetic changes that can alter its antigenic and virulence characteristics, contributing to recurrent 
epidemics, sporadic pandemics, vaccine efficacy issues, and the emergence of antiviral resistance.3 The most devastating 
historical pandemic occurred in 1918, caused by an H1N1 subtype of Influenza A virus, resulting in over 50–100 million 
global fatalities.4,5 Presently, two major subtypes of the virus circulate: H3N2, responsible for the 1968 pandemic, and 
the pandemic H1N1 subtype (H1N1|pdm09), originating from the 2009 pandemic.5,6
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On the other hand, influenza B viruses (IBV) have long been considered less problematic than influenza A due to their 
lower genetic variation, their status as an exclusive human pathogen with no known animal reservoir, and their lack of 
pandemic potential. However, in recent years, the relevance of influenza B has been recognized, especially in infants. 
Additionally, neuraminidase inhibitors are less effective against IBV infections compared to IAV infections.7,8 Two 
lineages of IBV are recognized: Victoria and Yamagata. These lineages differ in their transmission dynamics, evolution, 
cellular tropism, and susceptibility patterns, which may vary depending on the age of the host.9

Neuraminidase inhibitors, such as oseltamivir and zanamivir, are the most widely used treatment for IAV infections 
due to their ability to reduce disease duration and complications. Nevertheless, resistance to neuraminidase inhibitors has 
been reported in rates of 0.2–2.6%.10–12 Earlier antivirals like amantadine and rimantadine are no longer recommended 
due to widespread resistance among circulating influenza viruses.13

Recently, the new antiviral baloxavir marboxil was introduced. This prodrug, designed through molecular techniques, 
gained approval in Japan and the United States in 2018 for combating influenza A and B viruses. Baloxavir targets the 
endonuclease domain found in the polymerase acidic (PA) protein of influenza A and B viruses. Interestingly, this 
domain also exists in the P3 protein of influenza C and D viruses, and baloxavir has shown efficacy against these 
influenza types as well.14,15

Clinical studies involving baloxavir-based treatments for IAV infections have indicated that the virus can develop 
resistance by mutating amino acids I38 and E23 within the PA protein. Substitutions I38T or I38F significantly decrease 
baloxavir susceptibility by over tenfold, whereas the E23K substitution has a milder impact. Other substitutions may also 
influence baloxavir susceptibility.16 Regarding IBV, the I38T and I38M substitutions decrease susceptibility to baloxavir, 
although the effect is smaller than in IAV, with a reduction of less than 10-fold reported.12,16,17

It is important to identify these markers associated with drug resistance to current antivirals. Therefore, this study 
focuses on analyzing the PA protein sequences of viruses identified in the Americas over an approximately 43-year 
period, which spans many years before the original synthesis and authorization of baloxavir. The goal is to pinpoint the 
primary genetic markers associated with resistance or reduced effectiveness of baloxavir.

Materials and Methods
PA sequences of the IAV from all countries in the Americas were sourced from two databases: GISAID (https://platform. 
epicov.org/) and NCBI Influenza Virus Resource (https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi# 
mainform). The downloaded PA sequences included all those available until the cutoff date of May 31, 2023. To be 
included in our analysis, sequences of IAV had to originate from countries with a minimum of 500 entries in the 
databases. Due to the small number of available sequences for IBV, we included sequences from countries with 
a minimum of 50 entries. Additionally, the sequences must cover at least the first 200 amino acids of the PA protein, 
which include all positions related to baloxavir resistance. Duplicate sequences or those failing to meet these criteria 
were excluded. For IAV, we focused on the following specific amino acid positions associated with resistance to the drug 
Baloxavir marboxil: E23, K34, A36, A37, E38, E119, E198, and E199. For IBV, we analyzed the positions E23, M34, 
F36, N37, I38, E120 (equivalent to E119 in IAV), and E194 (equivalent to E199). To analyze these selected sequences, 
we performed an alignment using ClustalW within the BioEdit software (version 7.2.5).

Results
Sequences
Influenza A virus. Sequences from eight American countries that met the specified criteria were included. In total, 58,816 
sequences were recovered, distributed as follows: United States of America (USA): 49,850; Brazil: 2809; Canada: 1678; 
Chile: 1473; Peru: 886; Nicaragua: 793; Mexico: 742; and Argentina: 585. Sequences from the United States constituted 
84.76% of the total (Figure 1A). Regarding viral subtypes, H3N2 had the highest frequency with 39,383 sequences, 
followed by pandemic H1N1 with 15,989, while H1N1 reported as unknown subtype were 2578 and seasonal H1N1 were 
only 616. Other subtypes were exceedingly rare (0.43%), with 60 sequences of H1N2 (55 in USA, 3 in Brazil and 2 in 
Canada), 43 sequences of H2N2 (41 in USA, 1 in Canada and 1 in Chile), 2 sequences of H7N3 (Canada and Mexico), 4 
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sequences of H5N1 (2 in USA, 1 in Chile and 1 in Brazil), 1 sequence of H7N9 (Canada), 1 sequence of H3N1 (Brazil) 
and 140 non-subtypable (Figure 1B).

Influenza B virus. Sequences from 17 American countries that met the specified criteria were included. In total, 
14,684 sequences were recovered, distributed as follows: USA: 12,060; Brazil: 544; Chile: 376; Nicaragua: 326; Mexico: 
172; Argentina: 163; Canada: 129; Bolivia: 126; Peru: 114; Haiti: 109; Guatemala: 120; El Salvador: 93; Puerto Rico: 93; 
Jamaica: 74; Paraguay: 68; Honduras: 67; and Colombia: 50. Sequences from the United States constituted 82.14% of the 
total (Figure 1C). Regarding viral lineages, Victoria had the highest frequency with 7829 sequences, followed by 
Yamagata with 5681, while Influenza B reported as unknown were 1174 (Figure 1D).

Baloxavir Resistance Markers for Influenza A Virus
Out of the 58,816 sequences, only 55 exhibited resistance markers, representing 0.1% or 1 per 1000 sequences. None of 
the sequences presented more than one resistance marker. The most frequently affected position was residue 38 of the PA 
protein, where sensitivity is indicated by the presence of I38. A total of 36 sequences showed a substitution associated 
with resistance at this position, with the main substitution being I38V found in 21 sequences, followed by I38M in 7 
sequences. The second most common marker occurred at position 199, where the amino acid in sensitive viruses is 
E. This substitution was observed in 9 sequences, with the change noted as E199G (Table 1).

The distribution of substitutions associated with resistance by country is as follows: USA: 50/49,850 (0.10%); Brazil: 
3/2809 (0.10%); Canada: 0/1678 (0.00%); Chile: 1/1473 (0.07%); Peru: 0/886 (0.00%); Nicaragua: 0/793 (0.00%); 
Mexico: 1/742 (0.14%) and Argentina: 0/585 (0.00%). Resistance markers were more frequently observed in H3N2, with 

Figure 1 Distribution of influenza (A and B) viruses PA protein sequences analyzed through May 2023 (70,500 sequences). (A) shows the percentage distribution of 
Influenza A virus by country. (B) shows the percentage distribution of Influenza A virus by subtype. (C) illustrates the proportion of Influenza B virus sequences categorized 
by country. (D) depicts the proportion of Influenza B virus sequences categorized by lineage.
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26 out of 39,383 (0.07%) sequences, compared to pandemic H1N1, which had 22 out of 15,989 sequences (0.14%) and 
H1N1 unknown with 7 of 2578 (0.27%) sequences reported. In sequences of H1N1 seasonal, H1N2, H2N2, H3N1, 
H5N1, H7N2, H7N3 and H7N9 any resistance marker was observed (Figure 2).

Baloxavir was first licensed in 2018. Consequently, we used this year as a reference point for grouping the presence of 
resistance markers in the analyzed sequences. We identified thirteen different substitutions associated with resistance in 
eight positions along the PA protein. These substitutions were categorized as follows: In the period from 1990 to 2017, 
we detected 16 sequences out of 20,886 (0.08%) with resistance markers, namely E23K, K34R, A36V, I38M, I38V, 
E119D, E198K, and E199G. In the period from 2018 to 2023, we found 39 sequences out of 37,930 (0.11%) with 
resistance markers. Notably, five of these markers (E23G, A37T, I38L, I38S, and 138T) appeared exclusively within this 
period (Table 1 and Figure 3).

Baloxavir Resistance Markers for Influenza B Virus
Out of the 14,684 sequences analyzed for influenza B, only eight presented a resistance marker, representing 0.05%, or 
5 per 10,000 sequences. None of the sequences had more than one resistance marker. The affected positions were M34 
and I38. Five sequences had the M34I marker, while the remaining three had the I38V marker (Table 2). The distribution 
of the resistance-associated substitutions was as follows: six sequences from the USA, one from Argentina, and one from 
Jamaica; no substitutions were found in other countries. Regarding lineage, seven sequences belonged to the Victoria 
lineage, one to Yamagata, and none were reported as unknown. In terms of date, we found two substitutions in sequences 
from 2016 (one with the M34I marker and another with I38V), and the remaining six substitutions were found in 
sequences from 2018 onwards.

Table 1 Amino Acid Substitutions and Codons in PA Protein of Influenza A Viruses Associated with Reduced Susceptibility or 
Resistance to Baloxavir and Distribution by Subtype and Period

Susceptible 
Amino Acid

Susceptible 
Codon

Resistance 
Marker

Resistance 
Codon

Subtype Period Total

H1N1 H3N2 Before 
2017

2018/ 
2023

Pdm* Unknown

E23 GAA,  

GAG

G23 GGA 2 – – – 2 2
K23 AAA 2 – 1 1 2

K34 AAA, AAG R34 AGA, AGG 1 – 1 1 1 2

A36 GCT, GCA V36 GTT 1 – – 1 – 1

A37 GCA T37 ACA – – 1 – 1 1

I38 ATT, 

ATC, 
ATA

L38 CTT, CTA 2 1 1 – 4 4
M38 ATG 1 – 6 2 5 7
S38 AGT 1 – – – 1 1

T38 ACT, ACA 1 1 1 – 3 3
V38 GTA, GTT 8 4 9 7 14 21

E119 GAA D119 GAT – – 1 1 – 1

E198 GAA K198 AAA – – 1 1 – 1

E199 GAA, GAG G199 GGA 4 – 5 2 7 9

TOTAL 13 22 7 26 16 39 55
Percentage 40% 12.7% 47.3% 29% 71% 100%

Note: *Pandemic 2009.
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Discussion
Drug resistance poses a significant challenge to public health, necessitating continuous monitoring and identification of 
its drivers. Baloxavir, a recent addition to influenza treatment, is of particular interest because resistance markers were 
identified even before its widespread use. However, the global impact of this issue remains incompletely understood, 
especially in low- and middle-income countries with limited influenza surveillance.

In the Americas, most available sequences (more than 82% for both IAV and IBV) originate from the USA, with 
limited representation from Latin America. This highlights the need for enhanced data collection efforts in these regions 
to improve our understanding of baloxavir resistance. Notably, more than 97% of analyzed sequences of IAV and IBV 

Figure 2 Distribution of PA protein sequences of influenza A viruses analyzed in the Americas (through May 2023). (A) Absolute number of sequences per year; (B) 
Relative number of sequences per year shown as a percentage. B 2009 – before 2009.
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were collected from the 2009 A H1N1 pandemic emerging, highlighting a potential bias that might underestimate the true 
prevalence of resistance markers before that year.

Our data shows a frequency of baloxavir resistance markers in IAV in the Americas of approximately 1 in 1000 
sequences, consistent with other studies worldwide. This low prevalence suggests that baloxavir remains effective against 

Figure 3 Frequency of PA sequences of influenza A viruses with baloxavir resistance markers in the Americas through May 2023. (A) Total PA sequences (Orange) and with 
resistance markers (blue) per year; (B) Percentage of PA protein sequences containing specific amino acid substitutions associated with baloxavir resistance or reduced 
susceptibility. B 2009 – before 2009.
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most influenza viruses. For instance, Gubareva et al analyzed 6891 virus sequences from the USA during 2016–2018 and 
found five sequences with resistance markers (0.7/1000 sequences);17 Takashita et al conducted a comprehensive study, 
analyzing 13,523 influenza virus sequences reported globally for the 2017–2018 season (from GISAID and NCBI 
Influenza Virus Resource), and identified 11 sequences with resistance markers (0.81/1000 sequences).18 In a more 
recent study, Govorkova et al performed a global analysis, including 31,598 sequences from five WHO regions during the 
2018–2020 period, and reported 90 sequences carrying resistance markers (2.8 per 1000 sequences). Notably, sequences 
from Japan, where the administration of baloxavir is highest, showed a higher prevalence of resistance markers, reaching 
45 per 1000 sequences. The authors suggest that this elevated level of resistance could be related to the extensive use of 
baloxavir in Japan, particularly among children older than 12 years.12

Of the resistance markers found in the 55 PA sequences, 16 were reported prior to the introduction of baloxavir in 
2018, while other 39 were identified from 2018 onwards (Figure 3A). The percentage of markers identified relative to the 
total sequences reported in the analyzed periods is 0.08% for the 1990–2017 period and 0.11% for the 2018–2022 period. 
This finding emphasizes the importance of understanding the evolutionary history of these markers and the potential for 
their circulation independent of drug pressure.

Among the 16 sequences identified prior to 2018, we observed eight different substitutions: E23K, K34R, A36V, 
I38M, I38V, E119D, E198K, and E199G. Notably, residues E23, K34, A36, I38, and E119 are situated within the PA 
endonuclease site.16 Of these markers, it is crucial to note that viruses containing the E23K substitution can be 
transmitted from person to person.19,20 Position 38M is particularly noteworthy due to reports indicating that it can 
reduce the viral susceptibility to baloxavir by more than tenfold.12,16,21

E198K has recently been identified as a marker associated with resistance to baloxavir. This marker was identified 
after passages in MDCK cells in the presence of the drug.22

Trypsin digestion of PA reveals two domains: the N-terminal containing the first 196 amino acids, and the C-terminal 
containing residues from 277 to 716. In the viral ribonucleoprotein complex, both domains are found on opposite faces, 
connected by an 81-amino acid linker.19,23,24 The residue E198 is part of the linker region and is not directly involved in 
the binding of baloxavir to the active site; however, it does contribute to viral polymerase activity.20 Additionally, E199G 
is located at the outset of the linker site in the PA protein. Its specific role in conferring resistance to baloxavir remains 
unclear.17,25,26

To our knowledge, the only naturally occurring mutations that have been documented are A36V and I38V.12,16 A36V 
reduces susceptibility to baloxavir by four times and has been reported to appear in subtype H1N1 in 0.03% of the data 
deposited in the NCBI database.16 We found this marker in only one H1N1 virus (A/Maryland/NHRC0004/2009), 
accounting for 0.0018% of the total sequences analyzed and 0.005% of the subtype H1N1 cases. On the other hand, I38V 
results in a minor alteration in baloxavir susceptibility, ranging from 1 to 4 times.12,16 We identified 21 sequences 
carrying this mutation, representing 0.04% of the total sequences examined and constituting 38% of all the mutations 

Table 2 Amino Acid Substitutions in the PA Protein of the Influenza B Virus Associated with Reduced 
Susceptibility or Resistance to Baloxavir

Isolate Name Isolate ID* Lineage Country Date Amino Acid Substitution

B/Illinois/10/2016 EPI_ISL_223031 Victoria USA 2016–04-11 M34I

B/Argentina/268/2016 EPI_ISL_233179 Victoria Argentina 2016–05-20 I38V

B/Jamaica/8785/2018 EPI_ISL_303199 Victoria Jamaica 2018–01-02 M34I

B/Oregon/07/2018 EPI_ISL_418617 Yamagata USA 2018–02-22 I38V

B/Nevada/9939/2019 EPI_ISL_403145 Victoria USA 2019–11-08 I38V

B/Georgia/10955/2020 EPI_ISL_414241 Victoria USA 2020–01-07 M34I

B/New_Jersey/12075/2020 EPI_ISL_463865 Victoria USA 2020–03-02 M34I

Note: *GISAID.
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found. These findings collectively indicate that, while most sequences lack markers associated with resistance to 
baloxavir, there is a need to enhance molecular surveillance of influenza viruses in extensive geographic regions such 
as Latin America. This will contribute to a more comprehensive global dataset, enabling vigilance against potential issues 
of drug resistance.

In the case of IBV, the studied sequences represent 25% of the total analyzed, which aligns with previous studies 
reporting that IBV infections account for approximately one-fourth of all influenza cases.27 Due to the smaller number of 
IBV sequences susceptible to analysis, we decided to include countries with at least 50 sequences deposited in banks, 
unlike IAV sequences, in which we included countries that had at least 500. The number of sequences with any resistance 
marker represents only 0.05% of the total IBV sequences analyzed, which is half the proportion of sequences with 
resistance markers compared to IAV. The markers associated with a greater reduction in baloxavir susceptibility IBV are 
I38T and I38M; however, we did not find any sequences with these markers. We found sequences with the M34 and I38 
markers, but these changes do not appear to significantly reduce baloxavir susceptibility by in vitro assays.12,16,17 Since 
these sequences were present before the introduction of baloxavir, we can assume that these mutations occur sponta-
neously. Of the sequences with markers, only one belongs to the Yamagata lineage (14%) and seven to the Victoria 
lineage (86%), which is consistent with previous studies indicating that the Yamagata lineage maintains more stable 
genetic diversity.9

Regarding the fitness of IAV and IBV strains with the I38X mutation, the results are inconclusive. While some studies 
have observed a reduction in fitness,28 others have shown an improvement compared to the wild type.28,29 Therefore, we 
should be cautious in drawing conclusions and await further studies.

Conclusion
While baloxavir demonstrates efficacy against influenza, resistance markers have been identified, including pre-existing 
ones. Our study adds eight additional spontaneously occurring markers to the existing literature, highlighting the need for 
continued surveillance. Among these, I38M stands out due to its significant tenfold reduction in drug susceptibility. 
Therefore, vigilant monitoring of these markers in influenza A and B viruses remains crucial for maintaining baloxavir’s 
effectiveness and informing future public health interventions.
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