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ABSTRACT 30 
 31 
Influenza B virus (IBV) is a significant contributor to annual and severe cases of influenza, 32 

particularly in the young and elderly. Late in the 2024-25 Northern Hemisphere influenza 33 

season, a surge of IBV cases were identified in the Johns Hopkins Hospital Systems. The IBV 34 

responsible for the surge, C.3.1/re, was a clade C.3 virus that had reassorted with clade C.5.1 35 

viruses and acquired the D197N mutation in hemagglutinin restoring a putative N-linked glycan 36 

predicted to mask a key neutralizing antibody epitope. The C.3.1/re viruses preferentially 37 

infected children but showed no significant change in disease severity. C.3.1/re viruses were 38 

poorly neutralized by pre- and post- influenza vaccination serum in a human cohort. Removal of 39 

the glycan at residue 197 restored neutralizing antibody recognition. The C.3.1/re IBV genotype 40 

that emerged late in the 2024-25 influenza season was antigenically mismatched with IBV 41 

vaccine strains for the 2025 and 2026 Southern hemisphere, as well as the 2025-26 Northern 42 

Hemisphere influenza seasons. While the 2026-27 Northern Hemisphere vaccine strain is a 43 

C.3.1/re, the egg adapted isolate selected (B/Tokyo/EIS13-175/2025) lacks the 197 44 

glycosylation which is predicted to have poor recognition with circulating IBV clades. 45 

Phylogenetic analysis of currently circulating IBVs shows a diversification of circulating C.3 46 

clades with multiple reassortment events between C.3 and C.5 clades in addition to 47 

independent acquisitions of D197N mutations, suggesting IBV is going through a period of 48 

significant antigenic and genetic expansion.  49 

 50 
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IMPORTANCE 52 
 53 
Influenza B viruses are undergoing a period of antigenic and genetic expansion, with several 54 

reassorted viruses emerging that also contain point mutations in key hemagglutinin antigenic 55 

sites proximal to the receptor binding domain. This has important impacts on vaccine strain 56 

choice, as only one IBV component is included in current influenza vaccines. We demonstrate a 57 

significant shift in the demographics of IBV infected individuals with the emergence of the 58 

antigenically drifted and reassorted IBV C.3.1/re. Furthermore, we show that 197 glycosylation 59 

of hemagglutinin is critical for C.3.1/re antigenic drift and we document several emergent C.3 60 

reassortments encoding the D197N mutation. With the IBV vaccine component for the Northern 61 

Hemisphere 2026-27 season having lost a key N-linked glycan on the hemagglutinin protein, 62 

and multiple independent emergences of antigenically drifted and reassorted viruses, attention 63 

to IBV infections should be increased in the upcoming Southern and Northern hemisphere 64 

influenza seasons.  65 
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 67 

INTRODUCTION 68 

Seasonal influenza epidemics, caused by influenza A and B viruses, remain a major global 69 

health burden, resulting in an estimated 250,000–500,000 deaths annually. Although influenza 70 

A viruses have received greater attention due to their pandemic potential, influenza B viruses 71 

(IBV) contribute substantially to seasonal morbidity and mortality, particularly among pediatric 72 

populations 1–3. Although IBV evolves more slowly than influenza A virus (IAV), leading to less 73 

frequent antigenic drift and extended geographic persistence, it remains capable of driving 74 

significant outbreaks and exhibits variable vaccine effectiveness, underscoring the need to 75 

further define mechanisms of antigenic evolution4. The disproportionate impact of IBV on 76 

pediatric populations, combined with evidence of reduced vaccine effectiveness against IBV in 77 

certain seasons, underscores the need for vigilant molecular surveillance of circulating strains.  78 

Antigenic drift in IBV is primarily mediated by mutations in the hemagglutinin (HA) glycoprotein 79 

which enables receptor binding and membrane fusion and is the principal target of neutralizing 80 

antibodies 5–9.  Furthermore. mutations in HA can impact receptor binding 6–8,10, while mutations 81 

in other gene segments can alter replication efficiency 11–13, and innate immune evasion14–16. If 82 

two genetically distinct viruses infect the same host cell, the segmented nature of the genome 83 

also allows for reassortment, resulting in progeny with novel constellations of gene segments. 84 

Such reassortments can affect antigenic properties, virus replication dynamics or antiviral drug 85 

sensitivity 17–20.  86 

Beyond amino acid substitutions, the gain or loss of N-linked glycans can profoundly alter 87 

antigenicity by masking epitopes, particularly near the receptor binding site (RBS) in the HA 88 

protein 9,21. The 190-helix is a structurally constrained region that contributes to receptor 89 

engagement and is a known target of neutralizing antibodies, making it highly sensitive to such 90 

modifications 5,22,23. In IBVs, an asparagine at HA residue 197 (B/Brisbane/06/2008 numbering) 91 

has been conserved since the emergence of the B/Victoria lineage, encoding an N-linked 92 

glycosylation site proximal to the RBS 24. Loss of this glycan has been repeatedly observed 93 

during egg adaptation, enhancing viral growth in embryonated chicken eggs and altering 94 

antigenic identity 25–27. While the antigenic consequences of glycan loss at residue 197 have 95 

been characterized in the role of egg-adapted vaccine strains using ferret sera, the effects of 96 

glycan gain or restoration at this site during natural human circulation, and more broadly the 97 
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frequency and immunological impact of glycosylation changes near the 190-helix in circulating 98 

IBV populations, remain poorly defined 26.  99 

During the 2024–25 Northern Hemisphere influenza season, a late-season surge of IBV cases 100 

within the Johns Hopkins Hospital System coincided with a shift in circulating IBV subclades. 101 

This increase was driven by the rapid expansion of C.3.1, a C.3-derived lineage. Notably, C.3 102 

had persisted at low levels since its initial detection in 2023, whereas the previously dominant 103 

C.5.1 subclade and other C.5 descendants, C.5.6 and C.5.7, were detected at unexpectedly low 104 

frequencies, motivating investigation into the molecular basis of C.3.1 emergence. C.3.1/re is 105 

defined by putative reassortment with C.5.1 and a HA1:D197N reversion that restores a 106 

glycosylation motif within the 190-helix, together with a secondary HA1:P208S substitution. It is 107 

hypothesized that the 197 glycan may alter epitope accessibility and reduce susceptibility to 108 

vaccine-induced neutralizing antibodies. To investigate this, genomic surveillance, phylogenetic 109 

reconstruction, infectious IBV clones and serology were integrated to characterize the 110 

evolutionary origins and antigenic properties of C.3.1. These data indicate that the reversion of 111 

glycosylation at HA residue 197 is associated with reduced neutralization by vaccine-induced 112 

sera, consistent with a potential contribution to antigenic drift. 113 

RESULTS 114 

Replacement of the Influenza B virus subclade C.5.1 with C.3.1 in the 2024-25 season 115 

Within the Johns Hopkins Hospital System (JHHS), 15% (894/5365) of influenza-positive 116 

patients were infected with influenza B virus (IBV) in the 2024-25 season (Table S1). IBV cases 117 

rose sharply from 65 total cases in February to 372 and 400 cases in March and April 118 

respectively (Fig. 1A and  Table S1). A subset of IBV+ specimens were subject to whole 119 

genome sequencing and 58.5% belonged to the C.3 subclade (Fig. 1B, Table 1). Subclade 120 

C.5.6 was detected at 22.3% and the formerly dominant 2023-24 subclade C.5.1 at 11.5% 121 

(Table 1). C.5.7 and the parental C.5 subclades were detected in comparatively low abundance 122 

at 3.8% and 3.1%, respectively. Nationally, the percentage of C.3 infections was much lower 123 

than what was observed in the state of Maryland (18.3 versus 58.5%, Table 1). 124 

 125 

2024–25 C.3 strains infect a younger population compared to C.5 subclade lineages but 126 

do not impact clinical symptoms or outcomes 127 

To assess whether C.3.1 infections cause more severe disease than C.5 lineages, 128 

Demographic, co-morbidity, disease severity and disease outcome data was aggregated for 129 
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IBV-infected patients presenting to clinics in the Johns Hopkins Hospital System in Baltimore, 130 

MD. 123 patients with complete influenza B genome sequences were considered (Fig. S1) and 131 

10 genomes were excluded due to ≤98% coverage across all eight segments to ensure full IBV 132 

genomic coverage. This subset (n=113) was used to compare clinical and demographic 133 

characteristics between infections caused by C.3 (n = 67) and C.5.X subclades (C.5.1, C.5.6, 134 

and C.5.7; n = 46). The median age of patients infected with C.3 viruses was 8 years, 135 

significantly younger than those infected with C.5.X viruses (median 13 years) (Fig. 1C-D). 136 

Notably, 40.3% of C.3-infected individuals were between 6–11 years of age, compared to only 137 

17.4% in the C.5.X group (Fig. 1C-D; Table S2). Disease severity and clinical outcome between 138 

C.3.1 and C.5.X were similar and beyond age, no demographic factors were significantly 139 

different infected individuals (Table S2).  140 

 141 

2024-25 C.3 strains encode a HA1:D197N introducing an additional N-linked glycosylation 142 

motif, and encode NA:E186R and NA:V395I mutations  143 

HA segment sequence alignments revealed that all the 2024-25 strain belonging to the C.3 144 

subclade contained an additional N-linked glycosylation (NLG) motif (N-X-S/T) due to a D197N 145 

substitution which is absent in the vaccine strain (B/Austria/1359417/2024) and circulating C.5.X 146 

subclades (Fig. 1E -F).  In July, 2025 C.3 viruses encoding two reversion mutations, D197N and 147 

P208S, were assigned the C.3.1 clade28.  Structural mapping of residue 197 onto the Influenza 148 

B virus hemagglutinin (PDB: 4FQM) revealed the site directly overlaps with the receptor binding 149 

site (RBS) and the 190-helix—critical regions for receptor attachment and neutralizing antibody 150 

recognition (Fig. 1G). 151 

To assess whether the 2024–25 C.3 viruses acquire an additional N-linked glycan due to the 152 

HA1:D197N substitution, HA glycosylation was analyzed by western blot with and without 153 

PNGaseF treatment. In untreated samples, the C.3.1/re HA exhibited a higher molecular weight 154 

(~80 kDa) compared with C.3 and C.5.1 HAs, consistent with the presence of an additional 155 

glycan (Fig. S2). Following PNGaseF digestion, which removes N-linked glycans, all HA bands 156 

collapsed to a similar lower molecular weight (~60 kDa), confirming that the observed size shift 157 

was attributable to differential N-linked glycosylation rather than amino acid substitutions alone 158 

(Fig. S2). These results verify that C.3.1/re viruses encode an additional N-linked glycan at 159 

HA1:N197, introduced by the  D197N mutation.  160 
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All C.3 genomes encode a V395I and a K186R substitution (Fig. 1H) in the NA gene that only 161 

appear together sporadically in IBV sequences until late 2024/early 2025 (Fig. 1I). The V395I 162 

mutation is located on the solvent-exposed 380-helix—a known antigenic site accessible to 163 

antibodies while K186R is proximal to the  NA enzymatic active site and has been previously 164 

associated with reduced oseltamivir susceptibility when present in combination with 262T (Fig. 165 

1J)29,30.  166 

C.3.1 subclade viruses in 2024-25 acquired 4 gene segments from C.5 lineages deemed 167 

C.3.1/re  168 

Time-resolved maximum likelihood phylogenies were generated using complete genome 169 

sequences from the JHHS in combination with all available complete IBV genomes deposited to 170 

GISAID. To obtain finer resolution of parental ancestry among gene segments, the dataset was 171 

enriched during down sampling to include all C.3, C.3.1, and C.3.2 clade viruses deposited to 172 

GISAID between October 2020 and March 2026.  173 

 174 

Concatenated genome phylogenies are sensitive visual approaches to reassortment detection 175 

through feature and topological incongruence, as segments inherited from disparate parental 176 

lineages can appear as long, or conflicting branching patterns compared to gene segments31. 177 

Concatenated genome phylogenies annotated by HA clade designation revealed that 2024–25 178 

C.3.1 viruses originating from JHHS (n = 68) formed a highly divergent, monophyletic clade with 179 

a distinct ancestry from previously circulating parental C.3 viruses (Fig. 2A). The C.3.1 lineage 180 

was not directly connected to the parental C.3 clade in the phylogeny, suggesting a non-clock-181 

like evolutionary rate or an unsampled intermediate ancestor.  182 

To determine the putative ancestry of individual genome segments, gene trees were constructed 183 

for all eight segments. In the HA phylogeny, 2024–25 C.3.1/re reassortant viruses formed a 184 

monophyletic clade directly linked to historical C.3 viruses, consistent with HA segment 185 

inheritance from C.3 (Fig. 2B). In contrast, the NA phylogeny revealed that these same C.3.1/re 186 

viruses clustered exclusively with C.5.1 sequences (Fig. 2C), indicating that all C.3.1/re viruses 187 

acquired their NA segment from a C.5.1 lineage.  188 

To assess C.3.1/re ancestry of the internal segments, tanglegrams were constructed where the 189 

tree tips were colored by HA subclade identity and connected by lines to their position in each of 190 

the HA-NA-PB2-PB1-PA-NP-MP-NS phylogenies (Fig. 2D). Topological incongruence was 191 

identified in NA, PA, NP and NS segments where C.3.1 viruses shared direct ancestry with the 192 
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C.5.1 lineage (Fig. 2D and Fig. S3). The precise ancestral clade determination for the NS 193 

segment is less clear due to limited genetic differences across C.5, C.5.7 and C.5.1 (Figs S3-194 

S4). A graphical summary of C.3.1/re genome composition is shown in Fig. 2E, indicating 195 

C.3.1/re as a 4:4 reassortant virus with 4 segments originating from a C.3.1 ancestor (PB2, 196 

PB1, HA, M) and 4 segments likely originating from a C.5.1 ancestor (PA, NP, NA, and NS 197 

 198 

2024-25 C.3.1/re strains are antigenically drifted from circulating C.5.1 and the 2024-25 199 

vaccine strain  200 

To assess where baseline or post vaccination serum antibody titers recognize C.3.1/re, serum 201 

neutralization assays using clinically isolated infectious viruses were performed  against the 202 

2024–25 vaccine strain (B/Austria/1359417/2024; subclade C), a parental C.3 virus from the 203 

2022-23 season (B/Baltimore/JH-898/2023), a C.5.1 virus from the 2023–24 season 204 

(B/Baltimore/JH-547/2024), and a representative C.3.1/re virus from 2024–25 (B/Baltimore/JH-205 

1192/2025) at the time of vaccination (day 0) and 28 days post-vaccination ( Table S3-S4). A 206 

cohort of 50 individuals from the 2024-25 Johns Hopkins Center of Excellence for Influenza 207 

Research and Response (JH-CEIRR) Vaccine Cohort (Table 2) was used to assess population 208 

immunity. Baseline (Day 0) neutralizing antibody titers quantified by NT50 were similar amongst 209 

the homologous vaccine, C.3, and C.5.1 strains (Fig. 3A). However, NT50 titers against C.3.1/re 210 

were significantly lower compared to the vaccine and parentals with 84% of individuals (42/50) 211 

having no detectable neutralizing antibodies. Following vaccination, NT50 titers were markedly 212 

lower to C.3.1 with 78% of individuals (38/50) with geometric mean titers below the limit of 213 

detection (Fig. 3B and Table 2). Seroconversion rates (≥4-fold NT50 increase) to the vaccine, 214 

C.3 and C.5.1 parental strains were similar at 38%, 42%, 36%, respectively. However, only one 215 

individual (2%) seroconverted to C.3.1/re following vaccination (Fig. 3C). An area under the 216 

curve analysis was used to assess fold change between baseline and vaccine geometric mean 217 

titers. The mean increase in neutralization AUC titer after vaccination rose 1.2 fold for C.3.1/re 218 

(Fig. 3D) while titers increased nearly 8-fold for the vaccine and 6.2-fold for the C.5.1 strain and 219 

7.7 for the C.3 strain. C.3.1/re AUC titers were significantly different by birthyear with the highest 220 

titers in those born between 1960 and 1970 (Fig. 3E and Fig. S5).  These results indicate the 221 

C.3.1/re viruses can evade preexisting population immunity as well as vaccine induced 222 

immunity. 223 

 224 

Removal of the N-linked glycosylation motif at HA residue 197 restores neutralizing 225 

activity of vaccine sera to C.3.1/re 226 
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One of the C.3.1/re clade defining mutations, D197N, is considered a potential contributor to 227 

antigenic drift as it may shield a wide footprint of 190-helix neutralizing antibodies. To 228 

investigate this, we generated an infectious clone of C.3.1/re mutating the asparagine at residue 229 

197 to the parental aspartic acid thus removing the putative NLG motif spanning residues 197-230 

199 (NET to DET). This virus is referred to as rg-C.3.1/re:N197D where rg = reverse genetics. 231 

Using the same vaccination sera to assess clinical isolates, we observed restoration of 232 

neutralizing antibody titers to rg-C.3.1/re:N197D with NT50 GMT values comparable to the 233 

Vaccine, C.3 and C.5.1 (Fig. 3A-3B). Baseline and post vaccination titers were observed to be 234 

significantly higher than the C.3.1/re clinical isolate. Furthermore, seroconversion rates and 235 

AUC fold-change were significantly boosted to those like C.5.1, 36% and x6.5, respectively (Fig. 236 

3C-D). This suggests that in our cohort, neutralizing antibodies both at baseline and post 237 

vaccination with B/Austria/13594172021, were focused near or around the site 197 (190 helix).  238 

When baseline and postvaccination titers were analyzed with respect to birth year, there was a 239 

significant association of older age with neutralization of C.3.1/re, indicating that individuals born 240 

after 1970 were more likely to lack neutralizing activity (Fig. 3E). 241 

 242 

C.3.1/re viruses encode a C.5.1 NA with lower sialidase activity compared to the parental 243 

C.5.1 but remain sensitive to oseltamivir  244 

To determine whether the C.3.1/re NA acquired via reassortment with a C.5.1 parent has 245 

altered sialidase activity, NA activity and oseltamivir sensitivity was compared among 246 

representative C.3.1/re and C.5.1 isolates (Fig. 3F-G). The C.3.1/re virus displayed reduced 247 

total NA activity per unit of infectious virus compared to its C.5.1 parent (Fig. 3F). Relative 248 

reduction in luciferase activity was quantified by normalizing luciferase readouts such that no 249 

oseltamivir (i.e., infectious virus alone) represented 0% inhibition of NA activity (NAI), and no 250 

virus (i.e., assay buffer alone) represented 100% inhibition of NA activity. Representative 251 

C.3.1/re and C.5.1 viruses showed similar IC50, IC80 and IC90 concentrations. These data show 252 

that while the C.3.1/re NA has slightly reduced sialidase activity relative to parental C.5.1 NA 253 

(Fig. 3F), both viruses show comparable sensitivity to oseltamivir (Fig. 3G).  254 

 255 

C.3.1/re persists in the United States with few detectable cases globally 256 

To generalize relative C.3.1/re subclade abundance amongst global regions, all available IBV 257 

HA sequences from GISAID between October 2020 and March 18, 2026 were assigned HA 258 

clade designations and the relative proportions of all subclades were quantified by global region: 259 
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North America, South America, West Asia, South Asia, East Asia, Korea/Kapan, Africa, Europe 260 

and Oceania (Fig. 4).   261 

Throughout the late 2024-25 season, C.3.1/re was only detected in the North America (Fig. 4), 262 

primarily in the eastern United States. Towards the end of the 2024-25 season, C.3.1/re 263 

genomes originating from Japan (representative B/TOKYO/EIS-13-175/2025) were reported 264 

(Fig. 4; Fig. S5). In the 2025-26 season, C.3.1 displaced C.5.1 in North America and has been 265 

detected in South America, Europe, Japan and Korea. Most C.3.1/re sequences originate from 266 

North America while C.3.1/re appears to be a minor subclade globally As of March 18, 2026, 267 

global genomic surveillance data indicate that C.3.1/re viruses were most prevalent in the 268 

United States, where they represent the majority of recent IBV detections (Fig. 3). Although all 269 

IBV subclades appear globally in varying magnitude, the C.5.1 subclade is disproportionately 270 

represented in Western regions, whereas the C.5.6 and C.5.7 lineages are more prevalent in 271 

Eastern regions (Fig. 4).  272 

Additional C.3 reassortments with C.5 lineages is concurrent with a HA:D197N reversion 273 

As of March 18, 2026, the IBV C.3 lineage consists of the following clade designations: C.3, 274 

C.3.1 and C.3.2. Following the emergence of the C.3.1/re reassortment event, 2 additional 275 

reassortment events where a C.3 HA segment is retained in a C.5-lineage backgrounds (Fig. 276 

5A-B). The first noted event, classified here as C.3/re, encodes a C.3 HA with D197N and 277 

shares direct ancestry with C.5.6 while encoding internal segments from either C.5 or C.5.7 278 

parental viruses (Fig. 5A-B). The C.3/re reassortment event was first detected in Japan in the 279 

2025-26 season and has continued to increase in detection frequency. Putative ancestry for 280 

non-HA segments was resolved by constructing HA tanglegrams connecting taxa in the 281 

corresponding NA-PB2-PB1-PA-NP-MP-NS phylogenies (Fig. 5B). The ancestry of non-HA 282 

segments in C3/re maps to a putative (C.5.6)-(C.5.6)-(C.5)-(C.5)-(C.5)-(C.5.7)-(unknown), (NA-283 

PB2-PB1-PA-NP-MP-NS), constellation where the NS segment clusters tightly with a clade 284 

populated with C.5, C.5.1, and C.5.7 HA-assigned taxa (Fig. 5B). A second and minor 285 

reassortment event, named C.3/re.1, was detected in the United States in the 2025-26 season 286 

(Fig. 5A and B). C.3/re.1 encodes a C.3 HA with the D197N and is a putative C.3 and C.5 287 

reassortment with a genome constellation of (C.5)-(C.5)-(C.5)-(C.5)-(C.3)-(C.5)-(C.3), (NA-PB2-288 

PB1-PA-NP-MP-NS).Both reassortment events donate a C.3 HA segment encoding a D197N 289 

and therefore a NLG motif.  290 
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DISCUSSION 291 

Genomic surveillance of seasonal influenza viruses remains essential for epidemic 292 

preparedness and vaccine strain selection. During the 2024–25 influenza season, the C.3.1 293 

subclade displaced the previously dominant C.5.1 lineage in Baltimore, MD. Notably, the 294 

reassorted C.3.1/re virus disproportionately infected younger individuals (median age 8 years), 295 

with 40.3% of cases occurring in children aged 6–11 years. This age distribution is consistent 296 

with the broader epidemiology of B/Victoria viruses, which are known to preferentially infect 297 

pediatric populations, but such skewing has not been well described between B/Victoria 298 

subclades 32,33. The known epidemiological tendency of pediatric infection combined with an 299 

antigenically naïve population may explain the differences in age see between C.3.1/re and 300 

C.5.X in the 2024-25 JHHS season. However, our neutralizing antibody data with an adult 301 

population would indicate a broad C.3.1/re susceptibility across age groups. Despite likely prior 302 

exposure to B/Victoria viruses, most adults in our cohort had no detectable neutralizing antibody 303 

titers against C.3.1/re either before or after vaccination. This indicates that C.3.1/re effectively 304 

escaped both preexisting and vaccine-induced immunity, even in an ostensibly experienced 305 

adult population. One contributing factor may be immune imprinting toward epitopes present in 306 

recently circulating or vaccine-matched strains, particularly those lacking glycosylation at HA 307 

site 197. The absence of serum neutralization against C.3.1/re, contrasted with preserved 308 

responses to C.5.1, supports the idea that antigenic drift—rather than age alone—underlies the 309 

observed susceptibility patterns. The glycosylation at HA position 197 in C.3.1/re likely masks 310 

immunodominant epitopes that were exposed in B/Austria/2021-like viruses, thereby 311 

undermining both infection- and vaccine-induced immunity. Further investigation as to the 312 

potential immuno-focusing consequences of repeated vaccination and exposure to IBVs which 313 

lack the 197 NLG is warranted 34.  314 

The addition of an N-linked glycan in the hemagglutinin (HA) receptor binding site (RBS) is a 315 

well-known determinant of epitope masking in Influenza A and B viruses 5,21.  Antigenic changes 316 

driven by a gain or loss of glycosylation at IBV HA reside 197 have been documented previously 317 

and are a known egg adaptation mechanism for IBV vaccine strains 26. Historically, B/Victoria 318 

lineage viruses retained glycosylation at this site until the emergence of B/Austria/2021-like 319 

viruses, which lost this modification 34–39 . The loss of glycan resulting from egg-adaption of IBV 320 

vaccine strains  leads to the production of antibodies with poor recognition of circulating, 321 

glycosylated IBV strains 27,40. Consistent with prior studies, we find that the presence of this 322 
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glycan substantially reduces neutralizing antibody recognition, while its removal restores 323 

neutralizing antibody titers. 324 

Intra-subtype reassortment between human influenza viruses has been previously observed to 325 

increase disease severity while further diversifying the repertoire of influenza gene segment 326 

combinations 31,41. Phylogenetic analyses revealed that C.3.1/re viruses acquired multiple 327 

internal gene segments from co-circulating C.5.1 viruses, including the C.5.1 NA segment which 328 

carries a surface-facing V395I mutation within the 380 helix antigenic site that may confer 329 

escape from some NA binding antibodies 42. The significance of reassortment on IBV fitness is 330 

clear, but not explored well mechanistically 17,18.   331 

 332 

IBV is known to have slow global migration with epidemic models supporting differences in age 333 

of infection as a likely driver of regional persistence and differences in patterns of global 334 

circulation 4,19. To our knowledge, the C.3.1/re subclade—corresponding to the C.3.1 HA 335 

designation—was first detected in North America. Our analyses do not indicate that C.3.1/re 336 

viruses have gained a competitive advantage over C.5 lineages in the Southern Hemisphere; 337 

C.3.1/re detections remain rare or absent in available surveillance data.  However, the gain of 338 

an HA 197 glycosylation site and intraclade reassortment has occurred independently at least 339 

three times, suggesting some mechanistic advantage of both to IBV fitness and circulation.  340 

 341 

The emergence of C.3.1/re occurred after IBV vaccine strain selections were made for the 342 

2025-26 Northern Hemisphere influenza vaccine and therefore, it was not available to be 343 

considered as a vaccine strain candidate 37. This highlights the need to shorten the time 344 

between influenza vaccine strain selection and the initiation of the fall seasonal influenza 345 

vaccine campaign to fully identify and characterize late season virus variants and allow them to 346 

be considered as vaccine candidates. The implementation of mRNA vaccine platforms could 347 

enable rapid updates against mismatched strains detected after the annual February and 348 

September WHO vaccine selection meetings. This approach could improve strain concordance 349 

and reduce infections, hospitalization and deaths 43.   350 

 351 

The 2024–25 Northern Hemisphere IBV vaccine component was subclade C 352 

B/Austria/1359417/2024 (V1A.3a.2), used since 2022. Interim VE, largely against early-season 353 

C.5.X viruses, was 58% in Europe but could not be estimated in the U.S. due to limited cases 354 
44,45. IBV comprised 17.2% of positives (week ending in Jun 28, 2025) 46. Egg-adapted ferret 355 
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antisera recognized 96.6% of isolates by HI, mainly C.5.X 47. Our results would predict that 356 

overall, VE against IBV will drop towards the end of the 2024-25 influenza season with the 357 

emergence of C.3.1/re with a similar drop in the 2025-26 season.  358 

For the upcoming 2026-27 Northern Hemisphere season, the selected IBV vaccine egg 359 

component lacks a putative NLG as reported by the WHO (B/Tokyo/EIS13-175/2025-E3/SpE1; 360 

EPI_ISL_20373028) which is likely to induce neutralizing antibodies that are blocked by C.3.1 361 

HA containing viruses that have the D197N NLG.  362 

 363 

 364 

This study has several limitations. First, our genomic dataset reflects sequencing efforts in a 365 

single hospital system and may not fully capture community transmission dynamics. Broader 366 

population-based surveillance was limited, and global representation in publicly available 367 

databases such as GISAID remains uneven, potentially obscuring the true geographic 368 

distribution of C.3.1/re viruses. Not all IBV positive cases underwent whole-genome sequencing, 369 

and thus clade assignments were available for only a subset of patients. Furthermore, time-370 

scaled phylogenies relied on maximum likelihood methods rather than Bayesian inference, 371 

which may underestimate uncertainty in time to the most recent common ancestor (tMRCA) 372 

estimates and geographic movement.  373 

 374 

MATERIALS AND METHODS 375 

 376 

Ethical considerations and human subject approval 377 

The Johns Hopkins Institutional Review Board has approved this work. The research was 378 

performed under protocols IRB00091667 and IRB00331396. Genomes are available in the 379 

Global Initiative on Sharing All Influenza Data (GISAID) database. Accession numbers available 380 

in DOI XXX. Serologic samples for this study were obtained from healthcare workers (HCWs) 381 

recruited from the Johns Hopkins Centers for Influenza Research and Response (JH-CEIRR) 382 

during the annual Johns Hopkins Health System employee influenza vaccination campaign in 383 

the Fall of 2024. Serum was collected from subjects at the time of vaccination and 384 

approximately 28 days later. Virus was isolated for this study from deidentified IBV positive 385 

nasal swabs under the JHU School of Medicine Institutional Review Board approved protocol, 386 

IRB00288258. 387 

Acute infection study population 388 
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Standard-of-care diagnostic influenza testing was conducted at the JHHS. Detection of 389 

influenza virus was performed with either the Cepheid Xpert Xpress SARS-CoV-390 

2/Flu/respiratory syncytial virus test (Sunnyvale, CA, USA) or the ePlex RP/RP2 respiratory 391 

panels (Roche Diagnostics, Indianapolis, IN, USA). The Xpert Xpress assay targets the matrix 392 

the M and NS segments for IBV. Clinical samples were collected between December 2024 and 393 

April 2025, and corresponding clinical and demographic metadata were extracted in bulk 394 

through JHHS electronic medical charts. 395 

 396 

Nucleic Acid Extraction and Whole Genome Amplification from clinical specimens 397 

Nucleic acid was extracted using the Chemagic Viral RNA/DNA Kit following the manufacturer’s 398 

instructions (Revvity, Waltham, MA, USA). The whole genomes of IBV were amplified using 399 

Invitrogen Supercript III (Waltham, MA, USA) and universal IBV primer cocktail.49 Library 400 

preparation was performed with NEBNext Artic SARS-CoV-2 Companion Kit (New England 401 

Biolabs, Ipswich, MA, USA), and sequencing was performed following manufacturer’s 402 

instructions, using R10.4.1 flow cells on a GridION (Oxford Nanopore Technologies, Oxford, 403 

UK).   404 

 405 

Influenza Genome Assembly  406 

Fastq files were demultiplexed using the artic_guppyplex tool (Artic version 1.2.2). Nucleotide 407 

sequence assembly was performed using the default settings of the FLU module of the Iterative 408 

Refinement Meta-Assembler (IRMA version 1.0.2) which include a minimum average quality 409 

score of 24 and a site depth of 100. The alignment of genomes and reference sequences, 410 

downloaded from GISAID, was performed using the built-in alignment tool in Nextclade. 411 

Quality control scores for sequences were assigned using the built-in pipeline available in 412 

Nextclade. Sequences with overall quality scores of 30 and above were excluded from 413 

sequence analysis. 414 

 415 

Cell Culture and media 416 

Madin-Darby canine kidney (MDCK) cells (provided by Dr. Robert A. Lamb, Northwestern 417 

University), MDCK-SIAT-1 cells (provided by Dr. Scott Hensley, University of Pennsylvania) and 418 

MDCK-SIAT-1-TMPRSSII cells (provided by Dr. Jesse Bloom, Fred Hutchinson Cancer Center) 419 

were maintained in complete medium (CM) consisting of Dulbecco’s Modified Eagle Medium 420 

(DMEM) supplemented with 10% fetal bovine serum, 100 units/mL penicillin/streptomycin (Life 421 

Technologies) and 2 mM Glutamax (Gibco) at 37 °C and 5% CO2. Human nasal epithelial cells 422 
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(hNEC) (PromoCell) were cultivated as previously described 6. Infection media consisted of 0.3% 423 

bovine serum albumin,100 units/mL penicillin/streptomycin (Life Technologies), 2 mM Glutamax 424 

(Gibco) and 2.5 µg.mL of N-acetylated trypsin (NAT) from bovine pancreas (Sigma) for MDCK-425 

SIAT-1 infections only (not MDCK-SAIT1-TMPRSS2 or Human Nasal Epithelial cell infections).  426 

Virus Isolation on Human Nasal Epithelial cells (hNECs) and MDCK-SIAT-1-TMPRSSII 427 

cells 428 

Nasopharyngeal swabs or nasal washes from influenza B–positive individuals were used for 429 

virus isolation on MDCK-SIAT-1-TMPRSSII cells or primary human nasal epithelial cell (hNEC) 430 

cultures as previously described 6,10. MDCK-SIAT-1-TMPRSSII cells were maintained CM. For 431 

isolation, specimens were inoculated onto cells, washed, and incubated at 33°C in IM lacking 432 

NAT. Supernatants were harvested, and infectious titers were quantified by TCID50 and were 433 

expanded to generate seed stocks. 434 

 435 

Virus plasmid cloning and recombinant virus generation of eg-C.3.1/re:N197D 436 

An eight-plasmid reverse genetics system (pDP2002)50,51 was used to rescue recombinant 437 

viruses corresponding to B/Baltimore/JH-1192/2025 (C.3.1/re). To evaluate the contribution of 438 

HA residue 197 glycosylation to antigenicity, the HA plasmid was site-directed mutagenized to 439 

convert N197 to D (NET→DET), thereby removing the N-linked glycosylation motif at residues 440 

197–199. All plasmids and rescued viruses were sequence-verified across the coding regions of 441 

the modified segment(s). Detailed procedures for cloning and site directed mutagenesis are in 442 

the supplemental methods.  443 

 444 

Virus Stock Preparation 445 

MDCK, MDCK-SIAT-1, and MDCK-SIAT-1-TMPRSSII cells were maintained in CM at 37 °C and 446 

5% CO2. Primary human nasal epithelial cells (hNECs; PromoCell) were cultured as previously 447 

described 6. Influenza B viruses were isolated from IBV-positive nasopharyngeal swabs or nasal 448 

washes using MDCK-SIAT-1-TMPRSSII cells or hNEC cultures (see supplemental methods). 449 

Infectious titers were quantified by TCID50 on MDCK-SIAT-1 cells (Reed–Muench).  450 

 451 

Tissue Culture Infectious Dose 50 (TCID50) Assay 452 

MDCK-SIAT-1 cells were seeded in a 96-well plate 2 days before assay and grown to 100% 453 

confluence. Cells were washed twice with PBS+ then 180 µL of was added to each well. Ten-454 

fold serial dilutions of virus from 10−1 to 10−7 were created and then 20 µL of the virus dilution 455 
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was added to the MDCK-SIAT-1 cells. Cells were incubated for 6 days at 33 °C then fixed with 456 

2% formaldehyde. After fixing, cells were stained with Naphthol Blue Black, washed and virus 457 

titer was calculated using the Reed and Muench method. 458 

 459 

Validating hemagglutinin N-linked glycosylation motifs by PNGAseF treatment and 460 

western blot 461 

To confirm glycosylation differences associated with HA residue 197, MDCK-SIAT-1 cells were 462 

infected (MOI 1) and lysates were analyzed by SDS-PAGE and immunoblot with an anti–463 

influenza B HA monoclonal antibody Thermo Fisher MA5-29901 (see supplemental methods). 464 

Paired lysates were treated ± PNGase F prior to electrophoresis to distinguish glycosylation-465 

dependent mobility shifts.  466 

Serum Neutralization Assay (NT50) 467 

Day 0 and day 28 serum samples from JH-CEIRR participants were treated with receptor-468 

destroying enzyme (Denka-Seiken), heat inactivated and serially diluted two-fold. Diluted sera 469 

were incubated with 100 TCID50 of infectious virus and then used to infect confluent MDCK-470 

SIAT-1 cells. Following a 1 hour, incubation serum+virus was replaced with IM containing N-471 

acetyl trypsin (2.5 µg/mL) and incubated for 6 days before they were fixed and stained as 472 

previously described 14. Neutralization titers (NT50) were defined as the highest serum dilution 473 

associated with ≥50% reduction in cytopathic effect.  474 

 475 

Assessment of NA activity and oseltamivir sensitivity 476 

Relative neuraminidase (NA) activity and oseltamivir susceptibility were assessed using the NA-477 

Star–based Influenza Neuraminidase Inhibitor Resistance Detection Kit (Thermo Fisher) 478 

according to the manufacturer’s protocol. Virus input was normalized by NA-Star per infectious 479 

unit (TCID50). Oseltamivir carboxylate (MedChemExpress) was serially diluted and incubated 480 

with virus prior to NA-Star substrate addition. Percent NA inhibition was calculated by 481 

normalizing luminescence to virus-only (0% inhibition) and no-virus (100% inhibition) controls. 482 

IC50 values were estimated by nonlinear regression in GraphPad Prism.  483 

 484 

Influenza B clade and genotype definitions  485 

Influenza B viruses were classified using algorithmic clade proposals for the HA segment 486 

implemented into Nextclade (last accessed March 18, 2026).52–54 As of March 18, 2026, the 487 

recognized C.3 subclades and their clade defining amino acid mutations include C.3 (128K, 488 
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154E), C.3.1 (197N, 208S), and C.3.2 (197N, 208P) available at: https://github.com/influenza-489 

clade-nomenclature/seasonal_B-Vic_HA/tree/main/subclades.  490 

 491 

Influenza B Reassortment Nomenclature 492 

Reassortment was inferred by comparing phylogenies of all eight influenza B virus genome 493 

segments. Viruses were classified as reassortants when segment trees were incongruent, 494 

specifically when the HA clustered within the C.3/C.3.1 clade while one or more non-HA 495 

segments clustered within the C.5 lineage. Reassortant genotypes were labeled using the 496 

format “<HA clade>/re[.X]”, where “/re” denotes reassortment and an optional numeric suffix 497 

distinguishes independent reassortment events within the same HA clade; designations were 498 

updated as HA clade definitions were refined. Complete rationale is available in the 499 

supplemental methods.  500 

 501 

Protein Structure modeling  502 

Mutations in Influenza B Hemagglutinin (PDB 4FQM) and Neuraminidase (PDB 4CPL) were 503 

visualized using Protein Imager55 .  504 

 505 

Phylogenetic Reconstruction of C.3.1/re ancestry using Maximum Likelihood 506 

 507 

19,689 Influenza B genomes were access from GISAID filtered by original passage and 508 

collection date between October 2020 and August 22, 2025. 3836 whole genomes were down 509 

sampled by collection week and country implement in augur filter (see 01_ingest.qmd) 56. 510 

Concatenated genome- and gene-level phylogenetics (totaling to 9) were constructed using IQ-511 

Tree2 available in the augur tree module 23,24 and resulting branches were refined using 512 

treetime56,58. (Fig. S3). Nextclade was used to call clade and subclade designations (last 513 

accessed March 18th, 2026) sequence quality metrics, and putative glycosylation sites53 514 

 515 

Statistical analyses 516 

Statistical analyses were performed in R (4.3.2) using Tidyplots 59 or Graphpad Prism (10.4.2) 517 

and described in figure legends Time to the most recent common ancestor estimates and 518 

confidence intervals were performed using baltic17.  519 

 520 

 521 

Data availability 522 
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 523 

Genomes queried from the Global Initiative on Sharing All Influenza Data used in this study are 524 

available at https://doi.org/10.55876/gis8.260402we (EPI_SET_260402we). Genomes 525 

generated in from the Johns Hopkins Hospital Network used in this study are available at: 526 

https://doi.org/10.55876/gis8.260511na (EPI_SET_260511na) 527 

 528 

All scripts generated in this publication are available 529 

athttps://github.com/elginakin/influenzab_c.3. Interactive gene and genome-level phylogenies 530 

Nine genome- and gene-level phylogenies are publicly accessible through Nextstrain Groups at 531 

https://nextstrain.org/groups/PekoszLab-Public/akine/ibvc3/vic/genome. All datasets used 532 

and/or analyzed during the current study are available through the Johns Hopkins Research 533 

Data Repository at [TODO: INSERT DOI WHEN RELEASED].  534 

 535 
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Figure 1. Emergence of Influenza B/Victoria/16/1987-like C.3.1 subclade, acquisition of a novel glycosylation site, 
and age-related infection bias. (A) Weekly clinical case counts of influenza A (black) and B (red) reported from 
November 2024 to April 2025. (B) Longitudinal distribution of IBV B/Victoria HA subclades (colored by clade) based on 
sequencing data.  (C) Kernel density estimate of patient age for sequences classified as C.3 (blue) or C.5.X (gray). Tick 
marks below each curve indicate individual ages. (D) Boxplot comparison of age distribution for C.3 versus all C.5-
lineages (C.5.X) (Wilcoxon test, p = 0.024). (E) Sequence alignment of HA (residues 197–199) protein motifs across the 
vaccine strain, parental C.5.1, C.3 and 2024-25 C.3 (B/Brisbane/08/2008 numbering). (F) The 2024–25 C.3 subclade 
acquired an N-linked glycosylation site with a 197N mutation, whereas C.5.1 retained the 197E motif. (G) Structural 
mapping of the D197N substitution onto the HA trimer (PDB: 4FMQ).  Influenza B HA Antigenic sites are annotated. (H) 
NA sequence alignments reveal substitutions V395I and K186R. (I) the penetrance of mutations at positions 395 and 186 
in the population over time. (J) NA structures showing the position of the V395I substitution in the 380-helix antigenic site 
and the K186R on the basal side of the NA enzymatic active site.  
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Figure 2 –2024-25 C.3 subclade viruses are 4:4 reassortment progeny with NA and internal segments derived 
from C.5.1 defined as C.3.1/re.  

(A)  C.3-enriched maximum-likelihood phylogeny of concatenated genomes or HA (B) or NA (C) gene trees with tips 
colored by subclade. Major subclades (C.3, C.3.1, C.3.2, C.5, C.5.1, C.5.6, C.5.7, and C) are annotated by color and the 
2024-25 vaccine strain tip (B/Austria/1359417/2021) is annotated by shape (X). Branch lengths were refined to inferred 
coalescent events using collection (reference strains) or sequencing date (JHH isolates) using augur refine. Tree tips 
belonging to C.3 in the concatenated (A) or NA (C) gene trees belong to separate reassortment events discussed in 
Figure 5. (D) A tanglegram consisting of 8 gene trees for each IBV segment interleaved and colored by HA subclade 
identity reveal a 4:4 reassortment with NA, PA, and NP clustering with the C.5.1 clade of each gene tree. The C.3.1/re NS 
segment clusters in a diverged cluster containing strains with definitive C.5.1 and C.5.7 HA membership. Auspice JSONs 
were ingested and visualized using Baltic. (E) A cartoon schematic representing the C.3 to C.3.1 clade advance and 
inferred segment ancestry of C.3.1/re from each of the 8 gene trees in relation to the clinical specimen’s HA subclade 
membership. 
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Figure 3. The C.3re subclade is antigenically drifted compared to parental viruses and encodes a neuraminidase with lower sialidase activity 
per infectious unit. The Johns Hopkins CEIRR Network influenza vaccine cohort consisted of 50 individuals receiving the 2024-25 trivalent Northern 
Hemisphere influenza vaccine formulation. Serum neutralizing antibody titers (NT50 ) with mean and standard error plotted (A) at the time of vaccination 
(Day 0) and (B) 28 days post vaccination against the 2024-25 B/Victoria vaccine strain (B/Austria/1359417/2021 subclade C) and a representative 2024-
25 C.5.1 dominant parental (B/Baltimore/JH-547/2024 subclade C.5.1) or a representative 2024-25 C.3.1/re reassortment virus (B/Baltimore/JH-
1192/2025). Each point on the graph represents an individuals’ observed titer where circles denote Day 0 and triangles denote Day 28. The number of 
seronegative individuals over the total number of individuals analyzed are shown under the datapoints for each virus. (C) NT50 fold change for day 0 to 
day 28 was used to determine seroconversion which was defined as a NT50 ≥ 4. Individuals who seroconverted are shown as a fraction out of 50 
beneath each data group. The dotted line represents the limit of detection (LOD), defined as the lowest value considered to be NT50 positive at the 
starting dilution of 1/20. No neutralizing activity is graphed as one-half the LOD. (D) Area under the curve (AUC) was calculated and used to show 
changes in titers at day 0 and day 28 post vaccination with an LOD set to 2.5. AUC fold change is shown above pairings. The lines connect the same 
individual’s AUC titers between collection timepoints. The number of seronegative individuals over the total number of individuals analyzed are shown 
under the datapoints for each virus. Statistical analysis within or between non-transformed NT50 or AUC timepoint values was performed using paired 
Wilcoxon tests with Bonferroni correction post-hoc. Adjusted p-values are shown above significantly different comparisons. (E) Log10 AUC plotted 
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against birthyear for C.3.1/re. Each point represents a single participant AUC titer at baseline or 28-days post vaccination. Timepoint AUC values were fit 
against a non-linear model (loess). Kruskal-Wallis nonparametric test with Bonferroni’s correction for age analyses. F) Neuraminidase (NA) activity was 
measured via NA-Star assay across serial dilutions of viral seed stocks. Oseltamivir resistance (G) was evaluated using the NA-Star assay. The amount 
of virus used in each reaction corresponded to the dilution that produced approximately 10⁴ RLU. Each symbol represents the mean of eight biological 
replicates, and error bars denote standard deviation. Inhibitory concentrations (IC₅₀, IC₈₀, and IC₉₀) were derived from nonlinear regression curves fitted 
using a log(agonist) vs. normalized response model. 
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Figure 4. Global distribution of Influenza B subclades across two subsequent Northern Hemisphere Influenza 
seasons as of March 18, 2026. Bubble size represents relative sequence abundance of IBV hemagglutinin sequences 
deposited to GISAID between October 2020 and March 18, 2026. Colors represent the fraction of HA subclade 
abundance as assigned by Nextclade (see methods). The major circulating C.5 lineages and C.3 lineages are highlighted. 
Other minor circulating clades are colored grey with more detailed regional subclade abundance over time outlined in 
Supplemental Figure 1. Bubble placement is defined by region: North America, South America, Europe, Africa, West Asia, 
East Asia South Asia, Japan/Korea and Oceania.  
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Figure 5. Putative ancestries of 2 additional reassortment events denoted at C.3/re and C.3/re.1. (A) Genome-
identity schematics of the non-reassorted C.5.1 or C.3 parental genomes and corresponding C.3.1/re, C.3/re and C.3/re.1 
reassortment segment constellations with their corresponding genotype name if reassorted. Each parental virus or 
reassortment event is a corresponding shape and representative strain which corresponds to its location in each of the 8 
segment phylogenies (B). Gene-level phylogenies of all 8 segments were constructed and compared pairwise with the HA 
gene tree. Segments were assigned HA subclade ancestry based on the HA subclade assignment of their most recent 
common ancestor (MRCA) within each segment tree. We assigned tree tip colors by HA subclade identity. HA subclade 
identity was transferred from the HA tree to the same tip in each of the 7 remaining segment trees tree. Tree tips are 
colored by HA subclade identity and connected by lines corresponding to their placement in the annotated gene 
phylogeny. Phylogenies were visualized in Baltic and formatted in Figma 125.9.10 
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Table 1. 2024-25 Influenza B virus subclade sequence counts submitted by the Johns Hopkins Hospital System (JHHS) 
or uploaded to GISAID filtered to North American sequences.  

Subclade Global Johns Hopkins Hospital System (JHHS) North America - Excluding JHHS 

C.2 11 (0.5%) 0 (0%) 0 (0%) 

C.3 5 (0.2%) 0 (0%) 0 (0%) 

C.3.1 2 (0.1%) 75 (58.1%) 115 (20.5%) 

C.3.2 1 (0%) 1 (0.8%) 10 (1.8%) 

C.5 35 (1.7%) 4 (3.1%) 56 (10%) 

C.5.1 729 (36.3%) 15 (11.6%) 193 (34.3%) 

C.5.6 511 (25.4%) 27 (20.9%) 83 (14.8%) 

C.5.6.1 238 (11.8%) 2 (1.6%) 12 (2.1%) 

C.5.7 478 (23.8%) 5 (3.9%) 93 (16.5%) 

Data Source: JHHS and GISAID between 2024-10-01 to 2025-05-31 
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Table 2. 2024-25 JHJ-CEIRR Vaccine Cohort characteristics, demographics, and geometric mean titers for all 
assessments described. Per Internal Review Board (IRB) directive, categories representing less than 4 individuals in 
total are summarized as <4. For qualitative data and co-morbidities, Fisher’s exact test was used to generate p-values 
shown. For baseline and post-vaccination immunity readouts, adjusted p-values shown were calculated via Kruskal-Wallis 
nonparametric test with Bonferroni’s correction for age analyses, and Dunn’s test for multiple comparisons for sex 
analyses, both with Bonferroni’s corrections. Bolded p-values are significant (i.e., p < 0.05).  
 

 By sex By age group 
 Female Male Total p-value 18-44 45-55 56-70 Total p-value 

n (%) 25 (50.00) 25 (50.00) 50 (100.00)   24 (48.00) 12 (24.00) 14 (28.00) 50 (100.00)   
female, n (%) 25 (100.00) 0 (0.00) 25 (50.00)   10 (41.67) 9 (75.00) 6 (42.86) 25 (50.00)   

age in years, mean (SD) 44.44 
(13.86) 

44.44 
(14.12) 

44.44 
(13.85) 1 31.71 

(6.40) 
50.25 
(2.73) 

61.29 
(2.84) 

44.44 
(13.85) - 

BMI, mean (SD) 27.52 (5.75) 27.88 (5.61) 27.70 (5.63) 0.82 25.88 
(5.36) 

28.36 
(4.30) 

30.36 
(6.26) 27.70 (5.63) 0.06 

Vaccine History, n (%)                   
seasonal vaccine NH 2024-2025 25 (100.00) 25 (100.00) 50 (100.00) >0.99 24 (100.00) 12 (100.00) 14 (100.00) 50 (100.00) >0.99 
no seasonal vaccine NH 2023-2024 <4) <4 4 (8.00) 0.61 <4 <4 0 (0.00) 4 (8.00) 0.45 
no seasonal vaccine in any of previous 5 seasons 0 (0.00) <4 2 (4.00) 0.09 <4 0 (0.00) 0 (0.00) <4 0.28 
Baseline Neutralization Titer 50%, GMT (geom. SD)                   
Clade C - B/Austria/1359417/2021 50 (3.25) 53 (3.60) 51 (3.38) 0.859 60 (3.46) 32 (3.18) 59 (3.34) 51 (3.38) 0.440 
Clade C.5.1 - B/Baltimore/JH-547/2024 43 (3.79) 56 (3.89) 49 (3.81) 0.447 34 (2.91) 57 (5.82) 84 (3.42) 49 (3.81) 0.117 
Clade C.3.1/re - B/Baltimore/JH-1192/2025 11 (1.32) 13 (1.88) 12 (1.63) 0.092 10 (1.00) 13 (2.23) 14 (1.69) 12 (1.63) 0.005 
Clade C.3 - B/Baltimore/JH-898/2023 43 (3.79) 56 (3.89) 49 (3.81) 0.447 34 (2.91) 57 (5.82) 84 (3.42) 49 (3.81) 0.117 
rg-B/Baltimore/JH1192/2025:[N197D] 50 (3.14) 56 (3.66) 53 (3.36) 0.745 49 (3.21) 34 (4.02) 88 (2.75) 53 (3.36) 0.135 

Post-vaccination Neutralization Titer 50%, GMT (geom. 
SD)                   

Clade C - B/Austria/1359417/2021 169 (3.10) 156 (2.91) 162 (2.97) 0.803 165 (2.92) 135 (3.77) 186 (2.58) 162 (2.97) >0.99 
Clade C.5.1 - B/Baltimore/JH-547/2024 132 (2.86) 139 (4.06) 135 (3.41) 0.812 120 (3.06) 143 (4.11) 160 (3.68) 135 (3.41) >0.99 
Clade C.3.1/re - B/Baltimore/JH-1192/2025 11 (1.39) 16 (2.16) 13 (1.84) 0.073 11 (1.22) 14 (2.25) 18 (2.14) 13 (1.84) 0.025 
Clade C.3 - B/Baltimore/JH-898/2023 121 (2.83) 135 (2.95) 128 (2.86) 0.774 127 (2.30) 120 (3.81) 138 (3.29) 128 (2.86) >0.99 
rg-B/Baltimore/JH1192/2025:[N197D] 174 (2.57) 128 (3.47) 149 (3.02) 0.470 131 (2.86) 113 (3.69) 238 (2.54) 149 (3.02) 0.290 

Baseline AUC, GMT (geom. SD)                   

Clade C - B/Austria/1359417/2021 47 (5.96) 44 (8.00) 46 (6.81) 0.807 64 (5.21) 21 (7.94) 50 (8.61) 46 (6.81) 0.415 
Clade C.5.1 - B/Baltimore/JH-547/2024 21 (9.85) 34 (9.83) 27 (9.73) 0.427 17 (8.19) 22 (17.18) 71 (6.37) 27 (9.73) 0.188 
Clade C.3.1/re - B/Baltimore/JH-1192/2025 2 (2.25) 2 (3.88) 2 (3.08) 0.125 1 (1.00) 2 (4.43) 3 (4.39) 2 (3.08) 0.002 
Clade C.3 - B/Baltimore/JH-898/2023 20 (9.18) 24 (7.68) 22 (8.24) 0.883 14 (7.39) 23 (12.97) 44 (6.12) 22 (8.24) 0.441 
rg-B/Baltimore/JH1192/2025:[N197D] 36 (7.55) 40 (8.54) 38 (7.87) 0.633 39 (6.86) 13 (10.64) 92 (5.46) 38 (7.87) 0.080 

Post-vaccination AUC, GMT (geom. SD)                   

Clade C - B/Austria/1359417/2021 228 (3.52) 227 (3.14) 227 (3.29) 0.875 238 (3.07) 160 (4.68) 284 (2.61) 227 (3.29) 0.908 
Clade C.5.1 - B/Baltimore/JH-547/2024 125 (4.65) 139 (6.84) 132 (5.61) 0.734 104 (5.67) 156 (6.38) 173 (5.27) 132 (5.61) 0.777 
Clade C.3.1/re - B/Baltimore/JH-1192/2025 2 (2.65) 3 (5.14) 2 (3.95) 0.089 1 (1.84) 3 (5.20) 5 (5.87) 2 (3.95) 0.028 
Clade C.3 - B/Baltimore/JH-898/2023 117 (3.85) 133 (4.89) 124 (4.30) 0.800 133 (3.15) 93 (6.95) 143 (4.71) 124 (4.30) >0.99 
rg-B/Baltimore/JH1192/2025:[N197D] 211 (2.91) 162 (4.61) 185 (3.71) 0.726 158 (3.16) 118 (5.30) 358 (2.83) 185 (3.71) 0.147 
Race, n (%)                   
White 19 (76.00) 14 (56.00) 33 (66.00)  0.23 15 (62.50) 9 (75.00) 9 (64.29) 33 (66.00) 0.8 

Hispanic/Latino <4 <4 5 (15.15) >0.99  <4 <4 <4 5 (15.15) 0.48 
Non-hispanic/Non-latino 16 (84.21) 12 (85.71) 28 (84.85) >0.99 12 (80.00) 7 (78.78) 9 (100.00) 28 (84.85) 0.48 

Black <4 7 (28.00) 10 (20.00)  0.29 5 (20.83) <4 <4 10 (20.00) 0.53 
Hispanic/Latino 0 (0.00) 0 (0.00) 0 (0.00) - 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) - 

Non-hispanic/Non-latino <4 7 (100.00) 10 (100.00) - <4 <4 <4 10 (100.00) - 
Asian/Pacific Islander <4 <4 <4  >0.99 <4 <4 <4 <4 0.6 

American Indian or Alaska Native 0 (0.00) 0 (0.00) 0 (0.00) - 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) - 

Other <4 <4 <4  >0.99 <4 <4 <4 4 (8.00) >0.99 
N/A 0 (0.00) 0 (0.00) 0 (0.00)  - 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) - 
Comorbidities, n (%)                   
Transplant recipient 0 (0.00) 0 (0.00) 0 (0.00) - 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) - 
Cancer (ongoing or remission) <4 0 (0.00) <4 0.49 0 (0.00) <4 <4 <4 0.27 
Type II Diabetes <4 5 (20.00) 6 (12.00) 0.19 0 (0.00) <4 5 (35.71) 6 (12.00) 0.004 
Autoimmune disease 0 (0.00) 0 (0.00) 0 (0.00) - 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) - 
Immunosuppressive medication 0 (0.00) 0 (0.00) 0 (0.00) - 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) - 

Methotrexate - - 0 (0.00) - - - - 0 (0.00) - 
Tacrolimus - - 0 (0.00) - - - - 0 (0.00) - 

Mycophenolate - - 0 (0.00) - - - - 0 (0.00) - 
Other - - 0 (0.00) - - - - 0 (0.00) - 

Hepatic disease 0 (0.00) 0 (0.00) 0 (0.00) - 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) - 
Renal disease <4 0 (0.00) 0 (0.00) >0.99 <4 0 (0.00) 0 (0.00) <4 >0.99 
Cardiovascular disease <4 <4 4 (8.00) 0.61 0 (0.00) <4 <4 4 (8.00) 0.088 
Chronic lung disease <4 <4 4 (8.00) 0.61 <4 <4 0 (0.00) 4 (8.00) 0.25 

Asthma <4 0 (0.00) <4 >0.99 <4 <4 0 (0.00) <4 >0.99 
Other 0 (0.00) <4 <4 >0.99 <4 0 (0.00) 0 (0.00) <4 >0.99 

Neurological disorder 0 (0.00) 0 (0.00) 0 (0.00) - 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) - 
Epilepsy - - 0 (0.00) - - - - 0 (0.00) - 

Stroke - - 0 (0.00) - - - - 0 (0.00) - 
Hematological disease <4 0 (0.00) <4 0.49 <4 0 (0.00) 0 (0.00) <4 >0.99 

Sickle cell disease 0 (0.00) - 0 (0.00) - 0 (0.00) - - 0 (0.00) - 
Anemia (non-sickle cell) <4 - <4 - <4 - - <4 - 

Other <4 - <4 - <4 - - <4 - 
Reproductive disease 7 (28.00) 0 (0.00) 7 (14.00) 0.0003 <4 5 (41.67) 0 (0.00) 7 (14.00) 0.09 

PCOS <4 - <4 - <4 0 (0.00) - <4 - 
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Endometriosis 0 (0.00) - 0 (0.00) - 0 (0.00) 0 (0.00) - 0 (0.00) - 

Primary ovarian insufficiency 0 (0.00) - 0 (0.00) - 0 (0.00) 0 (0.00) - 0 (0.00) - 
Hysterectomy (full or partial) 4 (57.14) - 4 (57.14) 0.02 0 (0.00) 4 (80.00) - 4 (57.14) 0.0046  

Other <4 - <4 >0.99 <4 <4 - <4 >0.99 
Endocrine/Metabolic disease <4 <4 4 (8.00) 0.35 <4 <4 <4 4 (8.00) 0.42  

Thyroid <4 <4 4 (100.00) 0.61 <4 <4 <4 4 (100.00) 0.68 
Smoking history <4 <4 5 (10.00) >0.99 <4 <4 <4 5 (10.00) 0.84 

Current smoker? <4 <4 <4 >0.99 0 (0.00) <4 <4 <4 0.58 
Past smoker? <4 <4 <4 >0.99 <4 0 (0.00) <4 <4 0.58 
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