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ABSTRACT While primarily considered a respiratory pathogen, influenza A virus (IAV)
is nonetheless capable of spreading to, and replicating in, numerous extrapulmonary
tissues in humans. However, within-host assessments of genetic diversity during multi-
cycle replication have been largely limited to respiratory tract tissues and specimens.
As selective pressures can vary greatly between anatomical sites, there is a need to
examine how measures of viral diversity may vary between influenza viruses exhibiting
different tropisms in humans, as well as following influenza virus infection of cells
derived from different organ systems. Here, we employed human primary tissue con-
structs emulative of the human airway or corneal surface, and we infected both with a
panel of human- and avian-origin IAV, inclusive of H1 and H3 subtype human viruses
and highly pathogenic H5 and H7 subtype viruses, which are associated with both respi-
ratory disease and conjunctivitis following human infection. While both cell types sup-
ported productive replication of all viruses, airway-derived tissue constructs elicited
greater induction of genes associated with antiviral responses than did corneal-derived
constructs. We used next-generation sequencing to examine viral mutations and popula-
tion diversity, utilizing several metrics. With few exceptions, generally comparable meas-
ures of viral diversity and mutational frequency were detected following homologous
virus infection of both respiratory-origin and ocular-origin tissue constructs. Expansion of
within-host assessments of genetic diversity to include IAV with atypical clinical presen-
tations in humans or in extrapulmonary cell types can provide greater insight into
understanding those features most prone to modulation in the context of viral tropism.

IMPORTANCE Influenza A virus (IAV) can infect tissues both within and beyond the re-
spiratory tract, leading to extrapulmonary complications, such as conjunctivitis or gastro-
intestinal disease. Selective pressures governing virus replication and induction of host
responses can vary based on the anatomical site of infection, yet studies examining
within-host assessments of genetic diversity are typically only conducted in cells derived
from the respiratory tract. We examined the contribution of influenza virus tropism on
these properties two different ways: by using IAV associated with different tropisms in
humans, and by infecting human cell types from two different organ systems suscepti-
ble to IAV infection. Despite the diversity of cell types and viruses employed, we
observed generally similar measures of viral diversity postinfection across all conditions
tested; these findings nonetheless contribute to a greater understanding of the role tis-
sue type contributes to the dynamics of virus evolution within a human host.

KEYWORDS influenza, ocular, tropism

While primarily considered a respiratory pathogen in humans, influenza A viruses
(IAV) can spread to extrapulmonary organs and be associated with a range of

clinical syndromes following infection (1). For example, the human ocular surface
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represents a secondary mucosal surface that bears permissive receptors for influenza vi-
rus, with numerous documented cases of influenza virus infection in humans following
ocular exposure (2). Epithelial cells derived from both human respiratory tract and ocular
tissues can support productive replication of a range of both human and zoonotic IAV,
though viruses may differ in their elicitation of innate host responses depending on the
cell type infected (3–6). Of note, ocular-tropic H7 subtype viruses have been shown to
downregulate genes associated with innate immune responses compared with respira-
tory-tropic viruses, with differential induction of cytokines and signaling pathways
following IAV infection in human ocular cells compared with those derived from the re-
spiratory tract (3). As host immune responses can serve as selective constraints govern-
ing the emergence of viral mutants capable of evading host antiviral responses (7), there
is a need to understand how cell type-specific differences may modulate the generation
or emergence of viral populations during multicycle replication (8).

Investigations of viral diversity emergence in discrete cell populations have primar-
ily been conducted in respiratory tract cell types and only rarely have investigated cul-
tures derived from multiple organ systems concurrently. A prior study did not observe
a selective bottleneck effect during multicycle replication of a 2009 H1N1 pandemic vi-
rus in either MDCK or A549 cells (9), but that did not examine additional viruses or seg-
ments beyond the hemagglutinin. However, differential bottlenecks were detected in
this study during viral amplification in ovo compared with in vitro, highlighting that
selective pressures in diverse culture environments can influence resulting viral popu-
lations postpropagation. Considering the capacity of IAV to acquire mutations associ-
ated with changes in tissue tropism during within-host replication (10), investigating
how diverse IAV overcome within-host bottlenecks in different cell types is needed to
fully understand the role cellular tropism contributes to selection pressures.

Here, we employed a panel of human and avian IAV associated with either human
respiratory disease or conjunctivitis, and we examined changes in genetic diversity fol-
lowing multicycle replication in either human primary airway or corneal tissue con-
structs. Respiratory-tropic IAV replicated to a higher titer and elicited more robust
induction of antiviral host responses in airway-derived cultures compared with ocular-
tropic viruses, while generally comparable viral titers and innate immune responses
were detected among all strains postinfection in corneal-derived cultures. Despite
detection of strain-specific differences in viral diversity metrics, all human and avian
IAV were associated with generally similar patterns of mutational frequency during
multicycle replication in both culture types, independent of viral tropism.

RESULTS
IAV replication in human airway and corneal epithelial tissue constructs. IAV

isolated from cases or outbreaks associated with either human respiratory disease or
conjunctivitis were chosen (Table 1) and are here referred to as “respiratory-tropic” or
“ocular-tropic” viruses in this study. To first examine if viruses associated with

TABLE 1 Influenza A viruses isolated from human cases used in the study

Virus Abbreviation Subtypea Tropism Reference
A/Netherlands/219/2003 NL/219 HPAI H7N7 Ocularb 21
A/Netherlands/230/2003 NL/230 HPAI H7N7 Ocular 21
A/Mexico/InDRE7218/2012 Mex/7218 HPAI H7N3 Ocular 22
A/Anhui/1/2013 Anhui/1 LPAI H7N9 Respiratoryc 49
A/Thailand/16/2004 Thai/16 HPAI H5N1 Respiratoryc 50
A/Panama/2007/1999 Panama/99 Seasonal H3N2 Respiratory 51
A/Mexico/4482/2009 Mexico/4482 pdm09 H1N1 Respiratory 52
aHPAI, highly pathogenic avian influenza; LPAI, low pathogenic avian influenza; pdm09, virus derived from the
2009 pandemic.

bNL/219 virus was isolated from a fatal respiratory case but was considered ocular-tropic for the study, as the
majority of human cases from this outbreak were associated with conjunctivitis.

cAnhui/1 and Thai/16 viruses were isolated from fatal respiratory cases.

Within-Host Assessment of IAV Genetic Diversity Microbiology Spectrum

July/August 2023 Volume 11 Issue 4 10.1128/spectrum.01166-23 2

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01166-23


differential tropism in humans exhibited a tissue-specific replication advantage, we
assessed replication kinetics of all viruses in both tissue types to determine the capacity
of these cell types to support production of infectious virus. EpiAirway constructs,
derived from human tracheal and bronchial epithelial cells and cultured to form a cili-
ated apical surface and mucociliary epithelium when cultured at an air-liquid interface,
were employed to emulate cells derived from the respiratory tract. EpiCorneal constructs,
derived from corneal epithelial cells and cultured to form a stratified, squamous epithe-
lium, were employed to emulate cells derived from the ocular system.

In agreement with previous studies, both EpiAirway and EpiCorneal cultures sup-
ported productive replication of avian and human IAV for the duration of the 72-h
experiment (4, 11, 12). In EpiAirway cultures, the seasonal H3N2 virus Panama/99 and
the 2009 H1N1 pandemic virus Mex/4482 both replicated to significantly higher titers
through 72 h postinoculation (p.i.) compared with highly pathogenic avian influenza
(HPAI) A viruses from the HPAI H7N7 outbreak in the Netherlands in 2003 and an HPAI
H5N1 virus isolated from a fatal respiratory case in 2004 (P # 0.0001) (Fig. 1), highlight-
ing the capacity of well-adapted human viruses to reach high titers in cells derived
from the respiratory tract compared with several avian strains. Significant differences
in viral titers were not observed among viruses exhibiting different human tropisms in
EpiCorneal constructs.

FIG 1 Replication of IAV in respiratory and ocular cultures. Influenza A viruses classified as respiratory-tropic (Anhui/1 [LPAI H7N9], Mexico/4482
[pdm09 H1N1], Panama/99 [seasonal H3N2], and Thai/16 [HPAI H5N1]; show in purple) or ocular-tropic (Mexico/7218 [HPAI H7N3], NL/219 [HPAI H7N7],
and NL/230 [HPAI H7N7]; shown in green) in this study were used to infect EpiAirway or EpiCorneal tissue constructs at an MOI of 0.01 in triplicate.
The apical surface of each construct was incubated with 200 mL medium at the indicated times postinfection, and the viral titer was determined by
standard plaque assay (limit of detection, 100 PFU). Virus detected at the 1-h time point represents residual viral inoculum following gentle washing of
cells. Solid bold lines represent the viral tropism group mean with standard error (shading).
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Differences in total cell density between EpiAirway and EpiCorneal tissue constructs
precluded direct statistical comparison of replication efficiency for individual viruses
based on infected cell type. However, respiratory-tropic viruses possessed a mean total
area under the curve values 1.3- to 5.9-fold higher in airway epithelial cultures compared
with corneal epithelial cultures (P , 0.0001 for Anhui/1, Panama/99, and Mex/4482
viruses), in contrast with ocular-tropic viruses (differences 0.7- to 1.7-fold between
airway and corneal cultures), suggesting that viruses associated with human respiratory
disease replicated to higher sustained titers in airway cultures than in corneal cultures.
While peak titers varied in magnitude, detection of productive replication of all viruses
in both cell types permitted subsequent closer examination of selective pressures based on
culture origin.

Differential induction of host responses based on virus tropism and cell type.
Prior studies have supported that elicitation of innate host responses following IAV
infection can be differentially modulated between cell types (3, 13), but the extent to
which these parameters varied in tissue constructs was not known. To examine differ-
ential induction of host antiviral responses elicited following virus infection, we
infected EpiAirway and EpiCorneal constructs with either Anhui/1 virus (a LPAI H7N9
virus associated with a fatal respiratory cases) or Mex/7218 virus (an HPAI H7N3 virus
associated with human conjunctivitis) at a multiplicity of infection (MOI) of 2 and iso-
lated total RNA from cells 24 h p.i. At this higher MOI, both viruses were detected at
comparable titers in EpiCorneal constructs (5.2 6 0.34 and 5.21 6 0.05 log10 PFU/mL
for Anhui/1 and Mex/7218 viruses, respectively [means 6 standard errors]), suggesting
that the reduced viral titers observed for Anhui/1 virus relative to Mex/7218 virus in
Fig. 1 indicate an impaired ability of Anhui/1 virus to replicate at lower, but not higher,
input doses in EpiCorneal constructs. In EpiAirway constructs, Anhui/1 virus replicated
to significantly higher titer (8.13 6 0.3 log10 PFU/mL) than Mex/7218 virus (7.22 6 0.05
log10 PFU/mL) (P , 0.007), in agreement with enhanced replication of respiratory-
tropic viruses in respiratory tract cultures compared with ocular-tropic strains (Fig. 1).

RNA isolated from these cultures was subsequently tested by PCR array to deter-
mine the extent to which a panel of genes (n 5 84) associated with antiviral responses
were upregulated following viral infection relative to that of mock-infected cells.
Genes related to antiviral responses that were significantly (P , 0.05) upregulated in
each culture relative to mock-infected wells were assessed. In airway tissue constructs,
infection with Anhui/1 virus resulted in the upregulation ($2-fold) of more genes, and
to an elevated level, compared with Mex/7218 virus infection (fold upregulation over
mock, 2.0 to 382.93 [mean, 47.69] Anhui/1; 1.28 to 37.73 [mean, 6.52] Mex/7218)
(Fig. 2A), suggestive of heightened host innate immune responses following infection
with a respiratory-tropic compared with an ocular-tropic virus in this tissue (Fig. 2A). In
contrast, viral infection of corneal tissue constructs resulted in diminished induction of
host innate immune responses, with no appreciable difference based on the tropism
of the virus (fold upregulation over mock, 2.3 to 6.18 Anhui/1; 2.13 to 6.71 Mex/7218)
(Fig. 2B). Collectively, these results support both virus-specific and tissue-specific differ-
ences in elicitation of host responses early after infection.

Influenza A virus genetic diversity following replication in human airway and
corneal epithelial cultures. To examine if differential induction of host responses rep-
resented a selective pressure capable of modulating the scope of genetic diversity
among IAV following infection of different human cell types, deep sequencing was per-
formed on cell supernatants collected 72 h p.i. from virus-infected EpiAirway or
EpiCorneal tissue constructs. We detected both synonymous and nonsynonymous
mutations with all viruses tested compared with input inoculum, with Anhui/1 virus,
followed by NL/219 virus, having the most single-nucleotide variants overall (see Table
S1 in the supplemental material). Despite differences in replication kinetics discussed
above, no discernible patterns were apparent between respiratory-tropic and ocular-
tropic viruses at the level of either gene or cell type. The ratio of nonsynonymous to
synonymous substitutions (dN/dS) and ratio of the mean number of pairwise differen-
ces per site of nonsynonymous to synonymous substitutions (piN/piS) for HA, NA, and
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FIG 2 Fold regulation of selected genes related to human antiviral responses in respiratory and ocular cultures following
infection with H7 subtype IAV. EpiAirway (A) and EpiCorneal (B) tissue constructs were infected with Anhui/1 and Mex/7218
viruses at an MOI of 2 in triplicate. Total RNA was isolated at 24 h p.i. and examined by real-time RT-PCR array analysis.
Genes which exhibited a significant (P , 0.05) fold change in expression relative to mock-infected wells and for which at
least one of the viruses elicited a fold change of $2 are shown. The x-axis scale is the log10 fold change.
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PB2 were largely consistent between EpiAirway and EpiCorneal constructs (Table S2).
When examining nucleic acid substitutions on the HA gene, transitions from A to G
were the most common form of base change mutation across all viruses, followed by
C-to-T mutations, with the exception of Pan/99 virus, where G-to-T transversions were
more common (Table S3 and Fig. S1). However, substitutions between cell type were
not significant from A to G for any virus (t test, P $ 0.108); C to T was significant (P 5

0.005) only for NL/230 virus (Mex/4482 and Pan/99 viruses were not tested due to low
sample size). When examined proportionally (Fig. S2), C-to-T substitutions were higher
in cells opposite of virus tropism for Anhui/1, Mex/4482, NL/219, NL/230, and Thai/16
viruses. These findings indicated that base change proportions detectable following
multicycle replication with both respiratory-tropic and ocular-tropic viruses were not
modulated based on the cell type examined.

We next examined measures of viral alpha diversity. In agreement with Anhui/1 vi-
rus bearing the greatest number of single-nucleotide variants among all viruses eval-
uated, this virus showed the most significant differences to other viruses for several
metrics (Fig. 3, Fig. S3, Table S4, and Table S5). Overall, these metrics varied most by vi-
rus with no discernible trends at the level of viral tropism or viral titer postinfection.
With few exceptions, divergence in diversity metrics between cell types infected with
the same virus was not observed (Table S6). Only NL/219 virus-infected EpiAirway

FIG 3 IAV diversity metrics following multicycle replication in respiratory or corneal cultures. Heatmap of Shannon diversity, normalized median evenness,
and species richness for each of the seven influenza A viruses for each tissue construct (airway, corneal) at 72 h p.i. and stock viral quasispecies
populations. R1 to R3, individual sample replicates; SD, diluted inoculum stock. Dark gray shading represents missing data.
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constructs were significantly different from EpiCorneal and stock for normalized mean
evenness (NME) (P , 0.001) and species richness (P 5 0.029). When NME and richness
were broken out by virus and cell type (Fig. S4), we observed higher species richness
and NME in EpiAirway cells for NL/219 and NL/230 viruses and higher richness and
NME in EpiCorneal constructs for Mex/7218 virus. In contrast, we observed a trend of
higher richness in EpiCorneal cultures but higher NME in EpiAirway cultures for Anhui/
1 and Thai/16 viruses. Collectively, these results supported that differences in diversity
metrics may vary at the level of both viral strain and cell type but are not driven pri-
marily at the level of virus tropism.

Detection of nonsynonymous mutations 72 h p.i. following IAV replication in
human airway and corneal epithelial cultures. Beyond assessments of viral diversity
in general, we examined selection pressures at specific residues to identify variability
by cell type or virus tropism by focusing on specific nonsynonymous mutations lead-
ing to amino acid substitutions. Analysis of samples collected at 72 h p.i. revealed the
presence of many nonsynonymous variants present at $5% abundance (Fig. 4). The
Anhui/1 virus stock contained a heterogeneous virus population with high nonsy-
nonymous variability concentrated in HA (N123D and D149N), NA (T10I), and PA
(N409S) (Table S7). Following multicycle replication in EpiCorneal cultures, Anhui/1
virus showed an increased number of variants with substitutions in HA, NA, PA, and
M1 that contrasted with the ones detected following multicycle replication in
EpiAirway cultures, though only one variant (HA N123D) was significantly different
(P 5 0.027) between cell types at 72 h p.i. (Table S8).

FIG 4 Viral mutation frequency of IAV over time in respiratory or corneal cultures are shown. Selected mutations of interest show mean frequency
across all replicates with standard error bars in EpiAiway (purple) and EpiCorneal (green) tissue constructs between 12 and 72 h p.i. The dashed
black line represents the stock inoculum mean frequency.
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In contrast to Anhui/1 virus, NL/219 virus infection resulted in reduced nonsynony-
mous genetic variability between EpiAirway and EpiCorneal constructs. While no over-
all statistical significance was found between cell types at 72 h p.i. (Table S8), an
increase in genetic variability was observed in NL/219-virus infected samples collected
from EpiCorneal constructs, mostly in M1 (G228R) and NS1 (P216S) (Table S9). Similarly,
the percentages of variants obtained from both tissue constructs following Thai/16 vi-
rus infection were often similar (Table S10). Both NL/219 and Thai/16 viruses bear a ly-
sine at position 627 in PB2, a mutation associated with host range of IAV (14). At 72 h
p.i., higher mean frequencies of a 627E viral subpopulation were detected for both
viruses in EpiCorneal compared with EpiAirway cultures; this difference was statistically
significant (P 5 0.047) for Thai/16 virus only. The remaining viruses examined had no
statistically significant differences in variant composition between cell type at 72 h p.i.
Collectively, these results supported that IAV infection in either respiratory or ocular
cultures does not lead to strikingly different selective pressures following multicycle
replication.

Modulation of diversity metrics and mutational frequency during multicycle
replication of IAV in human airway and corneal epithelial cultures. Focusing on
three viruses that exhibit different tropisms and disease severities in humans (Anhui/1,
NL/219, and Thai/16), we examined if there was selection of overall diversity or virus
variants over time between different cell types and, if so, how rapidly these emerged
or were maintained over the course of the in vitro infection. Overall, Shannon diversity
was largely stable between 12 h and 72 h p.i. for all viruses, with few exceptions.
Increased Shannon diversity (alongside other diversity metrics related to species rich-
ness and evenness) was noted in EpiCorneal cultures infected with Anhui/1 virus (Fig.
S5, Fig. S6, and Table S4). Additionally, increased diversity metrics were detected over
time in EpiAirway cultures infected with NL/219 virus. However, consistent trends in
these diversity metrics for a specific virus or cell type were not observed.

Following infection with Anhui/1 virus, selected variants showed a pattern of diver-
gence between cell types (Fig. 4, Fig. S7, and Table S7). HA N123D showed a trending
increase over stock amount in EpiAirway cultures, while a decreased yet stable trend
was observed in EpiCorneal cultures, with statistical significance being observed at 12 h
(P 5 0.014) and 72 h p.i. time points (P 5 0.027) (Table S8). A similar trend was observed
for position PA N409S (not present in stock inoculum), with statistical significance
detected at the 24-h (P 5 0.048) and 36-h time points (P 5 0.0358). However, selected
variants (e.g., HA positions A125T and D149N) displayed trending increases over time in
EpiCorneal but not EpiAirway cells, supporting that divergence from stock inoculum var-
ied at specific positions and not only by tissue origin.

NL/219 virus-infected cultures displayed few distinct differences between culture
type over time. Interestingly, similar to Anhui/1 PA N409S, numerous variants emerged
following NL/219 virus infection that were not present in stock inoculum. (Fig. 4, Fig.
S8, and Table S9). Variant populations were generally higher in EpiCorneal cells with
few exceptions (notably, NS1 T91A). NS1 P216S was only observed in EpiCorneal cells.
However, only positions M1 G228R at 36 h (P 5 0.049) and PB2 K627E at 48 h (P 5

0.031) were found to be statistically significant (Table S8). Similarly, variant proportions
were largely comparable between cell types following Thai/16 virus infection (Fig. 4,
Fig. S9, and Table S10). While limited divergence between cell types was observed at
PB2 positions K443R and K627E, with levels generally above those observed in the
stock sample in EpiCorneal but not EpiAirway cultures; only PB2 K627E at 72 h (P 5

0.047) was statistically significant, as discussed above (Table S8). Collectively, these
data indicate the capacity for population divergence at the level of tissue type during
multicycle replication, but they further support that viral tropism is not strongly
impacting within-host bottlenecks in different cellular environments.

DISCUSSION

IAV are capable of replication in a multitude of discrete cell types within and
beyond the human respiratory tract (15). However, assessments of viral evolution
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during multicycle replication often are conducted in one representative cell type only
(16), or a specimen (such as a nasal wash) that is inclusive of virus replication at multi-
ple independent sites (9, 17, 18). Studies that do examine changes in viral quasispecies
in multiple independent sites of virus replication over time are typically conducted
in vivo, which frequently limits assessments to one virus or virus subtype only (19). To
investigate the capacity of cellular origin to modulate within-host viral genetic diversity
during multicycle replication, we infected human primary tissue constructs emulative
of the human airway or corneal surface with a panel of viruses associated with either
respiratory or ocular tropisms in humans. We found that both respiratory-tropic and
ocular-tropic viruses exhibited generally similar patterns of synonymous and nonsy-
nonymous mutations following multicycle replication in both cell types, despite differ-
ences in selective pressures between respiratory and ocular tissues.

Deep sequencing analyses of IAV following controlled multicycle replication within oc-
ular tissues has not been reported previously. A recent study from our group found that
multiple IAV acquire similar mutations in nasal wash specimens during replication in a fer-
ret host following either respiratory or ocular exposure to virus (20), but that study did
not sequence ocular specimens specifically, due to relatively low viral titers in this speci-
men. Clinical specimens collected from the ocular surface (e.g., following swabbing the
conjunctiva) have been critical for the isolation of H7 subtype IAV from humans (such as
during poultry outbreaks associated with human infection in the Netherlands in 2003,
Canada in 2004, and Mexico in 2012) (21–23). Notably, in the Netherlands and Canada
outbreaks, sequence differences were noted between specimens collected from respira-
tory samples compared with conjunctival clinical specimens (23, 24). Understanding if
respiratory and ocular cell types support differing levels of within-host diversity during
multicycle virus infection thus provides necessary contextual information when examin-
ing virus isolated and cultured from different anatomical sites.

The human eye has evolved over time to limit inflammatory processes that could
result in damage to vision, a feature known as “immune privilege” (25). A central ques-
tion of this study was to assess if ocular immune privilege modulated viral diversity
over time relative to a different tissue, such as the respiratory tract, that is governed by
induction of different host immune responses following challenge by a pathogen. Viral
infection of EpiCorneal cells resulted in the induction of fewer antiviral response-asso-
ciated genes, and to a lesser extent when upregulated, compared to homologous virus
infection in EpiAirway cultures, in agreement with prior studies supporting delayed
and weakened induction of host responses in other human ocular cell types (3). In con-
trast, viral infection of EpiAirway cultures resulted in a more robust upregulation of
genes associated with inflammatory processes (notably those associated with Toll-like
receptor, RIG-I, and interferon signaling pathways [26]), with all genes upregulated to a
higher extent following infection a respiratory-tropic H7 virus compared with an ocu-
lar-tropic H7 virus, also in agreement with prior studies (3). However, despite disparate
elicitations of host responses in respiratory versus ocular cultures following virus infec-
tion, this study revealed generally similar viral diversity metrics independent of the
infected tissue origin (Fig. 3), suggesting that these selective pressures did not have a
profound impact on these parameters.

That said, closer examination of differences in mutational frequencies between cell
types infected with the same virus did reveal instances suggestive of tropism-related
selection. Most notably, sequencing from EpiCorneal constructs infected with viruses
bearing a lysine at PB2 position 627 (NL/219 and Thai/16) both had a higher replicative
mean frequency of 627E compared with homologous virus-infected EpiAirway con-
structs, suggesting that corneal tissue exerts a less selective pressure to “fix” virus with
the more pathogenic 627K substitution compared with airway cultures (Fig. 4); this is
in agreement with in vivo studies which have shown E-to-K host adaptation in murine
respiratory tract tissues following acute HPAI virus infection (27). Further mechanistic
studies to investigate ways in which ocular tissues may support differential tolerance of
markers associated with mammalian adaptation (and/or other key molecular determinants
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of virulence which are typically studied only following replication in respiratory tissues) are
warranted.

Beyond the well-studied PB2 627, our study identified a capacity for cultures of differ-
ent tissue origin to support divergent viral populations postinoculation with a homolo-
gous challenge input. The high diversity of Anhui/1 stock virus is likely attributable in
part to its propagation in eggs, as several of the amino acid substitutions in the HA and
NA detected in this study have been reported previously (28). Positions 123, 125, and
149 in the HA in Anhui/1 and other H7 viruses are recognized as sites of high variability
with implications in avian host range (29–31). It is of interest that the A125T mutation,
known for binding to a2-3-linked sialic acids, was enriched in EpiCorneal cells (the sur-
face of which bear both a2-3 and a2-6 receptors) and not EpiAirway cultures (32). Many
of other variants which emerged by 72 h p.i. were at positions in the HA associated with
receptor binding or in the polymerase genes associated with host adaptation, though
frequencies of these mutations were generally low (Fig. S7 to S9).

It should be noted that while this study represents a necessary first step in elucidating
the role of viral tropism in within-host measures of viral diversity, additional refinements
and analyses are needed beyond the scope of this work. Tissue constructs cultured at the
air-liquid interface are capable of more closely emulating the complex cellular environ-
ment found at both locations; in the case of EpiCorneal cultures, these constructs have
been shown to possess features (such as membrane-associated mucins) at higher levels
than primary corneal epithelial cells, making them well-suited for tropism investigations
conducted in vitro (4). However, viral replication and elicitation of innate immune
responses can vary between different cell types at the ocular surface (3); a greater under-
standing of how these selective pressures may modulate diversity metrics following mul-
ticycle replication is needed. While a fixed 0.01 MOI and 37°C culture temperature were
employed for all infections, both respiratory and ocular cell types can be productively
infected with lower, more physiologically relevant challenge doses, and at the cooler tem-
peratures (e.g., 33°C) associated with the upper respiratory tract and human ocular sur-
face (4). As viral input can affect subsequent parameters associated with within-host
diversity and cooperative dynamics between quasispecies (8, 33), it is possible that more
striking differences would have been present under different experimental conditions.

While this study employed ocular cells as a comparative extrapulmonary site of vi-
rus replication, IAV can replicate and elicit proinflammatory responses in numerous
systemic tissues (34). Great strides have been made in understanding within-host viral
evolution of influenza A and B viruses (8, 35), but it should be noted the vast majority
of this work has taken place exclusively within cell or specimen types derived from the
respiratory tract. Expanding the scope of these studies to include extrapulmonary sites
of viral replication (including but not limited to the ocular milieu) will provide a greater
understanding of the role tissue type contributes to the dynamics of virus evolution
within a human host.

MATERIALS ANDMETHODS
Viruses. Viruses used in this study are listed in Table 1. Virus stocks were generated in either MDCK

cells (Mex/4482) or the allantoic cavity of 10-day-old embryonated hens’ eggs (all other viruses), as
described previously (36). Avian-origin viruses were handled under biosafety level 3 containment,
including enhancements, as required by the U.S. Department of Agriculture and the Federal Select
Agent Program (37). All viruses used had a passage history of#3 in the matrix specified, with the excep-
tion of Panama/99 (passage 6).

Cells and infections. EpiAirway and EpiCorneal tissue constructs (MatTek Corporation; 0.62-cm2

growth area) were unpacked immediately upon receipt and preequilibrated overnight at 37°C before
use the next morning. Constructs arrived and were maintained at the air-liquid interface according to
the manufacturer’s instructions, with serum-free basolateral medium. MOIs for tissue constructs were
calculated based on the midpoint of the manufacturer’s estimate of cells on the apical surface (200,000
cells for EpiAirway, 75,000 cells for EpiCorneal).

For replication kinetics, tissue constructs (unwashed) were inoculated apically in triplicate at an MOI
of 0.01 (150 mL) for 1 h, after which inoculum was removed and cells were gently washed with phos-
phate-buffered saline before restoring to the air-liquid interface at 37°C. At the indicated time points,
200 mL of supernatant (incubated atop tissue constructs for 20 min before collection) was collected.
Samples were frozen at 280°C until titration by standard plaque assay in MDCK cells (limit of detection,

Within-Host Assessment of IAV Genetic Diversity Microbiology Spectrum

July/August 2023 Volume 11 Issue 4 10.1128/spectrum.01166-23 10

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01166-23


100 PFU) (36). Statistical significance of replication kinetics assessments was determined by calculating
the area under the curve for each replicate (12 to 72 h p.i.), followed by a two-way ANOVA of these val-
ues using GraphPad Prism, version 7.

For PCR array analyses, tissue constructs were inoculated apically in triplicate at an MOI of 2 as
described above with Anhui/1 or Mex/7218 virus or with an equal dilution of normal allantoic fluid to
serve as a mock-infected control. At 24 h p.i., after a supernatant time point was collected, total RNA
was extracted from all mock-infected or virus-infected cell monolayers, followed by cDNA synthesis. RT2

Profiler PCR array analysis for human antiviral response (Qiagen catalog number PAHS-122Z) was per-
formed on all specimens and analyzed per the manufacturer’s instructions.

RNA extraction and sequencing. Culture supernatants were inactivated in AVL buffer (Qiagen).
Influenza viral RNA was extracted using a QIAamp RNA extraction kit (Qiagen) with a high-throughput
automated liquid handler, QIAcube HT (Qiagen). Amplicons for sequencing libraries were generated
through multisegment reverse transcription-PCR, a technique used to amplify the influenza genome in a
single PCR (38). The resulting amplicons were then quantified using a Quant-iT double-stranded DNA
high-sensitivity assay (Invitrogen), and quality of the amplicons was assessed by visualizing the amplicon
fragments on the QIAxcel Advanced system (Qiagen) for size confirmation and presence of amplicon seg-
ments. Paired-end DNA libraries were produced using the Nextera XT sample prep kit (Illumina) and
Nextera XT index kit v2 (Illumina) using half-volume reaction mixtures. The amplicon libraries were purified
using 0.8� AMPure XP beads (Beckman Coulter Inc.) on a Zephyr Compact liquid handling workstation
(Perkin Elmer). Purified libraries were then normalized and pooled using high-sensitivity Quant-iT dsDNA
to assess concentration, and mean library size was assessed by QIAxcel. Six picomolar of the pooled libra-
ries, including 5% PhiX, was loaded into a MiSeq v2 300 cycle kit and MiSeq (Illumina) sequencer.

Bioinformatic and data analysis. Raw sequencing reads were processed and aligned using IRMA
v0.6.81 (39) to obtain base change counts and variant frequencies for each gene segment filtered with
a minimum frequency of 5%. Nucleotide diversity as measures of the dN/dS and piN/piS was calculated
in SNPGenie (40) for HA, NA, and PB2 genes, for each sample, for all seven viruses. Alignment files in
SAM format from IRMA were then used in CliqueSNV v2.0.3 (41) to reconstruct haplotypes for the HA
gene for all virus stocks and 72-h time point and Anhui/1, NL/219, and Thai/16 at 12-h collection. Using
the haplotypes and their frequencies, we calculated several metrics for diversity richness and evenness
(species richness, Shannon diversity, exponential Shannon, normalized median evenness [NME], Pielou’s
evenness, inverse Simpson) with the assistance of R packages vegan v2.6-2 (42) and QSutils v1.8.0 (43).
Exponential Shannon and inverse Simpson imdices put more emphasis on the dominate haplotypes,
while Shannon, NME, and Pielou’s provide more balanced metrics. Statistical comparisons between
groups used a t test with Holm correction for multiple comparisons with significance set at ,0.05.
Figures were created in R using the packages tidyverse v1.3.2 (44), ggplot2 v3.3.6 (45), scales v1.1.1 (46),
and patchwork v1.1.2 (47). All R analyses were conducted using version 4.0.3 (48).
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