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Abstract

The emergence of highly pathogenic H5N1 avian influenza in dairy cattle herds across the United
States has caused multiple mild human infections. There is an urgent need to understand the risk
of spillover into humans. Here, we show that pre-existing immunity from the 2009 H1N1 pandemic
influenza virus provided protection from mortality and severe clinical disease to ferrets intranasally
infected with bovine H5N1. H1N1 immune ferrets exhibited a differential tissue tropism with little
bovine H5N1 viral dissemination to organs outside the respiratory tract and significantly less H5N1
virus found in nasal secretions and the respiratory tract. Additionally, ferrets with H1N1 prior
immunity produced antibodies that cross-reacted with H5N1 neuraminidase protein. Taken
together, these results suggest that mild disease in humans may be linked to prior immunity to

human seasonal influenza viruses.

Introduction

In March of 2024, an outbreak of H5N1 clade 2.3.4.4b avian influenza virus was identified in Texas

dairy cattle herds and has now spread to over 200 herds in at least 14 states (1). This emphasizes
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the importance of monitoring this virus for pandemic potential. Infection of various mammals with
the 2.3.4.4b clade of H5N1 viruses has resulted in severe disease and mortality in birds, foxes,
mink, cats, cetaceans and pinnipeds, but not cows (2, 3). In early April, the first human infection
was identified in Texas (4), with a growing number of H5N1 human cases having been identified
from workers associated with poultry or dairy farms in California, Missouri, Michigan and Colorado
(5). Thus far, human infections in the United States have been characterized by conjunctivitis and

mild respiratory symptoms and have not required hospitalizations.

Most individuals experience their first influenza virus infection by the age of five (6), thus current
H5N1 human infections are occurring in the presence of prior influenza A virus (IAV) immunity.
The reduced disease severity seen in current HSN1 infections could therefore be driven by prior
immunity to human seasonal influenza viruses. Statistical modeling analysis of known human
cases of H6N1 and H7N9 indicate that childhood HA imprinting may provide lifelong protection
against severe infection and death from these viruses (7). Specifically, Gostic et al. suggested
that immune imprinting with human seasonal H1N1 or H2N2 would reduce disease severity to
H5N1 since H5 and H1 and H2 share a similar group 1 HA stalk domain (7). Despite the potential
impact of prior immunity to reduce H5N1 replication and pathogenesis, current HSN1 studies have
only been performed in immunologically naive ferrets (8). In this work, we report that prior H1N1
immunity reduced virus replication and disease severity of bovine H5N1 virus (clade 2.3.4.4b13)
in ferrets. Additionally, we found that ferrets with prior immunity to H1N1 expressed H5N1 cross-
reacting antibodies to the neuraminidase protein. Our results suggest that pre-existing immunity
to heterotypic influenza viruses may explain the mild symptoms observed so far during H5N1

infection of dairy and poultry farm workers.

Methods
Cells. Madin-Darby canine kidney (MDCK) and 293T cells were obtained from American Type

Culture Collection (ATCC) and maintained in Minimum Essential medium and Dulbecco’s
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76  modified Eagle’s medium (DMEM), respectively. Medium was supplemented with 10 % fetal
77  bovine serum, 2 mM L-glutamine, 100 .U./mL penicillin and 100 ng/mL streptomycin. All cells
78  were incubated at 37'C with 5 % CO,. Human 293F cells were maintained at 37°C with 5-8 %
79 CO: in FreeStyle 293 Expression Medium (ThermoFisher) supplemented with 100 I.U./mL
80  penicillin and 100 pug/mL streptomycin.

81

82 Rescue of virus from plasmids using co-cultured cells. Reverse genetics plasmids
83 expressing A/dairy cattle/Texas/24008749001/2024 (H5N1) were synthesized based on
84  sequences deposited in the Global Initiative on Sharing All Influenza Data (GIAID) (Accession
85 number EPI_ISL_19014384), with noncoding regions determined from consensus alignment of
86  H5N1 strains from the 2.3.4.4b clade viruses. Each plasmid containing the 8 segments of A/dairy
87  cattle/Texas/24008749001/2024 was diluted to a concentration of 100 ng/ml and a total of 500 ng
88 of each gene segment was combined with Opti-MEM® up to 100 ul and 5 pl of Lipofectamine
89 2000 transfection reagent (Life Technologies, Waltham, MA). The transfection mixture was
90 incubated at room temperature for 25 min and transferred to 293T cells in Opti-MEM® complete
91 media (Life Technologies, Waltham, MA) in a 6-well plate. After 24 hours of incubation at 37°C
92  with 5% CO,, 750,000 MDCK cells were added to the 293T cells. Following another 24-hour
93 incubation, a blind-passage of the rescued virus was performed in MDCK-London cells in a T75
94  cm?flask. The flask was monitored for cytopathic effect (CPE) for 48 h post-inoculation.

95

96  \Virus titration

97 Nasal wash and organ samples were titered in MDCK cell cultures. Ten-fold serial dilutions were
98 made and inoculated on 96-well plates using 4 wells per dilution. MDCK cells were observed at 4
99 dpi for cytopathic effect (CPE). Virus titers were calculated using Reed and Muench method (9)

100 and expressed as logqo tissue culture infectious dose 50 (TCIDso)/mL.
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101

102  Human subjects research ethics statement. The University of Pittsburgh Institutional Review
103  Board approved protocol STUDY20030228 for collection of serum samples from healthy adult
104  donors who provided written informed consent for their samples to be used in infectious disease
105 research. All participants self-reported their age, sex, ethnicity and race.

106

107  Microneutralization assay. The titer of neutralizing antibodies was determined from human or
108 ferret sera that had been heat inactivated at 56°C for 30 minutes. Briefly, two-fold serial dilutions
109  of heat-inactivated human serum was incubated with 10*3 TCIDs of influenza virus for 1 hour at
110 room temperature with continuous rocking. Media with tosyl phenylalanyl chloromethyl ketone
111 (TPCK)-treated trypsin was added to 96-well plates with confluent MDCKSs before the virus:serum
112  mixture was added. After 4 days, CPE was determined, and the neutralizing antibody titer was
113  expressed as the reciprocal of the highest dilution of serum required to completely neutralize the
114  infectivity of each virus on MDCK cells. The concentration of antibody required to neutralize 100
115  TCIDso of virus was calculated based on the neutralizing titer dilution divided by the initial dilution
116  factor, multiplied by the antibody concentration.

117

118  Animal ethics statement. Ferret experiments were conducted in BSL2 and BSL3 facilities at the
119  University of Pittsburgh in compliance with the guidelines of the Institutional Animal Care and Use
120 Committee (approved protocol 22061230 and 21089461, respectively). Animals were sedated
121 with isoflurane following approved methods for all nasal washes and survival blood draws.
122  Ketamine and xylazine were used for sedation for all terminal procedures, followed by cardiac
123  administration of euthanasia solution. Approved University of Pittsburgh Division of Laboratory
124  Animal Resources (DLAR) staff administered euthanasia at time of sacrifice. HSN1 studies were
125 performed in accordance with select agent permit number 20230320-074008 (University of

126  Pittsburgh).
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127

128 Ferret screening. Four- to six-month-old male ferrets were purchased from Triple F Farms
129  (Sayre, PA, USA). All ferrets were screened by hemagglutinin inhibition (HAI) for antibodies
130 against circulating influenza A and B viruses. The following antigens were obtained through the
131 International Reagent Resource, Influenza Division, WHO Collaborating Center for Surveillance,
132  Epidemiology and Control of Influenza, Centers for Disease Control and Prevention, Atlanta, GA,
133 USA: 2018-2019 WHO Antigen, Influenza A (H3) Control Antigen (A/Singapore/INFIMH-16-
134  0019/2016), B-propiolactone (BPL)-Inactivated, FR-1606; 2014—2015 WHO Antigen, Influenza A
135  (H1N1)pdmO09 Control Antigen (A/California/07/2009 NYMC X-179A), BPL-Inactivated, FR-1184;
136 2018-2019 WHO Antigen, Influenza B Control Antigen, B/Victoria/2/87-like lineage
137  (B/Colorado/06/2017), BPL-Inactivated, FR-1607; 2015-2016 WHO Antigen, Influenza B Control
138  Antigen, B/Yamagata/16/88-like lineage (B/Phuket/3073/2013), BPL-Inactivated, FR-1403.

139

140  Ferret infections. Ferrets with pre-existing immunity against seasonal influenza viruses were
141 experimentally or naturally infected with recombinant A/California/07/2009 (H1N1pdmOQ9). These
142  animals were allowed to recover and housed for >90 days being similarly infected with A/dairy
143  cattle/Texas/24008749001/2024 H5N1 (cow/Tx/24 H5N1). Ferrets with prior H1N1pdmO09
144  immunity or immunologically naive were inoculated intranasally with 10* TCIDso in 500 mL (250
145 mL in each nostril) with the cow/Tx/24 H5N1 virus. Three animals from each group were
146  euthanized on day 3 for tissue titration and the remaining two were kept for 14 days or until they
147  succumbed to the infection.

148

149 Tissue collection and processing. The respiratory tissues were collected from euthanized
150 ferrets aseptically in the following order: entire right middle lung, left cranial lung (a portion
151 equivalent to the right middle lung lobe), one inch of trachea cut lengthwise, entire soft palate,

152  and nasal turbinates. Tissue samples were weighed, and Leibovitz’s L-15 medium was added to
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153 make a 10% (lungs) or 5% (trachea) w/v homogenate. Tissues were dissociated in phosphate-
154  buffered saline (PBS) supplemented with antibiotics and antimycotic using BeadBlaster microtube
155  homogenizer and cell debris was removed by centrifugation at 900 xg for 5 minutes. Influenza
156  virus titers were determined by endpoint TCIDso assay. The lungs were fixed in 10% neutral
157  buffered formalin for two weeks and subsequently processed as formalin fixed paraffin blocks
158 (FFPE) following routine histology processes. Microtomy sections were stained with hematoxylin
159  and eosin (H&E) for histopathologic analysis. Immunohistochemistry (IHC) targeting Influenza A
160  Nucleoprotein (Clone F8L6X, Rb origin; Cell Signaling Technologies) was conducted using a
161 Ventana Discovery Ultra autostainer (Roche, Basel, Switzerland) using a primary concentration
162 of 1:200 and a pre-dilute secondary anti-Rb horseradish peroxidase (HRP) polymer (Vector
163  Laboratories, Newark, California, USA) developed using 3,3’-diaminobenzidine (DAB) chromogen
164  with hematoxylin counterstain (Roche). H&E and IHC slides were scanned using a Phenolmager
165  whole slide scanner (Akoya Biosciences, Malborough, MA, USA) for figure preparation. Slides
166  were initially examined ‘blinded’ to experimental groups to eliminate observer bias by a board-
167  certified veterinary pathologist (NAC), followed by unblinding for figure preparation An ordinal
168  scoring system was developed to summarize the histopathologic and immunohistochemical
169 findings: 0-not observed; 1 (mild), <10% of parenchyma impacted; 2 (moderate) >10%, but <25%
170  of parenchyma impacted; and 3 (severe), >25%, but < 50% of parenchyma impacted. Each of the
171 5 lung lobes from each ferret were scored individually. Histopathologic features documented
172  included bronchointerstitial pneumonia, perivascular infiltrates, foci of bronchus associated
173  lymphoid tissue (BALT) and influenza A virus nucleoprotein IHC. A cumulative lung injury score
174  was developed encompassing the severity of bronchointerstitial pneumonia and influenza A virus
175  nucleoprotein IHC scores. Perivascular inflammation and foci of BALT were excluded from the
176  cumulative lung injury score as they are interpreted to represent heterotypic adaptive immunity in

177  the cohort with prior exposure to H1N1 prior to H5N1 and thus would falsely elevate lung injury
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178  scores if included given the paucity of this phenotype in the cohort without prior influenza A virus
179  immunity to HIN1.

180

181 Recombinant HA expression and purification. Recombinant HA head constructs and full-
182  length HA ectodomains (FLSE) were expressed by polyethylenimine (PEI) facilitated, transient
183 transfection of 293F cells. To produce FLSE constructs, synthetic DNA was subcloned into a
184  pVRCB8400 vector encoding a T4 fibritin (foldon) trimerization tag and a 6xHis tag. The H5 dairy
185 cattle HA was modified to contain stabilizing mutations (10) that improved expression and
186  biochemical behavior. Transfection complexes were prepared in Opti-MEM (Gibco) and added to
187 cells. Five days post-transfection, cell supernatants were harvested and clarified by low-speed
188  centrifugation. HA was purified by passage over TALON Metal Affinity Resin (Takara) followed
189 by gel filtration chromatography on Superdex 200 (GE Healthcare) In 10 mM
190  tris(hydroxymethyl)aminomethane (tris), 150 mM NaCl at pH 7.5.

191

192 Recombinant NA expression and purification. Recombinant NA constructs for
193  A/Michigan/45/2015 N1 and A/mallard/New York/22-008760-007-original/2022 N1 were
194  expressed using the baculovirus expression system (11). The constructs were designed to have
195  an N-terminal signal peptide, followed by a hexahistidine purification tag, the VASP (vasodilator-
196  stimulated phosphoprotein) tetramerization domain, a thrombin cleavage site, and the N1 globular
197  head domain. The baculoviruses were passaged in Sf9 cells and then used to infect High Five
198 cells for protein expression. Recombinant proteins were purified 72 hours post-infection from the
199 High Five cell culture supernatant using gravity flow affinity chromatography using Ni®*-
200 nitrilotriacetic acid (NTA) agarose (Qiagen).

201

202 ELISA
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203  Five hundred nanograms of rHA FLsE or HA head were adhered to high-capacity binding, 96 well-
204 plates (Corning 9018) overnight in phosphate buffered saline (PBS) pH 7.4 at 4°C. HA or NA
205 coated plates were washed with a PBS-Tween-20 (0.05%v/v) buffer (PBS-T) and then blocked
206  with PBS-T containing 2% bovine serum albumin (BSA) for 1 hour at room temperature. Blocking
207  solution was then removed, and 2-fold dilutions of ferret sera (in blocking solution) were added to
208 wells. Plates were then incubated for 1 hour at room temperature. Primary antibody solution was
209 removed, and plates were washed three times with PBS-T. Secondary antibody, anti-ferret IgG-
210 HRP (Abcam ab97225) diluted 1:10,000 in blocking solution, was added to wells and incubated
211 for 30 minutes at room temperature. Plates were then washed three times with PBS-T. Plates
212  were developed using 150ul 1-Step TMB substrate. Following a brief incubation at room
213 temperature, HRP reactions were stopped by the addition of 100ul of 4N sulfuric acid solution.
214  Plates were read on a Molecular Devices SpectraMax 340PC384 Microplate Reader at 450 nm.
215  All measurements were performed in technical duplicate. The average of the two measurements
216  for each ferret were then graphed as the mean absorbance at 450nm using GraphPad Prism
217  (v9.0).

218

219 Data availability

220  All source data is available on Figshare (10.6084/m9.figshare.25843414).

221 Results

222  Low levels of cross-reactive neutralizing antibodies are present in some older individuals.
223  H5N1 influenza A viruses (IAV) have not circulated widely in the human population, and it is
224  unlikely that significant immunity exists against these strains. To assess whether any cross-
225 reactive antibodies existed in the human population, we examined whether sera samples from

226  human donors bracketed by birth year decade could neutralize a H5N1 clade 2.3.4.4b virus strain
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227  A/dairy cattle/Texas/24008749001/2024 (cow/Tx/24 H5N1). Neutralization assays conducted with
228  human sera against cow/Tx/24 H5N1 and the 2009 H1N1 pandemic virus (H1N1pdmOQ9) revealed
229  high levels of circulating antibodies against HIN1pdmO09 in individuals of all ages, as expected
230  (Figure 1). Surprisingly, 12 of 60 individuals tested had levels of cross-neutralizing antibodies
231 against cow/Tx/24 H5N1 that were above the limit of detection; these individuals were born in the
232  1940s, 1950s and 1960s, with only two of individuals born after 1970 having detectable cross-
233 neutralizing antibodies (Figure 1), which correlates well with H5 cross-reactive antibodies in older
234  individuals (12). This data indicates that younger individuals could be more susceptible to bovine
235 H5N1 infection. Unfortunately, the ages of the people with documented H5N1 infections since

236 2022 are not known.

o
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.‘g 16384 * H1N1pdmO09 ,
2 o cow/Tx/24 H5N1 .
o 4096 .
.‘lg i : [ ] [ ]
S 1024 . . s & ¢
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Figure 1. Neutralizing antibody titers of HIN1 and bovine H5N1 in human sera by birth
year cohort. Sera collected from the indicated number of healthy individuals in 2020-2021 with
birth years ranging from 1940-2009 were tested for neutralizing antibodies against 2009 H1N1
pandemic virus (H1IN1pdm09) and cow/Tx/24 H5N1. Each dot represents the neutralizing

antibody titer of a single individual to neutralize 100 TCIDso of HIN1pdmO09 (black) or cow/Tx/24


https://doi.org/10.1101/2024.10.23.619881
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.23.619881; this version posted October 23, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

H5N1 (red) on MDCK cells. The line indicates the geometric mean value for a given birth decade

and the dotted line represents the limit of detection for the assay.

237 H1N1pdmO09 pre-existing immunity reduces viral titers and dissemination. We previously
238 developed a pre-immune ferret model that has been used to assess the role of prior immunity to
239 human seasonal influenza viruses on infection of heterosubtypic viruses and examine the
240 pandemic potential of circulating swine influenza viruses (13, 14). Prior research has implicated
241  that H1N1 imprinting by birth year could protect from H5N1 infection (7), and therefore, we sought

242  to examine whether this observation would be recapitulated in the ferret model.

243 To examine the impact of pre-existing immunity on viral replication of bovine H5N1 virus,
244  ferrets were infected with H1IN1pdmO09 98 days prior to challenge to allow waning of primary
245 immune responses. Ferrets with or without prior HIN1pdm09 immunity were intranasally
246  inoculated with cow/Tx/24 H5N1 virus at a dose of 10* TCIDso and either sacrificed on day 3 (N=3)
247  for assessment of viral load or followed out to day 14 (N=2) to examine mortality (Figure 2A). To
248  examine whether H1IN1pdmO09 altered cow/Tx/24 H5N1 tissue tropism, intranasally infected
249  ferrets were euthanized on day 3 post-infection to collect tissues (lungs, trachea, soft palate, nasal
250 turbinates, heart, liver, spleen, small intestine, and brain) and virus titers were determined. In
251 ferrets without prior immunity, cow/Tx/24 H5N1 resulted in high viral loads in the respiratory
252  tissues and produced a systemic infection, as observed by virus detection in the heart, liver,
253  spleen, and intestine (Figure 2B). In contrast, ferrets with prior HIN1pdmO09 immunity exhibited
254  statistically significant lower levels of virus replication that were limited to the respiratory tract
255  (Figure 2B). The lack of virus in the brain of ferrets with no prior immunity at day 3 is consistent
256  with reported data from other groups (8). Nasal wash titers were also drastically different between
257  the two groups of ferrets. Virus was consistently detected in the nasal washes of ferrets without

258  prior immunity over time, whereas H1N1pdm09 immune ferrets had no detectable cow/Tx/24
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259  H5N1 virus in nasal washes, except for one ferret on day 4 post-infection and a different ferret on

260 day 6 post-infection (Figure 2C).
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Figure 2. Effects of prior HIN1 immunity on bovine H5N1 virus replication in ferrets. A.
Schematic of experimental timeline. Two groups of ferrets were intranasally infected with
cow/Tx/24 H5N1; group 1 had been infected with H1N1pdmO09 98 days prior (N=5) and group
2 were immunologically naive (N=5). Three animals from each group were sacrificed at day 3
post-infection. The remaining ferrets from group 1 and 2 were monitored until day 14 post-
infection or until the endpoint criteria were reached. Schematic was created in BioRender. B.
Tissues from cow/Tx/24 H5N1 infected ferrets with no prior immunity (black, N=3) or
H1N1pdmO09 prior immunity (red, N=3) were collected at day 3 post-infection. Mean +/- SD of
viral titers are shown with each circle representing an individual ferret. Unpaired t-test analysis

was used to determine statistically significant differences (lungs p=0.0124; trachea p<0.0080;
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soft palate p=0.0072; nasal turbinates (NT) p=0.0061; small intestine p=0.0014). Open circles
indicate those values that are above the limit of detection. C. Viral titers from nasal secretions
of each individual ferret are represented by each circle with a line indicating the mean for each
group. Nasal wash samples were collected on the indicated days post-infection (N=5 on days

1-3; N=2 on day 4 until end of the study). The dashed line represents the limit of detection.

261 Histopathological analysis of lung tissues harvested at day 3 post-infection indicates that
262  although both groups of ferrets present similar lung injury (Figure 3A). However, further
263 refinement of the data indicates that ferrets with pre-existing HIN1pdmQ09 immunity present with
264  more residual mononuclear perivascular infiltrates and bronchus-associated lymphoid tissue
265 (BALT) hyperplasia (Figure 3B and C), which may play a role in preventing development of severe
266 clinical disease. Immunohistochemistry with anti-lAV nucleoprotein (NP) indicates that
267 H1N1pdmO09 immune ferrets had limited NP positive cells in the trachea (Figure 4A) and mainstem
268  bronchi (Figure 4B) and bronchioles (Figure 4C) as compared to ferrets with no prior immunity.
269 IAV NP antigen was observed in alveolar pneumocytes (both type 1 and 2) in ferrets irrespective
270  of immune status (Figure 4C). These findings are in contrast to H1N1 infection in ferrets, where
271 H1N1 virus infects epithelial cells in the large and small airways (15-19). Examination of the
272  tracheobronchial lymph node histology revealed lymphoid depletion, necrosis, fibrin and edema
273 in ferrets with no prior immunity compared to those with H1N1 immunity (Figure 4D). Overall,
274  these data indicate that resident lymphoid changes in ferrets with pre-existing H1N1 immunity
275 may have reduced cow/Tx/24 H5N1 replication and dissemination to other organs, which could

276  impact disease severity.
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Figure 3. Pre-existing H1N1 immunity increases lung immune infiltrates. Five lung
sections for ferrets with no prior (gray) or pre-existing H1N1pdm09 (red) immunity were blindly
scored for A. lung injury, B. perivascular mononuclear infiltrates and C. BALT hyperplasia. Each

dot represents the cumulative score of each of the five sections for each ferret.
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Figure 4. Pre-existing H1N1 immunity reduces the presence of viral antigen and
increases immune infiltrates. Ferrets with no prior immunity (left panels) or HIN1pdmO09 pre-
existing immunity (right panels) were infected with 10* TCIDs of cow/Tx/24 H5N1 and sacrificed
on day 3 post-infection. H&E and influenza A virus nucleoprotein IHC were performed for the
trachea (A, images taken at 400x with 20mm scale bars), bronchi (B, all images taken at 200x
with 50mm scale bars) and bronchiole (BR) (C, all images taken at 200x with 50mm scale bars).
BALT refers to bronchus-associated lymphoid tissue. Hatched squares are areas within parts
A-C that are magnified within the inset panel. D. H&E of tracheobronchial lymph node from
ferrets with no prior immunity (left panel) or HIN1pdmO09 pre-existing immunity (right panel)
(images taken at 100x with 100mm scale bars, insets taken at 400x with 20mm scale bars).

Hatched squares in part D indicate areas with immune infiltration.
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278 H1N1pdmO09 immunity protects against mortality and severe disease. Ferrets with or without
279  prior HIN1pdmO09 immunity were followed out to day 14 (N=2) to examine mortality (Figure 5A).
280  All animals with pre-existing HIN1pdmQ09 immunity survived challenge with the cow/Tx/24 H5N1
281  virus, while immunologically naive ferrets succumbed to the infection on days 4 and 6 post-
282 infection (Figure 5A). No more than 5% weight loss was observed in ferrets with pre-existing
283  H1N1pdmO09 immunity (Figure 5B) and further assessment of clinical signs, such as diarrhea,
284  fever, nasal discharge and playfulness, revealed more severe clinical signs in all immunologically
285 naive animals compared to those with prior HIN1pdmO09 immunity (Figure 5C). Surviving ferrets
286  with HIN1pdmOQ9 pre-existing immunity seroconverted against cow/Tx/24 H5N1, albeit to low
287  microneutralization titers of 20 and 80 (Table 1). Additionally, neither of the two H1N1pdm09
288 immune ferrets had a greater than 4-fold rise in anti-H1N1pdmQ9 antibodies post-cow/Tx/24
289 H5N1 challenge (Table 1). Taken together, these data indicate that H1IN1pdmO09 pre-existing
290 immunity protects ferrets from severe clinical disease and mortality caused by cow/Tx/24 H5N1

291 infection.
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Figure 5. Prior HIN1 immunity protects from mortality and severe disease in ferrets
infected with bovine H5N1 virus. A. Mortality of ferrets in each group (N=2 per group), with

no prior immunity shown in black and H1N1pdmO09 pre-existing immunity (H1-imm) in red. B.
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Percent of weight change for ferrets with no prior immunity (black, N=2) and H1N1pdm0Q9 pre-
existing immunity (H1-imm, red, N=2). C. Clinical signs on the indicated days post-infection
(N=5 on days 1-3; N=2 on day 4 until end of the study) for ferrets with no prior immunity or
H1N1pdmO09 pre-existing immunity (H1-imm). Symptoms of infection were monitored each day

post-infection and quantified into a cumulative signs score.

292  H1N1 immune ferrets have cross-reactive NA antibodies prior to challenge with H5N1. IAV
293 infection induces antibody responses against the HA and NA that can provide varying levels of
294  protection against subsequent infections (20). To identify immune factors that contribute to the
295  protection of HIN1 immune ferrets from severe disease, neutralizing and total HA binding
296 antibodies were measured. Before challenge with cow/Tx/24 H5N1 virus, ferrets with H1N1 prior
297  immunity exhibited high levels of neutralizing antibodies against H1N1pdmQ9 but no neutralizing
298 antibodies above the limit of detection against cow/Tx/24 H5N1 (Figure 6A). Cross-reactive HA
299  stalk-specific antibodies are able to play a role in reducing influenza virus disease severity (21-
300 23). To explore the production of non-neutralizing cross-reactive HA antibodies, an enzyme-linked
301  immunosorbent assay (ELISA) using the whole H1 (A/California/07/2009 H1N1) or H5 (A/dairy
302 cattle/Texas/24008749001/2024 H5N1) HA protein was performed with serum from ferrets with
303  pre-existing H1IN1pdmO09 immunity (Figure 6B). Ferrets with H1N1pdmO09 prior immunity
304  produced antibodies that bound to H1 as expected but displayed the same background levels of
305 antibody binding to the H5 HA protein as ferrets with no prior immunity (Figure 6B), indicating that
306 there are no detectable cross-reactive HA antibodies against the avian H5. Finally, an ELISA was
307 performed using neuraminidase (NA) from a human (A/Michigan/45/2015 H1N1) or avian
308 (A/mallard/New York/22-008760-007-original/2022 H5N1; which is 98.7% similar to cow/Tx/24
309 NA) IAV to determine whether HIN1 pre-immune ferrets had any cross-reacting NA antibodies
310  prior to challenge with H5N1 that might contribute to the protection against severe disease.

311 Surprisingly, sera from ferrets with prior HIN1pdm09 immunity had antibodies that bound to both
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312  the human and avian NA antigens, while the ferrets with no prior immunity had background levels
313  of binding (Figure 6C). These data suggest that cross-reactive NA antibodies to the avian N1 may

314  be produced from a human seasonal H1N1 infection.

A Serum from H1-imm ferrets B HAELISA C NAELISA
o 4096 -e~ No prior (human H1) - No prior (bovine H5) ~*- Noprior (umanN1) - e No prior (avian N1)
£ 2048 Ce 3o~ Hiimm (humanH1) e H1-imm (bovine H5) 3-{ - H1-mm(humanN1) - H1-imm (avian N1)
>1024- o £ £
) £ £
S 512 °° 0§ &
£ 256 g 2 Q2
© &
o 128 s 3
£ 64 5 5
N @ 9 21
) 2 2
IR LT RO coooe .- By 3.
ST e & M S S S S O e S S G X
S > S S &S &S S S S S
& 3 R S Y SN, S S & & § § &
‘\,\Qb &,\" AR IR SN - ISR N R ,\-T‘Q’ ,;?-’q' ,\‘.@
& 4\6 Sera dilution Sera dilution

Figure 6. Ferrets with HIN1pdmO09 pre-existing immunity have cross-reactive NA binding
antibodies on day of challenge. A. Sera collected from the five ferrets with pre-existing
H1N1pdmO09 immunity on day 98 post-infection were tested for neutralizing antibodies against
2009 H1N1 pandemic virus (H1N1pdm09) and cow/Tx/24 H5N1. Each dot represents the
neutralizing antibody titer of a single ferret to neutralize 100 TCIDsy of H1N1pdmO09 or
cow/Tx/24 H5N1 on MDCK cells. The line indicates the geometric mean value for each virus
and the dotted line represents the limit of detection for the assay. B. Serum IgG antibodies in
ferrets with no prior (black) or with pre-existing H1N1pdmO09 immunity (red) against purified HA
proteins. The solid lines show ferret serum reactivity to human HA (A/Michigan/45/2015 H1N1)
and the dashed lines show ferret serum reactivity to bovine HA (A/dairy cattle/
Texas/24008749001/2024 H5N1). Data is presented as mean +/- SD of the absorbance at
450nm for each dilution. C. Serum IgG antibodies in ferrets with no prior (black) or with pre-
existing H1N1pdmO09 immunity (red) against purified NA proteins. The solid lines show ferret

serum reactivity to human NA (A/California/07/2009 H1N1) and the dashed lines show ferret
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serum reactivity to avian NA (A/mallard/New York/22-008760-007-original/2022 H5N1). Data is

presented as mean +/- SD of the absorbance at 450nm for each dilution.

315 Discussion

316 H1N1pdmO09 pre-existing immunity in ferrets was sufficient to protect from severe disease
317  and mortality from the highly pathogenic avian influenza bovine H5N1 virus. Significantly reduced
318 H5NH1 viral titers in nasal secretions and respiratory tract were also observed in the animals with
319  H1N1 immunity. Importantly, protection from H5N1 infection was not due to the presence of cross-
320 neutralizing antibodies in sera as ferrets with HIN1pdm09 immunity did not generate systemic
321 antibodies that cross-neutralized the cow/Tx/24 H5N1 virus (Figure 6A). Rather, ferrets with prior
322  immunity to H1N1 were found to produce cross-reacting antibodies to H5N1 NA protein (Figure
323 6C); this observation is consistent with recently reported human serological data (24). Immunity
324  to NA has previously been implicated to provide protection during the 1968 H3N2 pandemic (25,
325 26) and can reduce disease severity of naturally infected individuals and those experimental

326 challenge (27).

327 While anti-NA antibodies may be facilitating the protection from severe disease observed
328 in the HIN1pdm09 immune ferret, further studies on the mechanisms of protection are clearly
329 warranted and should include an examination of mucosal immunity from antibodies in the
330 respiratory tract that have broad binding potential. Tissue-resident memory T-cells may also help
331 reduce the severity of disease, as is suspected in the case of H1 immunity protecting from
332  airborne transmission of human seasonal H3N2 virus (13). A conservation of immunodominant T
333 cell epitopes between H5N1 and seasonal influenza viruses, including H1N1, was recently
334  reported and suggested to potentially provide a level of cross-protective immunity (28). We did

335 note that the lung tissues of ferrets with H1N1 prior immunity had increased mononuclear
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336  perivascular infiltrates and bronchus-associated lymphoid tissue hyperplasia, consistent with

337  tissue-specific T cell responses, although additional investigation is required.

338 The mild infection that was present in the two H1N1pdmO09-immune ferrets that survived
339 until day 14, might account for the low levels of neutralizing antibodies against cow/Tx/24 H5N1,
340 (Table 1). This observation may be critical to inform the use of H5 seroconversion as a detection
341 mechanism for prevalence of H5 infections in farm workers, since mild infections may not produce

342  arobust systemic antibody immune response.

343 All adults have pre-existing immunity from repeated influenza virus infections over their
344  lifetime. Most of the 2022 and onward H5N1 human case reports have not included the age of
345  the dairy and poultry farm workers infected. However, it is likely they are younger than 50 or 60
346  years of age, and thus would be highly susceptible to H5N1 infection, yet have circulating H1N1
347 influenza antibodies. The disease presentation of the current HS5N1 human cases is in stark
348  contrast to those reported in the early 2000’s where 30-50% mortality was observed (29). The
349  difference in disease presentation could be due to a number of factors, including changes in the
350 viral genome that result in a less pathogenic virus or the impact of prior immunity to H1N1 strains
351 that circulate widely post 2010. However, additional research into the level of protection afforded
352 by other human seasonal influenza viruses, particularly currently circulating H1N1 viruses and
353 those prior to the 2009 H1N1 pandemic, are needed to assess whether currently circulating H1N1

354  viruses produce a protective immune signature while other prior strains did not.

355  First Author Biography: Dr. Le Sage is a Research Assistant Professor at the University of
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357 requirements for influenza virus transmission and assessing the pandemic potential of

358 emerging influenza viruses.
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475

Table 1: Serology of cow/Tx/24 H5N1 infected ferrets

. cow/Tx/24 cow/Tx/24 HIN1pdm09 HIN1pdm0
Sacrifice

Ferret Immunity dpi MN titers  MN titers MN titers 9 MN titers
Do) (D3/4/6) Do) (D3/14)
1 No prior 3 <20 <20 ND ND
2 No prior 3 <20 <20 ND ND
3 No prior 3 <20 <20 ND ND
4 No prior 4 <20 <20 ND ND
5 No prior 6 <20 <20 ND ND
1 H1-imm 3 <20 <20 905 1016
2 H1-imm 3 <20 <20 508 320
3 H1-imm 3 <20 <20 2032 508
4 H1-imm 14 <20 20 2560 2032
5 H1-imm 14 <20 80 640 2032

ND = Not determined
476 MN = microneutralization
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