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SUMMARY

Highly pathogenic avian influenza A H5N1 viruses cause high mortality in humans and have pandemic
potential. Effective vaccines and treatments against this threat are urgently needed. Here, we have
refined our previously established model of lethal H5N1 infection in cynomolgus macaques. An inhaled
aerosol virus dose of 5.1 log10 plaque-forming unit (pfu) induced a strong febrile response and acute res-
piratory disease, with four out of six macaques succumbing after challenge. Vaccination with three doses
of adjuvanted seasonal quadrivalent influenza vaccine elicited low but detectable neutralizing antibody to
H5N1. All six vaccinated macaques survived four times the 50% lethal dose of aerosolized H5N1, while
four of six unvaccinated controls succumbed to disease. Although vaccination did not protect against
severe influenza, vaccinees had reduced respiratory dysfunction and lower viral load in airways compared
to controls.We anticipate that ourmacaquemodelwill play a vital role in evaluating vaccines and antivirals
against influenza pandemics.

INTRODUCTION

The ongoing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has demonstrated the need to have vaccines and

countermeasures readily available that can protect against new viruses or bacteria that may emerge and spread rapidly. There have been

increasing reports of human cases of influenza caused by avian viruses over the last twenty-five years, particularly among poultry workers.1,2

In most cases, the disease caused by avian influenza viruses in humans is mild and self-limiting. Highly pathogenic avian influenza (HPAI) H5N1

viruses, in contrast, can cause severe respiratory disease in humans and have a high fatality rate (60%, depending on the outbreak).1 Influenza

viruses can adapt to new hosts or reassort with one another, creating new viruses for which there is little or no pre-existing immunity in the

human population. There is significant concern that these highly lethal avian influenza viruses could either adapt to mammalian hosts or

reassort with a human seasonal influenza virus, triggering a new pandemic on the scale last seen in 1918 when an estimated 50–100 million

(�2.5%–5% of the population) people died worldwide.3–6 Vaccines and antiviral drugs that can protect against this potential threat are

urgently needed. Epidemiological studies have suggested that early-life exposure to human influenza viruses provides immunological

imprinting, which may protect against group-related avian influenza viruses later.7 Similarly, prior exposure of ferrets to H1N1 protected
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against H5N1 challenge.8 It is unclear whether vaccination against seasonal human influenza viruses might similarly protect from lethality

caused by avian influenza viruses.

Cynomolgus macaques have been used as a model to study severe influenza since the 1997 H5N1 outbreak in Hong Kong.9 Studies have

shown that cynomolgus macaques inoculated with high doses of H5N1 (6.5–7.8 log10 plaque-forming unit [pfu]) via a combination of

‘‘mucosal’’ routes (intranasal, intratracheal, oral, and/or ocular) generally develop mild disease, with only 2 out of 49 macaques succumbing

to infection in previous reports.9–14 Avian influenza viruses, including HPAI viruses, preferentially bind a2,3 sialic acids which in humans are

found predominantly in the lower respiratory tract.15–17 A similar pattern of a2,3 sialic acid expression and H5N1 binding is seen in

macaques.18–20 Inhalation by macaques of H5N1 virus in a small-particle aerosol (<5 mm mass median aerodynamic diameter) similar to a

natural respiratory infection should deliver more H5N1 virus to the deep lung and more evenly distribute the virus throughout the lung unlike

liquid instillationmethods.21–24 In our previous studies, we found that inhalation of small-particle aerosols containing HPAI H5N1 (A/Vietnam/

1203/2004) virus with a dose comparable to what had been given in mucosal inoculations (7.65 log10 pfu) was highly lethal in cynomolgus

macaques, with death occurring in 3.6 days.25 Subsequent macaques received a 10-fold lower dose yet still succumbed in less than

4 days. There was an open question whether the abbreviated disease course and severe outcome after inhalation of aerosolized H5N1 in

macaques were a function of the doses used, and whether using lower doses would extend the disease course and alter outcome. A lower

dose might be more useful in evaluating potential vaccines or therapeutics as it better reflects natural exposure events.

In this report, we sought to refine the lethal H5N1 infection macaque model to better understand the relationship between inhaled dose

and disease course, and to evaluate whether vaccination against seasonal influenza using an adjuvanted quadrivalent influenza vaccine (aQIV)

could offer protection from mortality and/or morbidity caused by the HPAI H5N1 infection in macaques.

RESULTS

Refinement of the H5N1 macaque model

Cynomolgus macaques exposed to �6 log10 pfu of A/Vietnam/1203/2004 H5N1 virus by small-particle aerosol develop acute respiratory

distress syndrome (ARDS) and death from 2 to 6 days post-challenge.25 To assess what impact a lower aerosol H5N1 dose would have on

the disease course and outcome, eleven cynomolgus macaques were exposed to varying inhaled doses of H5N1 virus via a small-particle

aerosol generatedwith a vibratingmesh nebulizer using the Aero3G aerosol exposure system in the same fashion as was done previously.25,26

Aerosol samples were collected during the exposure to determine virus concentration as well as particle size; inhaled dose was calculated as

the product of the virus concentration in the aerosol and the total volume of air inhaled by the macaque.27 Inhaled doses spanned a range of

2.1–5.5 log10 pfu that is 10–10,000 times lower than previously tested doses (Table 1). Regardless of dose, all H5N1-exposed macaques

developed a fever response within 24 h after infection (daily median temperature deviations from predicted shown in Figure 1A; actual tem-

peratures shown in Figure S1). None of the fivemacaques exposed to doses <5 log10 pfu succumbed to infection, nor did they develop ARDS,

although there was some sign of mild respiratory disease at the 4–4.9 log10 pfu doses as evidenced by increased respiratory rate, decreased

inspiratory time, and decreased expiratory time in two of threemacaques (Figures 1B–1D, left and center graphs). At doses between 5 and 5.5

log10 pfu, four of six macaques succumbed between 4 and 6 days post-infection with clinical signs suggesting ARDS. Five of the six macaques

Table 1. Summary of doses, outcome, and febrile responses after aerosol exposure to H5N1

Animal ID Weight Dosea TTDb

Fever

DT Maxc Durationd Severitye Ave Elevf

147-19 3.9 2.14 15 2.8 78.3 74.1 0.9

148-19 3.8 3.07 15 2.1 73.3 87.6 1.2

153-19 3.2 4.26 15 3.0 109.3 122.5 1.1

154-19 3.2 4.21 15 3.5 123.0 220.0 1.8

156-19 3.8 4.70 15 2.7 206.3 237.1 1.1

145-19 6.4 5.04 4 2.4 87.0 118.4 1.4

150-19 3.1 5.06 6 3.1 108.8 168.5 1.5

155-19 3.2 5.16 15 2.6 153.5 192.6 1.3

151-19 5 5.36 5 2.4 43.0 50.5 1.2

146-19 3.3 5.39 15 2.6 100.5 110.2 1.1

152-19 4.1 5.53 5 3.2 77.5 121.6 1.6

aDose = inhaled dose, in log10 pfu.
bTTD = time to death.
cDTmax = maximum deviation from predicted temperatures.
dDuration = hours of significant temperature deviation from predicted.
eSeverity = sum of significant temperature deviations, adjusted to hours.
fAve Elev = average elevation in temperature, the product of dividing Severity by Duration.
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exposed to 5–5.5 log10 pfu had pronounced elevation in respiratory rates at 1 day post-infection which elevated further at day 2 in three

macaques, recapitulating what we had reported previously with higher dose (>6 log10 pfu) challenge (Figure 1B).
25 There were corresponding

drops in expiratory time and inspiratory time for five of the six macaques at doses between 5 and 5.5 log10 pfu (Figures 1C and 1D, right

graphs). Serum samples taken at study endpoint confirmed that all surviving macaques had been infected with H5N1 as they had serocon-

verted for influenza viral nucleoprotein (Figure S3). Together, we found that influenza-associated ARDS and fatality are reproducibly induced

in macaques with an aerosolized HPAI H5N1 infection at inhaled doses as low as 5 log10 pfu.

Markers associated with severe disease and determination of half-maximal lethal dose

Since we have cohorts of macaques that developed severe and non-severe disease in this study, we sought to identify markers that were

associated with severe disease to better characterize the model. Figure 2 shows those biomarkers which correlated best with the inhaled

dose of H5N1. There was a trend toward a higher average elevation in body temperature at the higher challenge doses tested (Figure 2A).

At doses ranging 5–5.5 log10 pfu, there is also a trend toward higher average body temperature elevation in macaques that succumbed

Figure 1. Fever and respiratory changes associated with H5N1-mediated disease in macaques

Macaques were infectedwith aerosolized H5N1 across a range of doses to understand the relationship between dose, disease, and outcome. Closed symbols are

macaques that survived infection; open symbols are macaques that succumbed to infection.

(A) show daily median residual temperatures (difference between actual and predicted temperatures) as recorded by telemetry for individual macaques

separated by dose range.

(B–D) changes in respiratory parameters measured by plethysmograph on days 2, 4, 7, 11, and 14. Graphs show percent change from baseline in (B) respiratory

rate, (C) expiratory time, and (D) inspiratory time.
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compared to survivors although, given the small numbers, this trend was not statistically significant. Maximum deviation in temperature did

not correlate with inhaled virus dose (Figure 2B). Linear trends correlated with challenge dose emerge at day 1 for all respiration parameters.

Respiration rate increases and both inspiratory time and expiratory time decrease with increasing dose (Figures 2C–2E, respectively),

although only the decrease in inspiratory time is statistically significant. Inspiratory time significantly decreased with increased respiratory

Figure 2. Correlation of H5N1 inhaled dose with respiratory disease and outcome

Closed symbols are macaques that survived infection; open symbols are macaques that succumbed to infection.

(A–F) Graphs show relationship between inhaled virus dose (x axis) with (A) average elevation in body temperature; (B) maximum deviation in body temperature;

(C) respiratory rate on day 1; (D) inspiratory time on day 1; (E) expiratory time on day 1. (F) shows the correlation in the percent change in day 2 respiratory rate (RR)

and inspiratory time (Ti) usingmacaques from this study (blue circles) as well as the original pilot study (green circles); the solid line is the linear regression analysis

and dotted lines show the 95% confidence intervals.

(G) logistical regression analysis of dose and outcome of aerosol H5N1 infection in macaques to determine the LD50.
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rate (Figure 2F). Although changes at day 2 in respiratory rate, inspiration time, and expiratory time weremore severe, especially at the higher

dose levels, the linear correlation with challenge dose was not as strong (Figure S2). A linear trend of decreased tidal volume with increasing

challenge dose appears at day 1 and is statistically significant at day 2 (Figure S2). Using data from macaques in this study as well as our pre-

vious study,25 at day 2 post-infection, nine of tenmacaques that succumbed to H5N1-induced ARDS had aR40% decrease in inspiratory time

and R50% increase in respiratory rate, while only one out of seven macaques that survived had respiratory changes that severe (Figure 2F).

Combining the survival data from this dose study and the previous study,25 probit analysis estimated the lethal dose 50 (LD50) to be 5.1 log10

pfu. (Figure 2G). Hence, we established a severe respiratory diseasemodel using cynomolgusmacaques and determined the 50% lethal dose

of aerosolized HPAI H5N1 virus in this model.

Pathological and virological changes in lung associated with dose and severe disease

Hematoxylin and eosin staining ofmacaque lungs showed relatively normal lung architecture inmacaques that survived to the study endpoint

(day 15) after mild disease (Figure 3A), whereas there was a considerable influx of leukocytes and edema in a surviving macaque (154-19) that

developed severe disease (Figure 3B). ImageJ software was used to analyze changes in alveolar space of macaques infected with H5N1 virus.

Among surviving macaques, loss of alveolar space correlated with the average elevation in body temperature (r2 = 0.6136; p = 0.0372; Fig-

ure 3C). All four macaques that succumbed had comparably lower (�60%) alveolar space and a > 1�C average elevation in body temperature.

Figure 3. Pathological changes and viral load in the lungs

(A and B) 203 magnification of hematoxylin and eosin staining of lung sections from two macaques that survived H5N1 challenge, (A) macaque 147-19, which

survived with only mild disease, (B) macaque 154-19 which had severe respiratory disease but survived. Scale bar is 100 mm.

(C) Graph in (C) shows percent alveolar space (y axis) with average temperature elevation (x axis); survivors (S) are plotted as solid circles; non-survivors (NS) are

open circles. Lines show the linear regression analysis of survivors with the 95% confidence intervals.

(D and E) viral load in the lung at necropsy; macaques that survived are plotted as solid circles; non-survivors are open circles. UL = upper right lung; ML =middle

right lung; LL = lower right lung. (D) infectious virus as measured by plaque assay of lung tissues; (E) viral RNA as measured by qRT-PCR of lung tissues.

(F) Expression of viral nucleoprotein (green) with that of cytokeratin (red) in the lung of 154-19, a macaque that survived severe H5N1 infection (4003

magnification).
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Infectious virus was found in the lungs of all four macaques that succumbed, with titer varying from 3–6.5 log10 pfu/g (Figure 3D). Among

macaques that survived infection, no infectious virus was found by plaque assay. This was likely due to the late sampling time point (day

15). One surviving macaque (154-19) had detectable viral RNA in the lung; this macaque was in the 4–4.9 log10 pfu dose range but had

the highest average elevation in body temperature among survivors and had the lowest percentage of alveolar space (Table 1; Figure 3C).

Immunohistochemistry confirmed the presence of influenza nucleoprotein in the lungs of 154-19 at the time of euthanasia, although it is not

clear whether live virus was still present (Figure 3F).

Adjuvanted QIV vaccination protects macaques against lethal aerosolized H5N1

Epidemiological data suggest that prior exposure to H1N1 virusmay impact the outcomeof infectionwith H5N1 virus (the hemagglutinin [HA]

for both viruses belong to group 1),7 but there has been no evaluation of the protection afforded by seasonal influenza vaccination on the

outcome of H5N1 virus infection in humans. This would be difficult to assess in human populations because most adults have also had influ-

enza infection at least once in their lifetime. In mice and ferrets, there was only negligible protection against H5N1 virus challenge after aQIV

vaccination.28 Cynomolgus macaques, however, are phylogenetically closer to humans and are outbred, and efficacy in this model might be

more translatable to humans. To test whether antigenic contents within commercial influenza vaccines could confer protection frommortality

and/or morbidity in the aerosolized H5N1 infectionmacaquemodel, six macaques were vaccinated with three doses of aQIV, QIV adjuvanted

with AddaVax, a squalene-based oil-in-water emulsion similar to MF59,29 at 0, 4, and 10 weeks. The choice of adjuvant, doses, and schedule

were identical to those in our prior influenza vaccine studies in macaques.30,31 A second group of six macaques served as controls and were

not vaccinated. Vaccinations were staggered such that two macaques would be challenged at a time, maintaining the time between vacci-

nation and challenge but allowing for optimal collection of samples post-challenge, particularly at necropsy (see Table S1; Figure S4). Blood

samples were collected at 2 weeks after second and third aQIV immunization (week 6 and 12, respectively) and 7 days prior to H5N1 challenge

(week 17–18 post-vaccination) for analysis of the humoral response. All aQIV-vaccinated macaques were positive for antibody which bound

HAof H1N1 andH5N1 by ELISA at all time points tested though titers waned by 17–18 weeks post-vaccination. Statistical significance is noted

at all time points when compared to titers in controls (Figures 4A and 4B). Control macaques had no detectable HA-binding antibody against

either H1N1 or H5N1 by ELISA, so the endpoint titer shown is the lowest dilution tested.

Figure 4. Humoral response elicited by aQIV vaccination against both H1N1 and H5N1

(A–D) (A) anti-H1N1 IgG endpoint titer as measured by ELISA from sera samples collected prior to challenge; (B) anti-H5N1 IgG endpoint titer as measured by

ELISA from sera samples collected prior to challenge; (C) neutralizing activity against H1N1 in sera as measured by PRNT; (D) neutralizing activity against H5N1 in

sera as measured by PRNT. Black circles are mock-vaccinated macaques; red triangles are aQIV-vaccinated macaques. Solid lines indicate the median. Dotted

lines indicate lowest dilution of serum tested. *p < 0.05, ***p = 0.0001, ****p < 0.0001, n.s. = not significant by mixed-effects analysis.
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aQIV-vaccinated macaques had strong serum neutralizing antibody titers against H1N1 virus at all three time points tested, with only

minimal decline prior to challenge (Figure 4C). There was detectable neutralizing activity against H5N1 virus in the serum in all of the

aQIV-vaccinated macaques at 6- and 12-week time points, although the titer was �3 logs lower than what was measured for H1N1 virus (Fig-

ure 4D). At one week prior to challenge (week 17–18), neutralizing activity to H5N1 virus in aQIV-vaccinated macaques was no longer signif-

icantly different from the titers seen in controls but was overall higher than what was detected in controls. Control macaques had no detect-

able neutralizing antibody at any time point tested for H1N1 or H5N1 virus (Figures 4C and 4D).

Eight tonineweeksafter thefinal vaccination (week18–19),macaqueswerechallengedwith aerosolizedH5N1virus. Post-aerosol back-titra-

tionof the aerosol samples collected in all-glass impingersduring theexposures indicates that themediandose achievedwas 5.7 log10 pfu (43

LD50); therewas somevariationbetween individualmacaques,but thedifferencebetweengroupswasnot significant (median5.63 vs. 5.70 log10

pfu for control and aQIV-vaccinated, respectively)(Table 2). Four of the six control macaques (67%) succumbed to H5N1 challenge before

reaching study endpoint (15 days post-challenge), while all of the aQIV-vaccinated macaques survived (Table 2; Figure 5A). Macaques in

bothgroupsdevelopeda feverwithin24hof infectionalthough themediandaily change inbody temperaturewas lower in theaQIV-vaccinated

group (Figure 5B). The change in respiratory rate was also substantially lower in aQIV-vaccinatedmacaques over the course of the post-expo-

sure period, particularly if compared to control macaques that succumbed (Figure 5C). Using the criteria established for severe disease in the

refinement of themodel (inspiratory time <40% of baseline, respiratory rate >50% above baseline, see Figure 2F), at 2 days post-challenge all

but one control and one aQIV-vaccinated macaques met the criteria for severe disease (Figure 5D). Similar to what we had seen in the model

refinement, there was a strong association between change in respiratory rate and inspiratory time (r2 = 0.7841; p = 0.0001) and survivingma-

caques were the least affected. Both average elevation in temperature (p = 0.0193) and maximum deviation in temperature (p = 0.0359) were

significantly different between control macaques and aQIV-vaccinated macaques (Figure 5E). The percent change in respiratory rate at day 2

washigh inboth controls andaQIV-vaccinatedmacaques, and thedifferencewasnot statistically significant (p=0.0770). Viral titer inbronchoal-

veolar lavage (BAL) on day 4 was significantly lower in aQIV-vaccinated macaques compared to controls (p = 0.0001). Serial chest plain radio-

graphs revealed areas of airspace opacities consistent with acute pneumonia and edema in most of the macaques in both groups (Figures 5F

and S5). Radiographic scores varied among macaques, and there was no statistical difference between groups (Figures S5C and S5D).

We compared antibody titer and reduction in disease across both groups, to see if antibody to H5N1 elicited by aQIV could correlate with

a reduction in disease. H5N1 neutralizing activity at week 6 of vaccination correlated strongly with a reduction in virus titer in the BAL on day 4

post-challenge (r2 = 0.8409; p < 0.0001) (Figure 5G). There was also a good correlation between the average elevation in body temperature

post-challenge and H5N1 neutralizing activity at week 6 (r2 = 0.5221; p = 0.0079). The change in respiratory rate at day 2 did not correlate with

H5N1 neutralizing activity at week 6 (r2= 0.1924; p = 0.1538) although there is a trend toward reduced respiratory rates with higher neutralizing

antibody titer. This demonstrates that repeated immunizations with aQIV could elicit cross-reactive immunity against H5N1 that conferred

protection from mortality but not morbidity in macaques after a semi-lethal dose of aerosolized H5N1 challenge.

Table 2. Challenge doses, outcome, and febrile responses after aerosol challenge of control and aQIV-vaccinated macaques with lethal H5N1

Group Animal ID Dosea TTDb

Fever

DT Maxc Durationd Severitye Ave Elevf

Control 290-20 5.58 4 2.78 57.25 98.93 1.73

295-20 5.67 15 3.39 147.50 253.91 1.72

308-20 5.93 4 3.59 77.25 156.58 2.03

311-20 5.38 3 3.69 64.75 145.71 2.25

25-21 5.60 3 3.40 60.50 127.61 2.11

26-21 6.41 15 2.98 157.00 201.09 1.28

Median 5.63 4.00 3.40 71.00 151.14 1.88

aQIV 291-20 5.40 15 2.98 98.50 158.01 1.60

292-20 5.74 15 2.97 119.50 170.53 1.43

307-20 6.09 15 2.83 111.00 174.04 1.57

309-20 5.65 15 2.52 99.00 126.17 1.27

24-21 5.99 15 3.16 119.50 145.83 1.22

21-21 5.33 15 2.83 117.00 134.41 1.15

Median 5.70 15.00 2.90 114.00 151.92 1.35

aDose = inhaled dose, in log10 pfu.
bTTD = time to death.
cDTmax = maximum deviation from predicted temperatures.
dDuration = hours of significant temperature deviation from predicted.
eSeverity = sum of significant temperature deviations, adjusted to hours.
fAve Elev = average elevation in temperature, the product of dividing Severity by Duration.
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DISCUSSION

Sporadic yet recurring outbreaks in humans as well as frequent spillovers to mammalian species of HPAI H5N1 virus pose serious concerns for

a potential influenza pandemic in the future. Efforts to develop vaccine candidates that provide broader protection against future pandemic

influenza viruses are critical to protect global public health. Concomitantly, efforts to develop model systems capable of evaluating vaccine

and drug candidates are also essential as efficacy against pandemic influenza cannot be evaluated in human clinical trials. Here, we validated

the use of aerosol challenge with HPAI H5N1 virus in the cynomolgus macaque model as a surrogate for human pandemic influenza virus

Figure 5. aQIV protects against death but not severe respiratory disease after lethal aerosol H5N1 challenge

(A) Survival after challenge over 15 days; (B–E), (G) black lines & circles denote mock-vaccinated macaques and red lines & triangles denote aQIV-vaccinated

macaques; open symbols are macaques that succumbed to infection.

(B–G) (B) Median daily deviation in body temperature from predicted formock-vaccinated (left graph) and aQIV-vaccinated (right graph) macaques; (C) % change

in respiratory rate compared to baseline from predicted for mock-vaccinated (left graph) and aQIV-vaccinated (right graph) macaques; (D) Day 2 post-challenge

change in inspiratory time (x axis) vs. respiratory rate (y axis) for all macaques; the solid line is the linear regression analysis and dotted lines show the 95%

confidence intervals; (E) differences between mock-vaccinated and aQIV-vaccinated macaques in average temperature elevation, maximum temperature

deviation, respiratory rate at day 2, and viral titer in BAL at day 4; lines show the average and standard deviation for each group, *p < 0.05, **p < 0.01 by

Welch’s t test; (F) radiographs of representative mock-vaccinated and aQIV-macaques prior to challenge and at day 4 post-challenge; (G) correlation of

H5N1-neutralizing antibody at week 6 post vaccination and changes in day 4 BAL virus titer, average body temperature elevation, and day 2 respiratory rate.

The solid line is the linear regression analysis for each graph.
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infection associated with high morbidity and mortality and showed that repeated vaccination with aQIV could offer protection frommortality

caused by H5N1 virus.

We had previously established that in cynomolgus macaques, high doses of aerosolized H5N1 induced a fulminant, lethal viral pneu-

monia.25 Infection triggered a cytokine storm and activation of the inflammasome, triggering pyroptosis of alveolar epithelial cells and disrup-

tion of the epithelial barrier.32 We sought to evaluate here whether lower doses would extend the disease course and alter the outcome. At

the lowest doses tested we still saw evidence of infection and viral replication but only mild disease. We were able to establish an estimated

LD50 for aerosolized H5N1; macaques infected around this dose developed severe respiratory disease and two-thirds succumbed to disease

and were humanely euthanized within 4–6 days. Hence, a lower viral dose did not extend the disease course substantially but resulted in

comparatively milder disease within the same time frame. In recent years, two other groups have reported exposing macaques and marmo-

sets to H5N1 via aerosol that did not result in lethal disease.33–35 Although they used the same strain of H5N1 as was used in this study and in

our prior study, these groups used different nebulizers than we did for aerosol generation and utilized a face mask to deliver aerosol as

opposed to a head-only chamber. In further contrast to our methodologies, they did not sample the aerosols generated during the exposure.

Consequently, the dose that was delivered to the lungs of the nonhuman primates in those studies is unknown. Comparing their data with the

data we report here, the clinical signs they reported would be most consistent with an inhaled dose <5 log10 pfu.

Although HA of the HPAI H5N1 virus is quite different from that of seasonal human H1N1 viruses, both H5 and H1 subtypes belong to

group 1 HAs, and there are conserved epitopes between these HAs including the stem region. Current seasonal influenza vaccines did

not elicit protective immunity against lethal H5N1 challenge in mice or ferrets even when co-administered with adjuvant multiple times,28

potentially due to the inability of these animals to efficiently respond to theHA stem epitopewhich is conserved amonggroup 1HA subtypes.

In contrast, macaques are capable of generating neutralizing antibodies targeting the HA stem epitope,30,31 and those antibodies could pro-

vide prophylactic protection against H5N1 in mice.28,31 In this study, we showed that the aQIV-vaccinated macaques were protected against

mortality caused by the aerosolized H5N1 infection. H5N1 virus neutralizing antibody titers did correlate with a reduction in both fever and

virus titer in BAL. Given theweak neutralizing andHA-binding antibody titers to H5N1, it is possible that T cell responsesmight also be playing

a role for the level of protection seen, similar to what has been suggested for how ancestral SARS-CoV-2 vaccines still prevent hospitalization

and death after infection with new variants that are poorly recognized by anti-spike antibodies.36,37 Alternatively, immune responses to other

non-HA antigens such as neuraminidase may be playing a role in the protection against death.

In summary, our refined semi-lethal aerosolized H5N1 macaque infection model will be useful not only to study the pathogenesis of this

important virus but also to evaluate candidate vaccines and therapeutics. In the wake of the coronavirus pandemic and a new emphasis on

pandemic preparedness, extension of this macaque model to explore virulence of other influenza subtypes/strains and efficacy of medical

countermeasures should be a high priority.

Limitations of the study

There are significant differences between the vaccination ofmacaques in this study and the regimen used in humans, so it is difficult to directly

extrapolate our findings. Macaques were vaccinated three times with aQIV within 2.5 months, which is not a vaccination schedule used in

humans. In addition, most humans of age R5 years are not immunologically naive to circulating influenza viruses and have had recurrent

boosting of adaptive immune responses by vaccination and/or exposure throughout their lives. Future studies will be needed to fully assess

the impact of pre-existing influenza immunity and immunological imprinting on subsequent vaccine-elicited protective immunity to H5N1 or

other pandemic influenza viruses. The HPAI H5N1 A/Vietnam/1203/2004 strain in our studies belongs to a different clade from currently circu-

lating strains in avian species, and our results may or may not be fully applicable to those newer isolates. This needs to be explored to better

understand the threat posed by these currently circulating viruses.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-influenza A nucleoprotein BEI Resources Clone DPJY03

Mouse anti-pan cytokeratin Abcam clone AE1/AE3

mouse anti-human CD163 ThermoFisher/eBioscience eBioGHI/61

goat anti-mouse IgG2a Alexa Fluor 647 ThermoFisher A-21241

goat anti-mouse Alexa Fluor 546 ThermoFisher A-11030

Bacterial and virus strains

H5N1 (A/Vietnam/1203/2004) Daniel Perez, University of Georgia N/A

Biological samples

Cynomologus macaque lung

& bronchoalveolar lavage

This paper N/A

Cynomolgus macaque plasma This paper N/A

Chemicals, peptides, and recombinant proteins

TRIzol Invitrogen 15-596-018

Critical commercial assays

Anti-NP inhibition assay Virusys IAV207-2

RNA Clean and Concentrator Zymo R1018

Reliance One-Step Multiplex Supermix BioRad 12010220

rowheadDeposited data

Raw telemetry & plethysmography data Available on request N/A

Exported & analyzed telemetry

& plethysmography data

Available on request N/A

ELISA, qRT-PCR, PRNT, plaque assay data Available on request N/A

Aerosol exposure data Available on request N/A

Immunohistochemistry images

& alveolar space analysis data

Available on request N/A

rowheadExperimental models: Cell lines

MDCK cells ATCC CCL-34

Experimental models: Organisms/strains

Cynomolgus macaques, Mauritius origin VRC N/A

Oligonucleotides

Influenza A primers and probes BEI Resources NR-15592

Software and algorithms

Prism 9 GraphPad https://www.graphpad.com/

Ponemah 6.5 Data Sciences International http://datasci.com

Finepointe 2.8 Data Sciences International http://datasci.com

MatLab 2020a MatLab https://www.mathworks.com/

products/matlab.html

NIS-ElementsAR v5.30.01 Nikon https://www.microscope.healthcare.

nikon.com/products/software/nis-elements

ImageJ NIH https://imagej.nih.gov/ij/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Douglas Reed

dsreed@pitt.edu.

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.

�Code used for analysis of telemetry data is available at https://github.com/ReedLabatPitt
�Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Macaques

Young adult cynomolgusmacaques (Macaca fasicularis) of Mauritius origin were used in these studies, with weights ranging from 3.1-6.4 kg at

time of challenge. All macaques used in theH5N1dose study were female; all macaques used in the vaccine study weremale. Prior to delivery,

macaques were screened to ensure they were naı̈ve for influenza using an anti-nucleoprotein (NP) ELISA assay described subsequently.

Research was conducted in compliance with the Animal Welfare Act and other Federal statutes and regulations relating to animals and

experiments involving animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals, National Research

Council, 1996. The facility where this research was conducted is fully accredited by the Association for Assessment and Accreditation of Lab-

oratory Animal Care International. Prior to initiation of experiments, the work with animals described in this report was approved by the Uni-

versity of Pittsburgh’s Institutional Animal Care & Use Committee (IACUC).

METHOD DETAILS

Challenge virus

The virus (H5N1 A/Vietnam/1203/2004) used in these studies was generated by one passage in eggs from the original reverse genetics stock

provided by Dr. S. Mark Tompkins at the Department of Infectious Diseases, University of Georgia.25 Virus propagation was carried out under

BSL3 conditions at the University of Pittsburgh Regional Biocontainment Laboratory. Virus stock was amplified in 10-11 day-old embryonated

specific pathogen free chicken eggs for 24 h. Allantoic fluid from inoculated eggs was clarified by centrifugation and aliquots stored at -80�C.
Virus titer was determined in MDCK cells by plaque assay and expressed as pfu/ml. Virus was diluted in DMEM containing bovine serum al-

bumin, HEPES buffer, penicillin/streptomycin, and trypsin immediately prior to aerosol exposure.26 Prior to initiation of experiments, the work

with this virus described in this report was approved by the University of Pittsburgh’s Institutional Biosafety Committee (IBC), Biohazards

Committee, and Department of Environmental Health & Safety.

Virus sequencing

RNA was extracted using a MagNA Pure LC RNA Isolation Kit – High Performance (Roche) from 100 ml of virus on the MagNaPure LC instru-

ment (Roche). The influenza genome was amplified by MS-RT-PCR. The 25 ml MS-RT-PCR (Superscript III high-fidelity RT-PCR kit,

ThermoFisher Co.) utilized 2.5 ml of RNA as a template, and the primer sequences and concentrations were as follows: Opti1-F1

50-GTTACGCGCCAGCAAAAGCAGG-30 (0.06 mM); Opti1-F2 50-GTTACGCGCCAGCGAAAGCAGG-30 (0.14 mM); Opti1-R1 50-GTTAC

GCGCCAGTAGAAACAAGG-30 (0.2 mM). The cycling conditions were 55�C for 2 min, 42�C for 1 hr, 94�C for 2 min, 5 cycles (94�C for 30 s,

44�C for 30 s, 68�C for 3.5 min), followed by 26 cycles (94�C for 30 s, 55�C for 30 s, 68�C for 3.5 min) and a final extension of 68�C for

10 min. Amplification of the influenza genome was confirmed by analyzing the MS-RT-PCR products in 0.8% agarose gel. The amplicons ob-

tained from MS-RT-PCRs were purified using 0.453 of Agencourt AMPure XP Magnetic Beads (Beckman Coulter) and eluted in 30 ml of

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

rowheadOther

Temperature data analysis code Reed Lab https://github.com/ReedLabatPitt/

Reed-Lab-Code-Library

Quadrivalent influenza

vaccine + Addavax

Quadrivalent influenza vaccine:

Seqirus. Addvax: Invivogen

Quadrivalent influenza vaccine:

Afluria 2018-19. Addavax: vac-adx-10
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HyClone molecular biology water (Genesee Scientific). The eluate’s concentration was measured using the Qubit dsDNA HS Assay kit

(ThermoFisher) on the Qubit 3.0 fluorometer (ThermoFisher), and the amplicons were normalized to 0.2 ng/ml. Adapters were added by tag-

mentation using theNextera XTDNA library preparation kit (Illumina) with 40%of the suggested final volume. The libraries were purified using

0.73Agencourt AMPureXPMagnetic Beads, and the fragment size distributionwas analyzed on theAgilent Bioanalyzer using theHigh Sensi-

tivity DNA kit (Agilent). Subsequently, the samples were normalized to 4 nM and pooled. The pooled libraries were loaded at a concentration

of 15 pM and sequenced using the MiSeq v2, 300 cycle reagent Kit (Illumina) in a paired-end fashion (150 3 2). Genome assembly was per-

formed using a pipeline developed previously at Icahn School ofMedicine atMount Sinai by Harm Van Bakel.38 Initially, Cutadapt was used to

remove low-quality sequences and adapters from paired FastQ files. The inchworm component of Trinity39 was used to perform an initial

assembly, and viral contigs bearing internal deletions were identified by BLAT40 mapping against nonredundant IRD reference sequences.

Subsequently, the inchworm assembly was repeated to remove breakpoint-spanning kmers from the assembly graph, and the resulting

contigs were oriented and trimmed to remove low-coverage ends and any extraneous sequences beyond the conserved IAV termini. Finally,

assembly contigs and contiguity were assessed for all segments by mapping sequence reads back to the final assembly using Bur-

rows-Wheeler Alignment.41 For the H5 HA segments, we also performed de novo assembly using Trinity.42 A comparison of the consensus

sequence to publicly available A/Vietnam/1203/2004 (H5N1) sequences on the Influenza Research Database (http://www.fludb.org/) showed

no amino acid changes in the virus seed and propagated stocks used in this experiment.

Vaccination

At weeks 0, 4, and 10, macaques were inoculated by intramuscular injection with 500 ml of Aluria Quadrivalent 2018-19 seasonal influenza

vaccine (Seqirus) and 500 ml of Addavax (Invivogen). Macaques in the control group were not inoculated. At various intervals post-vaccination

and pre-challenge, macaques were bled and assessed for antibody response to influenza viruses by ELISA and reporter virus microneutral-

ization assay.

ELISA

Macaque serum IgG levels were measured against recombinant HA of H1N1 (A/Michigan/45/2015) and H5N1 (A/Vietnam/1203/2004) by

ELISA. Briefly, plates were coated with 2 mg/mL of recombinant HA proteins and incubated overnight at 4�C. Plates were washed with

PBS and 0.1% Tween 20 after all incubations. Plates were blockedwith 5% skimmilk in PBS at 37�C for 1 h.Monoclonal antibodies and immune

serumwere serially diluted fourfold andplates were incubated for 1.5 h at 37�C.HRP conjugated secondary antibodies (anti-human; anti-mon-

key, Southern Biotech) were added and incubated for 1 hr at 37�C. Plates were developed with TMB substrate (KPL) and the reaction was

stopped by the addition of 1 NH2SO4. Absorbance wasmeasured at 450 nm (Biotek Neo2 plate reader). ELISA endpoint titers were recorded

as serum dilution resulting in 4-fold increase in OD450 value above the background.

Reporter virus microneutralization

Generation of the replication-restricted reporter (R3DPB1) virus H1N1 and rewired R3DPB1 (R4DPB1) virus H5N1 has been described else-

where (Creanga, et al. Nat Commun. 2021). Briefly, to generate the R3/R4DPB1 viruses the viral genomic RNA encoding functional PB1

was replaced with a gene encoding the fluorescent protein (TdKatushka2), and the R3/R4DPB1 viruses were rescued by reverse genetics

and propagated in the complementary cell line which expresses PB1 constitutively. Each R3/R4DPB1 virus stock was titrated by determining

the fluorescent units per mL (FU/mL) prior to use in the experiments. For virus titration, serial dilutions of virus stock in OptiMEM were mixed

with pre-washed MDCK-SIAT-PB1 cells (6 x 103 cells/well) and incubated in a 384-well plate in quadruplicate (25 mL/well). Plates were

incubated for 18-26 h at 37�C with 5% CO2 humidified atmosphere. After incubation, fluorescent cells were imaged and counted by using

a Celigo ImageCytometer (Nexcelom) with a customized red filter for detecting TdKatushka2 fluorescence. For themicroneutralization assay,

serial dilutions of serumwere prepared inOptiMEMandmixedwith an equal volume of R3/R4DPB1 virus (�8 x 104 FU/mL). After incubation at

37�C and 5% CO2 humidified atmosphere for 1 h, pre-washed MDCK-SIAT-PB1 cells (6 x 103 cells/well) were added to the serum-virus mix-

tures and transferred to 384-well plates in quadruplicate (25 mL/well). Plates were incubated and counted as described above. Target virus

control range for this assay is 500 to 2,000 FU per well, and cell-only control is acceptable up to 30 FU per well. The percent neutralization

was calculated for each well by constraining the virus control (virus plus cells) as 0% neutralization and the cell-only control (no virus) as

100% neutralization. A 7-point neutralization curve was plotted against serum dilutions for each sample, and a four-parameter nonlinear fit

was generated using Prism (GraphPad) to calculate the 50% (IC50) inhibitory concentrations.

Aerosol exposures

Aerosol exposures were performed under the control of the Aero3G aerosol management platform (Biaera Technologies, Hagerstown, MD)

as previously described.27 Macaques were anesthetized with 6 mg/kg Telazol� (Tiletamine HCl / Zolazepam HCl); once anesthesia was

confirmed the macaque was weighed, bled, and transported to the Aerobiology suite using a mobile transport cart. The macaque was

then transferred from the cart into a class III biological safety cabinet and themacaque’s head was placed inside a head-only exposure cham-

ber. Exposures were either time-calculated (usingminute volumemeasured prior to exposure) or accumulated tidal volume-based (ATV). ATV

exposures used Ponemah software (DSI; Data Sciences International, St. Paul, MN) measuring respiratory function via Jacketed External

Telemetry Respiratory Inductive Plethysmography (JET-RIP; Data Sciences International, St. Paul, MN) belts that were placed around the
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upper abdomen and chest of the macaque and calibrated to a pneumotach. This allowed monitoring and recording of respiratory function

during the exposure via the Ponemah software platform (DSI) during the aerosol.43 Tidal volume data was transferred from Ponemah via soft-

ware interface with the Biaera software controlling the Aero3G; ATV exposures are terminated when the desired total inhaled volume of air

has been reached (6 liters for these exposures). Aerosols were generated using an Aerogen Solo vibratingmesh nebulizer (Aerogen, Chicago,

IL) as previously described, with a total airflow of 16 lpm of air into the chamber (one complete air change every 2 minutes).26 Total exhaust

from the chamber including sampling was equal to intake air. To determine inhaled dose, an all-glass impinger (AGI; Ace Glass, Vineland, NJ)

was attached to the chamber at operated at 6 lpm, -6 to -15 psi. Particle size was measured once during each exposure at 5 minutes using an

Aerodynamic Particle Sizer (TSI, Shoreview, MN). A 5-minute air wash followed each aerosol before the macaque was removed from the cab-

inet and transported back to its cage and observed until fully recovered from anesthesia. Virus concentration in nebulizer and AGI samples

was assessed by plaque assay; inhaled dose was calculated as the product of aerosol concentration of the virus and the accumulated volume

of inhaled air.27

Telemetry

Eachmacaque was implanted with a DSI PhysioTel Digital radiotelemetry transmitter (DSI Model No. M00) capable of continuously recording

body temperature. Telemetry implants were implanted abdominally and the surgical site closed using skin sutures. During acquisition, data

was transmitted from the implant to a TRX-1 receiver mounted in the room connected via a Communications Link Controller (CLC) to a com-

puter running Ponemah v6.5 (DSI) software. Preexposure data collection began at least seven days in advance of infection. Data collected

from Ponemah was exported as 15-minute averages into Excel files which were subsequently analyzed in MatLab 2019a as previously

described.44,45 Using pre-exposure baseline data, an auto-regressive integrated moving average (ARIMA) model was used to forecast

body temperature assuming diurnal variation across a 24-hour period. The code is available at https://github.com/ReedLabatPitt/Reed-

Lab-Code-Library. Residual temperatures were calculated as actual minus predicted temperatures. Upper and lower limits to determine sig-

nificant changes were calculated as the product of 3 times the square root of the residual sumof squares from the baseline data. MaximumDT

was the highest residual difference between actual and predicted body temperature after challenge. Fever duration was calculated in hours

by dividing the number of significant elevations by 4. Fever severity was calculated as the sumof all significant elevations in body temperature,

divided by 4 to get fever-hours. Average elevation was calculated by dividing fever severity by fever duration.

Plethysmography

Respiratory function was assessed in anesthetized animals using a head-out plethysmography chamber and pneumotach connected to a dig-

ital preamplifier run by Finepointe v2.8 software (DSI). For purposes of this study, we used a universal study modified to collect data similar to

the chronic obstructive pulmonary disease (COPD) studies that Finepointe has established for whole-body plethysmography chambers. The

chamber, pneumotach, and preamplifier were calibrated eachmorning before use. The NHP was laid prone in the chamber and the chamber

sealed, with the head and neck emerging from the chamber through a latex dam which is secured around the neck. Once the chamber was

sealed, the system was started for a few minutes to acclimate the system and ensure good data is being collected prior to initiation of data

collection which was for three minutes. Data was analyzed within Finepointe or in Excel & GraphPad. Data shown is the average of the three

minute collection period.

Plaque assay

To quantify viral load in tissue homogenate, BAL, and aerosol, samples were titered by standard plaque assay. Snap-frozen tissues were

homogenized in media containing FBS using an Omni tissue homogenizer (Omni International). Samples were diluted serially 10-fold,

then adsorbed onto 70-80% confluent monolayers of MDCK cells (American Type Culture Collection) in duplicate wells of either six- or

12-well tissue culture plates, and overlaid with agarose-containing media with added TPCK-trypsin. Plates were then incubated for 3 d at

37�C, 5 d at 37�C for tissues. All plates were then fixed in formaldehyde for 2-24 hours, then stained with .25 % crystal violet to visualize

plaques.

Quantitative RT-PCR

Serum, BAL, or tissue homogenate was mixed with TRI Reagent (Ambion), and RNA was extracted using either a PureLink viral RNA/DNA

extraction kit (Invitrogen) or RNeasy mini kit (Qiagen). The SuperScript III Platinum one-step quantitative RT-PCR kit (Invitrogen) was used

for amplification of each RNA sample. Influenza A primers, probe, and cycling conditions used for quantitative RT-PCR were followed as

described in BEI Resources product information sheet NR-15592. A standard curve was generated using 10-fold dilutions of RNA from virus

stock of known titer. PCR was conducted on a QuantStudio 6 flex (Thermofisher).

Alveolar space analysis

Formaldehyde fixed tissues were paraffin embedded by the University of Pittsburgh McGowan Institute or the Biospecimen Core. Tissue sec-

tions were cut to 5 mmandmounted on positively chargedglass slides. Standard regressive hematoxylin (Cat #MHS16-500ml) and eosin (Cat #

E511-100) staining was used to stain for histopathology. Coverslips were placed on the slides promptly using a 1:1 xylene:toluenemixture as a

mounting medium. Using an Olympus Provis microscope, images of stained lungs were captured at 10x for analysis. At least 5 images were
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captured of the lungs from each macaque. Transmitted light was set at 9.0 and exposure time was kept consistent for all images. The micro-

scope was white balanced, and a blank image was obtained to remove shading. NIS-ElementsAR v5.30.01 was used to remove background

shading and scale images to 1.35 mm per pixel 47. Alveolar space analysis was performed using the open-source ImageJ software (https://

imagej.nih.gov/ij/) and selecting the Alveolar SpaceAnalysis option from theMacro’s tab. Next, the images to be evaluatedwere opened and

two regions of interest were selected for the alveolar space analysis. Summaries and results for each imagewere saved asMicrosoft Excel files.

Immunohistochemistry

Frozen 6 mm thick lung sections of NHP lungs were permeabilized with Triton X-100 0.25% in 1x PBS for 10minutes prior to being blocked with

5% host antibody serum. The following primary antibodies were added to the slides overnight at 4C: anti-influenza A nucleoprotein (clone

DPJY03; BEI Resources), mouse anti-pan cytokeratin (clone AE1/AE3; Abcam), and mouse anti-human CD163 (eBioGHI/61/Thermofisher).

The following secondary antibodies fromThermo Fisher Scientific were added to the slides for 30minutes at 4C: goat anti-mouse IgG2aAlexa

Fluor 647, goat anti-mouse Alexa Fluor 546. DAPI staining was used to identify cell nuclei, and slides were mounted in ProLong Diamond

Antifade Mountant (Thermo Fisher Scientific) and subsequently viewed on an Olympus FluoView FV1000 confocal microscope. Controls

used included: secondary only, no stain (blank), and matched isotype controls.

Anti-NP ELISA

Prior to challenge and at d 2 post-challenge, macaques were screened for influenza A nucleoprotein Abs using an anti-nucleoprotein (NP)

inhibition ELISA assay (Virusys) as per themanufacturer’s protocol. In brief, wells are coated with NP followed by incubation with experimental

sera, a second incubation with detection antibody, washing six times, and finally addition of chromagen before reading the plate on a stan-

dard 96-well plate photometer at 450 nm. Absorbance values from experimental sera were compared with positive and negative controls and

the amount of anti-NP present is calculated using theNP reduction index (1 – [delta sample absorbance / delta negative control absorbance]).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in GraphPad (version 9.5.1) and RStudio (version 2022.07.2). Time-to-event data were compared between

groups using the log-rank test and the Kaplan-Meier method was used to plot survival curves. Survival times are censored at the pre-specified

end of study day. Temperature and respiration data were analyzed using the t-test for two groups and ANOVA for more than two groups.

Means and standard deviations are displayed in figures. Simple linear regression models were used to assess association between variables

and 95% confidence bands are displayed. All p-values are from two-sided tests with a nominal 0.05 significance level. Assays performed in

duplicate or triplicate were averaged within subject prior to comparisons. All observed data for variables and time points of interest are

included in the analysis.
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