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Abstract 24 
 25 
Seasonal influenza virus infections cause mild illness in healthy adults, as timely viral 26 
clearance is mediated by the functions of cytotoxic T cells. However, avian H5N1 influenza 27 
virus infections can result in prolonged and fatal illness across all age groups, which has been 28 
attributed to the overt and uncontrolled activation of host immune responses. Here we 29 
investigate how excessive innate immune responses to H5N1 impair subsequent adaptive T 30 
cell responses in the lungs. Using recombinant H1N1 and H5N1 strains sharing 6 internal 31 
genes, we demonstrate that H5N1 (2:6) infection in mice causes higher stimulation and 32 
increased migration of lung dendritic cells to the draining lymph nodes, resulting in higher 33 
numbers of virus specific T cells in the lungs. Despite robust T cell responses in the lungs, 34 
H5N1 (2:6) infected mice showed inefficient and delayed viral clearance as compared to H1N1 35 
infected mice. In addition, we observed higher levels of inhibitory signals including increased 36 
PD1 and IL-10 expression by cytotoxic T cells in H5N1 (2:6) infected mice, suggesting that 37 
delayed viral clearance of H5N1 (2:6) was due to suppression of T cell functions in vivo. 38 
Importantly, H5N1 (2:6) infected mice displayed decreased numbers of tissue resident memory 39 
T cells as compared to H1N1 infected mice; however, despite decreased number of tissue 40 
resident memory T cells, H5N1 (2:6) were protected against a heterologous challenge from 41 
H3N2 virus (X31). Taken together, our study provides mechanistic insight for the prolonged 42 
viral replication and protracted illness observed in H5N1 infected patients.  43 
 44 
Importance 45 
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Influenza viruses cause upper respiratory tract infections in humans. In healthy adults, 46 
seasonal influenza virus infections result in mild disease. Occasionally, influenza viruses 47 
endemic in domestic birds can cause severe and fatal disease even in healthy individuals. In 48 
avian influenza virus infected patients, the host immune system is activated in an uncontrolled 49 
manner and is unable to control infection in a timely fashion. In this study, we investigated why 50 
the immune system fails to effectively control a modified form of avian influenza virus. Our 51 
studies show that T cell functions important for clearing virally infected cells are impaired by 52 
higher negative regulatory signals during modified avian influenza virus infection. In addition, 53 
memory T cell numbers were decreased in modified avian influenza virus infected mice. Our 54 
studies provide a possible mechanism for the severe and prolonged disease associated with 55 
avian influenza virus infections in humans. 56 
 57 
 58 
 59 
 60 
Keywords: Influenza virus, avian H5N1 virus, H1N1 virus, hyperactivation of immune 61 
responses, adaptive T cell responses 62 
Introduction 63 
Influenza A viruses, members of the Orthomyxovirus family, cause upper respiratory infections 64 
in humans (1). Infections by seasonal influenza A virus strains (H1N1 and H3N2) are mostly 65 
self-limiting in healthy adults; however, seasonal infections can be severe in young children 66 
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and the elderly (2, 3). In addition to humans, influenza viruses can infect a variety of zoonotic 67 
species including domestic poultry, pigs, horses, seals and waterfowl (4-6). Occasionally, 68 
influenza virus strains circulating in zoonotic reservoirs can cross the species barrier and 69 
cause infections in humans. Unlike seasonal H1N1 and H3N2 strains, infections with avian 70 
influenza viruses such as H5N1 and H7N9 are often severe in all age groups and cause 71 
extensive alveolar damage, vascular leakage, and increased infiltration of inflammatory cells in 72 
the lungs. The virulent nature of avian influenza viruses has been attributed to both viral and 73 
host determinants; while the viral determinants of virulence are well defined, the contribution of 74 
host responses to disease severity remain to be elucidated. 75 
The H5N1 strain of avian influenza virus was first detected in humans during a domestic 76 
poultry outbreak in Hong Kong in 1997 (7, 8). Despite considerable efforts for containment, 77 
H5N1 strains have spread globally and are now endemic in domestic poultry on several 78 
continents. Over the past 20 years, H5N1 viruses from infected domestic poultry have crossed 79 
the species barrier, causing severe and often fatal infections in humans with mortality rates as 80 
high as 60% (9). Many of the viral components critical for the enhanced virulence of H5N1 81 
have been identified through the generation of recombinant and/or reassortant viruses (10) (11, 82 
12). Prior studies have shown that the multibasic cleavage site (MBS) in the viral 83 
hemagglutinin of H5N1 facilitates higher viral replication and mediates extrapulmonary spread 84 
(13-15). In addition, our group has recently demonstrated that the endothelial cell tropism of 85 
H5N1 contributes to barrier disruption, microvascular leakage, and subsequent mortality (12). 86 
Moreover, polymorphisms that increase viral replication have been identified in the viral 87 
polymerase subunits of H5N1 strains (16-20). Together, these studies have helped to define 88 
the viral components that are responsible for the enhanced virulence of H5N1. 89 
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Apart from viral determinants, overt and uncontrolled activation of the innate immune 90 
responses also contribute to the disease severity associated with H5N1 infection (21, 22). 91 
Histological analyses of lungs from fatal H5N1 cases demonstrate severe immunopathology, 92 
as evidenced by excessive infiltration of immune cells into the lungs and higher numbers of 93 
viral antigen positive cells in the lungs (23, 24). In corroboration with these studies, H5N1 94 
viruses have been shown to induce higher DC activation and increase cytokine production as 95 
compared to H1N1 viruses (25). Moreover, studies with H5N1 strains in animal models 96 
demonstrate hyperactivation of resident immune cells in the lungs and a consequent upsurge 97 
in cytokine levels (26, 27). As such, these heightened proinflammatory responses result in the 98 
excessive recruitment of neutrophils and inflammatory monocytes into the lungs, correlating 99 
with severe disease (24). Despite robust activation of innate immune responses against H5N1 100 
infection, higher and prolonged virus replication can be detected in the lungs of infected 101 
individuals, suggesting a possible dysregulation of adaptive immune responses(28).  102 
We have previously demonstrated that appropriate activation of respiratory DC is required for 103 
effective T cell responses against a mouse adapted H1N1 strain (29). Here, we sought to 104 
determine if excessive activation of innate immune cells during avian H5N1 infection impairs 105 
subsequent adaptive T cell responses. In order to investigate the immune responses against 106 
H5N1 in comparison to a mouse adapted H1N1 strain, we generated a closely matched 107 
recombinant H5N1 virus carrying the 6 internal genes of H1N1 (H5N1 (2:6)). Our studies 108 
demonstrated that H5N1 (2:6) infection in mice induced higher lung DC activation and 109 
promoted increased migration of lung DC to the draining lymph nodes, resulting in increased 110 
numbers of virus specific CD8+ and CD4+ T cells in the lungs as compared to H1N1 infected 111 
mice. Despite higher numbers of virus specific T cells, we observed delayed clearance of 112 
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H5N1 from the lungs, which correlated with higher PD-1 expression and increased production 113 
of the anti-inflammatory cytokine IL-10 by T cells in H5N1 infected mice. Importantly, we 114 
observed lowered numbers of virus specific tissue resident memory T cells in H5N1 infected 115 
mice as compared to H1N1 infected mice. Taken together, our study demonstrates that 116 
hyperactivation of innate immune cells during H5N1 infection impairs cytotoxic T cell functions 117 
as well as subsequent generation of influenza virus specific tissue resident memory T cells.  118 
  119 

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 10, 2020. ; https://doi.org/10.1101/2020.01.09.901132doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.09.901132
http://creativecommons.org/licenses/by-nd/4.0/


 7

Results 120 
H5N1 infection induces higher activation of innate immune cells 121 
To establish if infection with a low pathogenic H5N1 virus results in higher activation of innate 122 
immune cells, we infected C57BL/6 mice with a recombinant H5N1-GFP 123 
(A/Vietnam/1203/2004) or H1N1-GFP (A/Puerto Rico/8/1934, PR8 strain) virus and measured 124 
the activation status of different cell populations in the lungs by quantifying cell surface 125 
upregulation of CD86. For comparison, we utilized the mouse adapted H1N1 (A/Puerto 126 
Rico/8/1934, PR8) strain, as it replicates efficiently in murine lungs. We observed higher 127 
upregulation of CD86 on both types of lung resident DC (CD103+ DC and CD11b+ DC) in 128 
mice infected with H5N1-GFP as compared to H1N1-GFP (Figure 1A-B). In addition, we 129 
observed higher upregulation of CD86 on inflammatory DC and inflammatory monocytes from 130 
H5N1-GFP infected mice as compared to H1N1-GFP infected mice, demonstrating that H5N1 131 
infection results in higher activation of innate immune cells (Figure 1C-D).  132 
Next, to determine if the HA and NA of H5N1 virus are sufficient to induce higher activation of 133 
innate immune cells, we generated a 2:6 reassortant virus carrying the HA and NA from H5N1 134 
with the 6 internal genes of PR8 (H5N1 (2:6)) and compared it to the parental strain in 135 
subsequent studies. In this way, we can minimize the differences in viral replication between 136 
H5N1 and H1N1, as well as monitor T cell responses against the same epitopes in the internal 137 
viral genes. To confirm higher activation of innate immune cells by the H5N1 (2:6) reassortant 138 
strain, C57BL/6 mice were infected with H5N1 (2:6) or H1N1 and the levels of CD86 were 139 
analyzed by flow cytometry on day 2 post-infection (pi). In mice infected with H5N1 (2:6), we 140 
observed higher expression of CD86 on both types of lung resident DC (CD103+ DC and 141 
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CD11b+ DC) as compared to H1N1 infected mice (Figure 1E-F). In addition, we observed 142 
increased expression of IFNβ and interferon stimulated genes (ISG) in the lungs of H5N1 (2:6) 143 
infected mice on day 4 pi as compared to H1N1 infected mice (Figure 1G). Together, these 144 
results demonstrate that the HA and NA of H5N1 can induce higher innate immune responses 145 
in the lungs.   146 
H5N1 (2:6) infection stimulates increased migration of lung DC to the MLN 147 
Upon acquisition of viral antigens and subsequent activation, lung DC upregulate CCR7 and 148 
migrate to the mediastinal lymph nodes (MLN) for priming of naïve T cells. To determine if 149 
hyperactivation of lung DC alters their migration to the lymph nodes, we infected mice with 150 
H5N1 (2:6) or H1N1 and analyzed the levels of CCR7 upregulation by flow cytometry and 151 
monitored the levels of lung DC accumulation in the MLN via CFSE labeling. We observed 152 
increased upregulation of CCR7 on the CD103+ DC subset in H5N1 (2:6) infected mice as 153 
compared to H1N1 infected mice (Figure 2A-B); however, CCR7 expression was comparable 154 
in the CD11b+ DC subset in both groups. Next, to determine the levels of lung DC migration to 155 
the MLN, we labeled cells in the respiratory tract by instilling CFSE dye on day 2 pi and 156 
measured the levels of CFSE positive lung DC in the MLN after 16h. As compared to H1N1 157 
infected mice, we observed increased accumulation of CFSE+ lung DC in the MLN of H5N1 158 
(2:6) infected mice (Figure 2C-E). In addition, we observed increased numbers of total lung DC 159 
in the MLN of H5N1 (2:6) infected mice as compared to H1N1 infected mice (Figure 2E). 160 
These data demonstrate that H5N1 (2:6) infection induces higher activation of lung DC, 161 
resulting in increased migration and accumulation of lung DC in the MLN.  162 
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Mice infected with H5N1 (2:6) show robust activation of T cell responses but display 163 
delayed viral clearance  164 
Next, we determined if the higher numbers of DC observed in the MLN of H5N1 (2:6) infected 165 
mice resulted in enhanced T cell responses and viral clearance. To evaluate primary T cell 166 
responses, C57BL/6 mice were infected with 100 PFU of H5N1 (2:6) or H1N1 and T cell 167 
responses were measured on day 8 pi by tetramer staining and by monitoring for cytokine 168 
production upon ex vivo stimulation. Using tetramers specific for viral NP or PA, we observed 169 
increased frequencies of both NP and PA tetramer positive CD8+ T cells in H5N1 (2:6) 170 
infected mice as compared to H1N1 infected mice (Figure 3A-B). The absolute numbers of 171 
virus specific CD8 T cells were also higher in H5N1(2:6) infected mice as compared to H1N1 172 
infected mice (Figure 3C). In addition,  ex vivo stimulation with X-31 (H3N2) virus or viral 173 
peptides showed increased frequencies of interferon gamma (IFNγ) and granzyme B (GrB) 174 
producing CD8+ T cells in H5N1 (2:6) infected mice as compared to H1N1 infected mice 175 
(Figure 3D). Moreover, H5N1 (2:6) infected mice showed increased frequencies of IFNγ and 176 
GrB producing CD4+ T cells as compared to H1N1 infected mice (Figure 3E). These results 177 
demonstrate that hyperactivated lung DC promote robust activation of virus specific T cell 178 
responses in the lung. 179 
In the mouse model of influenza virus, innate immune cells restrict viral replication prior to the 180 
establishment of adaptive T cell responses. However, after day 6 pi, T cells primed in the MLN 181 
migrate to the lungs and participate in the clearance of virus infected cells. Therefore, we 182 
determined if the higher numbers of virus specific T cells observed in H5N1 (2:6) infected mice 183 
resulted in efficient viral clearance in the lungs. C57BL/6 mice were infected with 100 PFU of 184 
H5N1 (2:6) or H1N1, viral loads in the lungs were measured by plaque assay at various days 185 
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pi. Prior to and including day 6 pi, we observed similar viral loads in the lungs of both groups of 186 
infected mice, suggesting that both viruses replicate to similar levels (Figure 3F). However, on 187 
day 8 and day 9 pi, we observed higher viral loads (~5-10 fold) in the lungs of H5N1 (2:6) 188 
infected mice as compared to H1N1 infected mice. These results demonstrate that, despite the 189 
presence of more virus specific T cells in the lungs, viral clearance was delayed in H5N1 (2:6) 190 
infected mice. 191 
To understand the basis for the delayed clearance of H5N1 (2:6) in the lungs, we evaluated 192 
the functionality of T cells by in vitro T cell killing assay. In this assay, T cells isolated from 193 
H5N1 (2:6) or H1N1 infected mice were co-cultured with CFSE labeled splenocytes pulsed 194 
with NP peptide, and the amount of target cell death was determined by quantification of 7-195 
AAD positive splenocytes. Interestingly, we observed more splenocyte death in co-cultures 196 
containing T cells from H5N1 (2:6) infected mice as compared to co-cultures containing T cells 197 
from H1N1 infected mice (Figure 3G-H). Next, we performed in vivo killing assay with peptide 198 
pulsed splenocytes. Splenocytes were labeled with either low CFSE or high CFSE and pulsed 199 
with influenza virus NP peptide or control peptide, respectively. Splenocytes were adoptively 200 
transferred into mice previously infected with either H5N1(2:6) or H1N1 (day 8pi; Figure 3I-J) 201 
and 8hrs post adoptive transfer mice splenocytes were analysed for CFSE+ cells. Our data 202 
demonstrate that cytotoxic T cells from H5N1 (2:6) infected mice can effectively kill peptide 203 
pulsed splenocytes both in vitro and in vivo.  204 
 205 
Cytotoxic T cells from H5N1 (2:6) infected mice show higher expression of PD1 and IL-206 
10 207 
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T cell functions can be modulated by stimulatory as well as inhibitory signals. Prior studies 208 
demonstrate that during influenza virus infection, T cell functions can be suppressed by PD-209 
1/PD-L1 interactions and by the anti-inflammatory cytokine IL-10(30-32). In addition, PD-1 has 210 
shown to be upregulated in T cells in response to direct activation of TCR. Although the T cells 211 
isolated from H5N1 (2:6) infected mice were efficient in killing peptide pulsed splenocytes, we 212 
observed delayed viral clearance in the lungs (Figure 3F-G). Thus, we investigated if the T cell 213 
functionality was suppressed in vivo through PD-1/PD-L1 interactions by measuring the 214 
expression of PD-1/PD-L1 by flow cytometry. We observed significantly higher levels of PD-1 215 
on CD8+ T cells isolated from H5N1 (2:6) infected mice as compared to H1N1 infected mice 216 
(Figure 4A-B). Next, we analyzed different cellular compartments in the lungs for PD-L1 217 
expression and observed significantly higher levels of PD-L1 on inflammatory monocytes 218 
(CD11b+ Ly6Chi Ly6G-) isolated from H5N1 (2:6) infected mice as compared to H1N1 infected 219 
mice (Figure 4C). In addition, we observed increased numbers of inflammatory monocytes in 220 
H5N1(2:6) infected mice group (Figure 4D). However, the levels of PD-L1 on other cellular 221 
compartments in the lungs including inflammatory DC were similar between the two groups. 222 
Next, we measured IL-10 production in T cells isolated from infected mice to determine the 223 
possibility of IL-10 mediated suppression of T cell functions. T cells isolated from H5N1 (2:6) or 224 
H1N1 infected mice on day 8 pi were co-cultured with DC pulsed with MHC-I or MHC-II peptide 225 
or infected with X-31 (H3N2) virus, and production of IFNγ and IL-10 in T cells was measured 226 
by flow cytometry. We observed increased production of IFNγ and IL-10 in both CD8+ and 227 
CD4+ T cells isolated from H5N1 (2:6) infected mice as compared to H1N1 infected mice 228 
(Figure 4E-F). Taken together, these results demonstrate that H5N1 (2:6) infection results in 229 
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higher expression of inhibitory signals such as PD-1 and IL-10 by T cells, which likely suppress 230 
cytotoxic T cell functions in vivo. 231 
 232 
H5N1 infected mice show decreased numbers of memory T cells in the lung 233 
parenchyma 234 
Upon clearance of viral infection, a portion of virus specific T cells differentiate into tissue 235 
resident memory T (TRM) cells, which play an important role in providing heterosubtypic 236 
immunity against subsequent influenza virus infections(33). As we observed higher 237 
upregulation of inhibitory signals (PD-1 and IL-10) on T cells from H5N1 (2:6) infected mice, 238 
we investigated if TRM responses were also impaired. On day 30 pi, we analyzed the lung 239 
parenchyma for memory T cells that exhibit the TRM phenotype (CD69+ CD44+ CD103+) by 240 
flow cytometry (34, 35). Circulating T cells were excluded by intravenous injection of labelled 241 
anti CD8β antibody prior to euthanizing mice and excluding this population from analysis 242 
(Figure S2). We observed lowered numbers of NP tetramer positive CD8+ TRM cells in the 243 
lungs of H5N1 (2:6) infected mice as compared to H1N1 infected mice (Figure 5A). Similarly, 244 
the numbers of CD4+ TRM cells were lowered in H5N1 (2:6) infected mice as compared to 245 
H1N1 infected mice (Figure 5B). These results demonstrate that H5N1 (2:6) infection results in 246 
decreased differentiation of lung resident memory T cells.  Next, to determine if the decreased 247 
numbers of tissue resident memory cells affect protection from future challenge, C57BL/6 mice 248 
were infected with 50PFU of H1N1 or H5N1(2:6) virus and subsequently challenged with a 249 
heterologous H3N2 strain (X-31), a reassortant strain that share 6 internal genes with H1N1 250 
and H5N1(2:6) viruses. We did not observe significant differences in weight loss between 251 
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H1N1 and H5N1(2:6) infected groups upon lethal challenge with the H3N2 (X-31) strain. These 252 
data suggest that the lowered levels of memory T cells in H5N1(2:6) infection does not impact 253 
protection against heterologous strains. 254 
 255 
  256 
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Discussion 257 
Infections with avian H5N1 influenza virus induce higher innate immune responses as 258 
compared to human H1N1 viruses (21, 36). However, due to inherent differences in replication 259 
levels, it is difficult to discern if this hyperactivation of innate immune responses against H5N1 260 
is due to higher viral replication in the lungs. To overcome this caveat, we generated an H5N1 261 
strain sharing the 6 internal genes of H1N1 (H5N1 (2:6)), and observed that the HA and NA of 262 
H5N1 can induce higher activation of lung DC. As such, this heightened stimulation of lung DC 263 
by H5N1 (2:6) resulted in increased migration of DC to the MLN, and induced robust T cell 264 
responses as compared to H1N1 virus. Interestingly, despite the higher numbers of virus 265 
specific T cells in the lungs, we observed delayed clearance of H5N1 (2:6) from the lungs of 266 
infected mice. This delayed viral clearance correlated with increased levels of PD-1 expression 267 
and IL-10 production by CD8+ T cells, which likely suppress cytotoxic T cell functions in vivo. 268 
Importantly, H5N1 (2:6) infection resulted in decreased numbers of tissue resident memory T 269 
cells as compared to H1N1 infection. Taken together, our studies demonstrate that 270 
hyperactivation of the innate immune system by H5N1 (2:6) results in suppression T cell 271 
functions, delayed viral clearance, and decreased numbers of tissue resident memory T cells.  272 
Unlike seasonal influenza viruses, avian H5N1 influenza viruses can cause severe and often 273 
fatal disease in healthy individuals (37, 38). H5N1 infection induces uncontrolled activation of 274 
the host immune system, with heightened cytokine levels in the lungs as well as massive 275 
infiltration of neutrophils, inflammatory monocytes and inflammatory TNFa/iNOS producing 276 
(Tip) DC (39). These infiltrating cells have been implicated in the enhanced virulence of avian 277 
H5N1 influenza viruses (26, 27, 39). Moreover, ex vivo studies show that H5N1 viruses induce 278 
higher human DC activation as compared to H1N1 (25). Similarly, our studies with H5N1 (2:6) 279 
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demonstrated increased activation of murine lung DC as compared to H1N1 virus, further 280 
suggesting that the H5N1 HA/NA are sufficient for higher activation of innate immune cells in 281 
the lungs (Figure 1E-F). This increased activation of lung DC in H5N1 (2:6) infected mice was 282 
not due to differences in viral replication between strains, as both the reassortant H5N1 (2:6) 283 
and H1N1 (PR8) strains showed similar levels of viral replication on days 2, 4 and 6 pi (Figure 284 
3F). These results corroborate prior ex vivo studies which indicate that viruses with different 285 
HA subtypes can differentially activate primary DC and macrophages (40). However, the 286 
consequence of higher DC activation in vivo to subsequent adaptive immune responses was 287 
previously unknown. Our studies demonstrated that H5N1 (2:6) infection stimulated increased 288 
migration and accumulation of DC in the MLN, resulting in robust T cell responses in the lungs 289 
(Figure 2C-E). Moreover, we observed increased frequencies of cytokine producing T cells in 290 
H5N1 (2:6) infected mice as compared to H1N1 infected mice (Figure 3). Together, these data 291 
demonstrate that hyperactivation of lung DC results in increased numbers of virus specific T 292 
cells in the lungs of H5N1 (2:6) infected mice.  293 
Prior studies demonstrate that the magnitude and the quality of T cell responses determine the 294 
efficiency of viral clearance (41). Previously, we have demonstrated that mice deficient in RIG-I 295 
or MAVS mounted poor T cell responses against influenza virus as evidenced by decreased 296 
numbers of polyfunctional T cells and delayed viral clearance in the lungs (29). In contrast, 297 
despite mounting robust T cell responses, H5N1 (2:6) infected mice showed delayed viral 298 
clearance in the lungs as compared to H1N1 infected mice (Figure 3F). This delayed viral 299 
clearance in H5N1 (2:6) infected mice was likely due to active suppression of cytotoxic T cell 300 
functions in vivo, as T cells isolated from H5N1 (2:6) infected mice showed efficient cytotoxic 301 
activity against NP peptide pulsed splenocytes (Figure 3G). In corroboration, we observed 302 
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higher levels of inhibitory signals (PD-1 and IL-10) that likely suppress cytotoxic T cell 303 
functions in vivo and delay viral clearance (Figure 4A and 3F). In our in vivo killing assays, 304 
H5N1 (2:6) infected mice showed robust killing of viral peptide loaded splenocytes, suggesting 305 
that inhibition of T cells may occur by direct suppression by cell-cell contact rather than by the 306 
presence of suppressive cytokine milieu. Prior studies indicate that infection with the lethal 307 
mouse adapted PR8 strain (H1N1) resulted in higher PD-1 expression on T cells in 308 
comparison to the less virulent X-31 (H3N2) reassortant strain (30). Interestingly, our studies 309 
show that infection with H5N1 reassortant (2:6) induced higher PD-1 expression in comparison 310 
to PR8 (H1N1) (Figure 4A). As H5N1 viruses have been shown to have broad tissue tropism, it 311 
is possible that the increased PD-1 expression observed in H5N1 (2:6) infected mice is likely 312 
due to antigen persistence and/or prolonged stimulation of T cells.  PD-1 interactions with PD-313 
L1 have been demonstrated to suppress cytotoxic CD8+ T cell functions (42-44). PD-L1 314 
expression is induced during viral infection on a variety of cell types including monocytes, DC, 315 
macrophages and epithelial cells(43-46). In our analysis of cell types expressing PD-L1, we 316 
observed higher PD-L1 expression on Ly6Chi inflammatory monocytes isolated from H5N1 317 
(2:6) infected mice as compared to H1N1 infected mice (Figure 4C). In addition, the numbers 318 
of inflammatory monocytes were higher in H5N1(2:6) infected mice as compared to H1N1 319 
infected mice. It should be noted that PD-L1 expression was observed on others cell types as 320 
well, yet there was no significant difference in PD-L1 levels between the two groups (data 321 
shown for inflammatory DCs; Figure 4C). In a prior study, anti-PD-L1 treatment of PR8 infected 322 
mice showed increased virus specific T cells and decreased viral titers (30); however, anti-PD-323 
L1 treatment did not alter disease outcome, suggesting that there may be additional 324 
mechanisms for suppression of T cell functions. In agreement, we observed increased 325 
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expression of the anti-inflammatory cytokine IL-10 in T cells isolated from H5N1 (2:6) infected 326 
mice as compared to H1N1 infected mice (Figure 4C-E). Taken together, our data suggest that 327 
higher levels of IL-10 production and PD-1/PD-L1 mediated inhibition likely contribute to 328 
suppression of T cell functions and consequently results in delayed clearance of H5N1 (2:6) in 329 
the lungs. 330 
Upon viral clearance in the lungs, a portion of virus specific T cells differentiate into tissue 331 
resident memory T cells, and these TRM cells are critical for providing heterosubtypic immunity 332 
(35, 47). Interestingly, we observed decreased numbers of TRM cells in H5N1 (2:6) infected 333 
mice as compared to H1N1 infected mice (Figure 5). It should be noted that despite decreased 334 
number of TRM cells, we did not oberserve significant differences protection against challenge 335 
from a heterologous H3N2 strain.  Our future studies will determine if lowered numbers of TRM 336 
cells are due defects in differentiation versus maintenance of TRM cells. Prior studies indicate 337 
that Transforming growth factor-β (TGFβ) promote maturation of TRM by inducing the 338 
upregulation of CD103 expression (35, 48-50). Co-incidently, influenza viral neuraminidase 339 
(NA) can convert latent TGFβ into mature TGFβ; however, the NA of H5N1 is unable to 340 
activate TGFβ both in vitro and in vivo (51, 52). It is possible that the decreased numbers of 341 
TRM cells in H5N1 (2:6) infected mice may result from lowered levels of TGFβ activation by viral 342 
NA. Apart from TGF- β, interleukin-33 (IL-33) and tumor necrosis factor (TNF) are also known 343 
to induce TRM cell like phenotypes (CD69+ CD103+) (50, 53-55). Moreover, homeostatic 344 
cytokine IL-15 is required for TRM cell differentiation and survival (55). Thus, it is also possible 345 
that H5N1 (2:6) infections may alter the levels of other cytokines that are critical for generation 346 
and maintenance of TRM cells. Alternatively, sustained inflammation during H5N1 (2:6) 347 
infection may negatively regulate TRM differentiation due to higher levels of IFN- β and IL-12 348 
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(56). Further studies are needed to determine if decreased TGFβ levels or sustained higher 349 
inflammation in the lungs of H5N1 (2:6) infected mice are responsible for the inefficient 350 
differentiation of the TRM population.  351 
In conclusion, our study demonstrates that hyperactivation of innate immune cells by H5N1 352 
(2:6) dampens T cells responses and delays viral clearance in the lungs. This is likely due to 353 
higher expression of the inhibitory molecule PD-1 on T cells as well as higher production of the 354 
anti-inflammatory cytokine IL-10 by T cells in H5N1 (2:6) infected mice. As such, our studies 355 
show that suppression of T cell responses may contribute to the protracted viral replication and 356 
prolonged illness associated with avian influenza virus infection in humans.   357 
 358 
  359 
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Experimental Procedures 360 
Ethics Statement 361 
All studies were performed in accordance with the principles described by the Animal Welfare 362 
Act and the National Institutes of Health guidelines for the care and use of laboratory animals 363 
in biomedical research. The protocols for performing murine studies were reviewed and 364 
approved by the Institutional Animal Care and Use committee (IACUC) at the University of 365 
Chicago. 366 
Cell Lines 367 
Human embryonic kidney cells (293T, ATCC) were maintained in DMEM (Gibco) 368 
supplemented with 10% fetal bovine serum (FBS, Denville Scientific) and 369 
penicillin/streptomycin (Pen/Strep, 100 units/mL, Corning). Madin-Darby Canine Kidney 370 
(MDCK, ATCC) cells were maintained in Minimum Essential Medium (MEM; Lonza) 371 
supplemented with 10% FBS and Pen/Strep (100 units/mL).  372 
Viruses 373 
The generation of H1N1-GFP (A/Puerto Rico/8/1934) has been described earlier(57). H5N1-374 
GFP (A/Vietnam/1203/2004; low pathogenic without the multibasic site in HA), which contains 375 
a GFP reporter in the NS segment, was generated following a similar protocol(57). H5N1 (2:6) 376 
(A/Vietnam/1203/2004; low pathogenic without the multibasic site in HA), which contains the 6 377 
internal genes from the PR8 strain, was rescued using standard reverse genetics techniques 378 
(57, 58). Briefly, 0.5 μg of each of the six pDZ plasmids representing PB2, PB1, PA, NP, NS 379 
and M from A/Puerto Rico/8/1934 (PR8) and two pPol-I plasmids representing the HA (low 380 
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pathogenic) and NA segments of H5N1 were transfected into a cell mixture containing 293T-381 
MDCK using Lipofectamine 2000 (Invitrogen). After 48hrs, 200µl of the rescue supernatants 382 
was used to infect fresh MDCK cells seeded in 6 well plates. The successful rescue of 383 
recombinant viruses was confirmed by performing hemagglutination assay with chicken red 384 
blood cells. After plaque purification, the recombinant viruses were amplified in 10-day old 385 
specific pathogen free eggs (Charles River). Viral titers were determined by plaque assay in 386 
MDCK cells using standard techniques.  387 
Mice infection 388 
C57BL/6 mice were purchased from Jackson Laboratory and bred in specific pathogen free 389 
(SPF) facilities maintained by the University of Chicago Animal Resource Centre. All 390 
experiments were performed with gender-matched mice of 6-8 weeks of age. For influenza 391 
virus infections, mice were anesthetized with ketamine/xylazine (i.p 80/10mg/kg) and infected 392 
intranasally with the indicated dose of virus diluted in 25 μl of PBS. 393 
Quantitative RT-PCR analysis 394 
Total RNA from lung tissue was extracted using Trizol (Life technologies) following the 395 
manufacturer’s instructions, and cDNA was synthesized with SuperScript II using Oligo dT 396 
primers (Roche Diagnostics). Quantitative PCR was performed using previously described 397 
gene specific primers in an ABI7300 Real Time PCR system with SYBR Green Master Mix 398 
(Invitrogen) (12).  399 
Flow cytometric analyses 400 
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Preparation of lung samples for flow cytometric analysis and T cell assays were performed 401 
following techniques previously described by us (29). Briefly, after euthanization, murine lungs 402 
were perfused with 10 ml of PBS, excised and finely chopped with scissors, and digested in 403 
0.4mg of Collagenase in HBSS/10%FBS for 45 minutes at 37C. Mediastinal lymph nodes 404 
(MLN) were carefully isolated and digested in 0.2mg of collagenase in HBSS/10%FBS for 15 405 
minutes at 37C. To prepare single cell suspensions, collagenase treated lung tissues and MLN 406 
were passed through a 19G blunt needle a few times and filtered through a 70µm cell strainer. 407 
After two washes in FACS buffer (PBS containing 1% FBS and 2mM EDTA), the cells were 408 
subjected to RBC lysis (Biowhitaker) for 3 minutes followed by two washes with FACS buffer.  409 
The single cell preparations were resuspended in FACS buffer containing 10µg/ml Fc receptor 410 
block and incubated for 15 minutes. For DC subset analysis, lymph node and lung cells were 411 
stained with antibodies against multiple surface antigens:  anti-CD45 (2µg/ml, 30-F11; 412 
Biolegend), anti-SiglecF (1µg/ml, E50-2440; BD Biosciences), anti-CD11c (2µg/ml, N418; 413 
Biolegend), anti-MHC-II (2µg/ml, M5/114.15.2; Biolegend), anti-CD103 (2µg/ml, 2E7; 414 
eBiosciences), anti-CD11b (1µg/ml, M1/70; Biolegend), anti-CD86 (2µg/ml, GL-1; Biolegend), 415 
anti-Ly6G (1µg/ml, 1A8; Biolegend), anti-Ly6C (2µg/ml HK1.4; Biolegend), anti-CD4 (2µg/ml, 416 
RM4-4; Biolegend), anti-CD3 (2µg/ml, 145-2C11; eBiosciences), and anti-CD8 (1µg/ml, 53-6.7; 417 
eBiosciences). Dead cells were stained with Live/Dead Fixable Near IR Staining Kit (Life 418 
Technologies) in PBS for 15 minutes on ice. Surface stained samples were fixed with FACS 419 
buffer containing 0.1% formaldehyde and analyzed using the BD LSR-II flow cytometer. Data 420 
analysis was performed using FlowJo software (Treestar Corp.). 421 
DC and T cell assays  422 
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Bone marrow derived dendritic cells (BMDC) were generated from C57BL/6 mice and T cell re-423 
stimulation experiments were performed as previously described (59), (60). Briefly, BMDC 424 
were infected with X-31 (H3N2) at an MOI of 0.5 for 5h, washed with PBS 3 times to remove 425 
unbound virus, and resuspended in Iscove's Modified Dulbecco's Media (IMDM) with 10% FBS 426 
(Invitrogen). T cells from the lungs of naïve or infected mice (day 8 pi) were enriched using the 427 
Pan T cell Isolation Kit II (Miltenyi Biotec) and co-cultured with infected BMDC at a ratio of 10:1 428 
for 2-3 hours followed by the addition of Brefeldin A (5µg/ml; eBiosciences). The cells were 429 
further incubated for an additional 8-10h at 37C. Ex vivo peptide stimulation studies were 430 
performed using MHC-I NP366-374 (ASNENMETM) or MHC-II restricted NP311–325 431 
(QVYSLIRPNENPAHK) peptides. The cells were first stained for cell surface markers as 432 
described above, followed by intracellular staining for cytokines. For intracellular staining, cells 433 
were incubated in Permeabilization and Fixation buffer (BD Pharmingen) for 45 minutes 434 
followed by 2 washes in a PBS buffer containing 1% FBS and 0.5% Saponin (Sigma, St Louis, 435 
MO).  Intracellular staining for anti-IFNγ (2µg/ml, XMG1.2; Biolegend), anti- Granzyme B 436 
(2µg/ml, GB11; Biolegend), and IL-10 (2µg/ml, JES5-16E3; Biolegend) was performed on ice 437 
for 30 minutes.  438 
For T cell tetramer staining, lymphocytes from the lungs of influenza virus infected mice were 439 
enriched using Ficoll-Hypaque (GE Healthcare Life Sciences) density gradient and stained 440 
with H-2Db restricted tetramers conjugated to fluorophore R-phycoerythrin (PE) (NP366-374 441 
ASNENMETM or PA224-233 SSLENFRAYV). 442 
In vivo killing assay: 443 
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Single cell suspension was prepared from mice spleen and the cells were pulsed either with 444 
1μM NP366-374 peptide or OT-1 peptide (Ova 257-264) for 1hour and labelled with 1μM CFSE 445 
(CFSElow) or 5 μM CFSE(CFSEhigh) respectively following manufacturer’s instructions (Life 446 
Technologies).  A mixture of 2x106 CFSElow and CFSEhigh splenocytes were intravenously 447 
injected to gender matched naïve mice or the mice which had been intranasally infected 8 448 
days ago with H1N1 or H5N1(2:6) virus. After 5 hours of injection, mice splenocytes were 449 
analysed for CFSE positive cells by flow cytometry. Percent killing was determined using the 450 
following equation: 451 
% specific lysis = 100 - [100 x (% CFSElow infected  mouse/% CFSEhigh infected mouse)/(% 452 
CFSElow naive mouse/% CFSEhighnaive mouse). 453 
 454 
Analysis of tissue resident memory T cells: 455 
Lung resident memory CD8+T cells were analyzed as previously described(61). Mice were 456 
intranasally infected with H1N1 or H5N1 (2:6) virus. On day 30 post infection, mice were 457 
intravenously injected with 1μg anti CD8β antibody 5 minutes before tissue harvest.  Lung 458 
tissues were perfused with PBS and single cell suspension were prepared after digestion with 459 
collagenase as described before. Cells were blocked first with FcRγIII/II antibody and stained 460 
with H-2Db restricted tetramer conjugated to fluorophore R-phycoerythrin (PE) (NP366-374 461 
ASNENMETM). Tetramer labelled cells were washed and stained with anti-CD4 (2µg/ml, RM4-462 
4; Biolegend), anti-CD3 (2µg/ml, 145-2C11; eBiosciences), anti-CD8a (1µg/ml, 53-6.7; 463 
eBiosciences), anti-CD44 (IM7 ; Biolegend), anti-CD103 (2µg/ml, 2E7; eBiosciences) and anti-464 
CD69 ( H1.2F3; Biolegend). Dead cells were stained with Live/Dead Fixable Near IR Staining 465 
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Kit (Life Technologies) in PBS for 15 minutes on ice. Surface stained samples were fixed with 466 
FACS buffer containing 0.1% formaldehyde and analyzed using the BD LSR-II flow cytometer. 467 
Data analysis was performed using FlowJo software (Treestar Corp.) 468 
Statistical analysis 469 
Data was analyzed using Prism GraphPad software and statistical significance was 470 
determined by one-way ANOVA or the unpaired Student’s t test. *, **, *** denotes significance 471 
of <0.05, <0.01, <0.001, respectively; ns denotes not significant.  472 
 473 
Author Contributions 474 
MK, BM and SM conceived and designed the study. MK, KF and SM performed experiments. 475 
MK, JTP, SM and BM wrote the manuscript. All authors approved the manuscript. 476 
Acknowledgements 477 
We are grateful to Dr. Adolfo Garcia-Sastre at the Icahn School of Medicine for providing 478 
numerous reagents used in this study. H5N1 reverse genetics plasmids were kindly provided 479 
by Dr. John Steel at Emory University. We would like to thank the NIH Tetramer Core Facility 480 
at Emory University for providing us with influenza virus specific T cell tetramers. We would 481 
also like to thank the staff at the Office of Research Safety and Animal Resource Center at the 482 
University of Chicago for their excellent support.  483 
 484 
References 485 

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 10, 2020. ; https://doi.org/10.1101/2020.01.09.901132doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.09.901132
http://creativecommons.org/licenses/by-nd/4.0/


 25

1. Palese P, Shaw ML. 2007. Orthomyxoviridae: the viruses and their replication, p 1647-1689. 486 
In Howley DMKPM (ed), Fields virology, 5th Edition ed. Lippincott Williams & Wilkins, 487 Philadelphia, PA. 488 2. Nair H, Brooks WA, Katz M, Roca A, Berkley JA, Madhi SA, Simmerman JM, Gordon A, Sato M, 489 Howie S, Krishnan A, Ope M, Lindblade KA, Carosone-Link P, Lucero M, Ochieng W, 490 Kamimoto L, Dueger E, Bhat N, Vong S, Theodoratou E, Chittaganpitch M, Chimah O, 491 Balmaseda A, Buchy P, Harris E, Evans V, Katayose M, Gaur B, O'Callaghan-Gordo C, 492 Goswami D, Arvelo W, Venter M, Briese T, Tokarz R, Widdowson MA, Mounts AW, Breiman 493 RF, Feikin DR, Klugman KP, Olsen SJ, Gessner BD, Wright PF, Rudan I, Broor S, Simoes EA, 494 Campbell H. 2011. Global burden of respiratory infections due to seasonal influenza in 495 young children: a systematic review and meta-analysis. Lancet 378:1917-30. 496 3. Thompson WW, Shay DK, Weintraub E, Brammer L, Cox N, Anderson LJ, Fukuda K. 2003. 497 Mortality associated with influenza and respiratory syncytial virus in the United States. 498 Jama 289:179-86. 499 4. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. 1992. Evolution and ecology 500 of influenza A viruses. Microbiol Rev 56:152-79. 501 5. Vincent AL, Ma W, Lager KM, Janke BH, Richt JA. 2008. Swine influenza viruses a North 502 American perspective. Adv Virus Res 72:127-54. 503 6. Taubenberger JK, Kash JC. 2010. Influenza virus evolution, host adaptation, and pandemic 504 formation. Cell host & microbe 7:440-51. 505 7. Cox NJ, Subbarao K. 2000. Global epidemiology of influenza: past and present. Annual 506 review of medicine 51:407-21. 507 8. To KK, Ng KH, Que TL, Chan JM, Tsang KY, Tsang AK, Chen H, Yuen KY. 2012. Avian 508 influenza A H5N1 virus: a continuous threat to humans. Emerging microbes & infections 509 1:e25. 510 9. Beigel JH, Farrar J, Han AM, Hayden FG, Hyer R, de Jong MD, Lochindarat S, Nguyen TK, 511 Nguyen TH, Tran TH, Nicoll A, Touch S, Yuen KY. 2005. Avian influenza A (H5N1) infection 512 in humans. N Engl J Med 353:1374-85. 513 10. Hatta M, Gao P, Halfmann P, Kawaoka Y. 2001. Molecular basis for high virulence of Hong 514 Kong H5N1 influenza A viruses. Science 293:1840-2. 515 11. Chen LM, Davis CT, Zhou H, Cox NJ, Donis RO. 2008. Genetic compatibility and virulence of 516 reassortants derived from contemporary avian H5N1 and human H3N2 influenza A viruses. 517 PLoS Pathog 4:e1000072. 518 12. Tundup S, Kandasamy M, Perez JT, Mena N, Steel J, Nagy T, Albrecht RA, Manicassamy B. 519 2017. Endothelial cell tropism is a determinant of H5N1 pathogenesis in mammalian 520 species. PLoS pathogens 13:e1006270. 521 13. Suguitan AL, Jr., Matsuoka Y, Lau YF, Santos CP, Vogel L, Cheng LI, Orandle M, Subbarao K. 522 2012. The multibasic cleavage site of the hemagglutinin of highly pathogenic 523 A/Vietnam/1203/2004 (H5N1) avian influenza virus acts as a virulence factor in a host-524 specific manner in mammals. Journal of virology 86:2706-14. 525 14. Schrauwen EJ, Herfst S, Leijten LM, van Run P, Bestebroer TM, Linster M, Bodewes R, 526 Kreijtz JH, Rimmelzwaan GF, Osterhaus AD, Fouchier RA, Kuiken T, van Riel D. 2012. The 527 multibasic cleavage site in H5N1 virus is critical for systemic spread along the olfactory and 528 hematogenous routes in ferrets. Journal of virology 86:3975-84. 529 15. Veits J, Weber S, Stech O, Breithaupt A, Graber M, Gohrbandt S, Bogs J, Hundt J, Teifke JP, 530 Mettenleiter TC, Stech J. 2012. Avian influenza virus hemagglutinins H2, H4, H8, and H14 531 

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 10, 2020. ; https://doi.org/10.1101/2020.01.09.901132doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.09.901132
http://creativecommons.org/licenses/by-nd/4.0/


 26

support a highly pathogenic phenotype. Proceedings of the National Academy of Sciences of 532 the United States of America 109:2579-84. 533 16. Gabriel G, Czudai-Matwich V, Klenk HD. 2013. Adaptive mutations in the H5N1 polymerase 534 complex. Virus Research 178:53-62. 535 17. Cauldwell AV, Long JS, Moncorge O, Barclay WS. 2014. Viral determinants of influenza A 536 virus host range. The Journal of general virology 95:1193-210. 537 18. Steel J, Lowen AC, Mubareka S, Palese P. 2009. Transmission of influenza virus in a 538 mammalian host is increased by PB2 amino acids 627K or 627E/701N. PLoS pathogens 539 5:e1000252. 540 19. Yamada S, Hatta M, Staker BL, Watanabe S, Imai M, Shinya K, Sakai-Tagawa Y, Ito M, Ozawa 541 M, Watanabe T, Sakabe S, Li C, Kim JH, Myler PJ, Phan I, Raymond A, Smith E, Stacy R, 542 Nidom CA, Lank SM, Wiseman RW, Bimber BN, O'Connor DH, Neumann G, Stewart LJ, 543 Kawaoka Y. 2010. Biological and structural characterization of a host-adapting amino acid 544 in influenza virus. PLoS pathogens 6:e1001034. 545 20. Taft AS, Ozawa M, Fitch A, Depasse JV, Halfmann PJ, Hill-Batorski L, Hatta M, Friedrich TC, 546 Lopes TJ, Maher EA, Ghedin E, Macken CA, Neumann G, Kawaoka Y. 2015. Identification of 547 mammalian-adapting mutations in the polymerase complex of an avian H5N1 influenza 548 virus. Nature communications 6:7491. 549 21. La Gruta NL, Kedzierska K, Stambas J, Doherty PC. 2007. A question of self-preservation: 550 immunopathology in influenza virus infection. Immunology and cell biology 85:85-92. 551 22. Duan S, Thomas PG. 2016. Balancing Immune Protection and Immune Pathology by CD8(+) 552 T-Cell Responses to Influenza Infection. Frontiers in immunology 7:25. 553 23. Korteweg C, Gu J. 2008. Pathology, molecular biology, and pathogenesis of avian influenza A 554 (H5N1) infection in humans. The American journal of pathology 172:1155-70. 555 24. de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ, Chau TN, Hoang DM, Chau NV, 556 Khanh TH, Dong VC, Qui PT, Cam BV, Ha do Q, Guan Y, Peiris JS, Chinh NT, Hien TT, Farrar J. 557 2006. Fatal outcome of human influenza A (H5N1) is associated with high viral load and 558 hypercytokinemia. Nature medicine 12:1203-7. 559 25. Ramos I, Bernal-Rubio D, Durham N, Belicha-Villanueva A, Lowen AC, Steel J, Fernandez-560 Sesma A. 2011. Effects of receptor binding specificity of avian influenza virus on the human 561 innate immune response. Journal of virology 85:4421-31. 562 26. Perrone LA, Plowden JK, Garcia-Sastre A, Katz JM, Tumpey TM. 2008. H5N1 and 1918 563 pandemic influenza virus infection results in early and excessive infiltration of 564 macrophages and neutrophils in the lungs of mice. PLoS Pathog 4:e1000115. 565 27. Baskin CR, Bielefeldt-Ohmann H, Tumpey TM, Sabourin PJ, Long JP, Garcia-Sastre A, Tolnay 566 AE, Albrecht R, Pyles JA, Olson PH, Aicher LD, Rosenzweig ER, Murali-Krishna K, Clark EA, 567 Kotur MS, Fornek JL, Proll S, Palermo RE, Sabourin CL, Katze MG. 2009. Early and sustained 568 innate immune response defines pathology and death in nonhuman primates infected by 569 highly pathogenic influenza virus. Proceedings of the National Academy of Sciences of the 570 United States of America 106:3455-60. 571 28. Hatta Y, Hershberger K, Shinya K, Proll SC, Dubielzig RR, Hatta M, Katze MG, Kawaoka Y, 572 Suresh M. 2010. Viral replication rate regulates clinical outcome and CD8 T cell responses 573 during highly pathogenic H5N1 influenza virus infection in mice. PLoS pathogens 574 6:e1001139. 575 

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 10, 2020. ; https://doi.org/10.1101/2020.01.09.901132doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.09.901132
http://creativecommons.org/licenses/by-nd/4.0/


 27

29. Kandasamy M, Suryawanshi A, Tundup S, Perez JT, Schmolke M, Manicassamy S, 576 Manicassamy B. 2016. RIG-I Signaling Is Critical for Efficient Polyfunctional T Cell 577 Responses during Influenza Virus Infection. PLoS pathogens 12:e1005754. 578 30. Rutigliano JA, Sharma S, Morris MY, Oguin TH, 3rd, McClaren JL, Doherty PC, Thomas PG. 579 2014. Highly pathological influenza A virus infection is associated with augmented 580 expression of PD-1 by functionally compromised virus-specific CD8+ T cells. Journal of 581 virology 88:1636-51. 582 31. Sun K, Torres L, Metzger DW. 2010. A detrimental effect of interleukin-10 on protective 583 pulmonary humoral immunity during primary influenza A virus infection. Journal of 584 virology 84:5007-14. 585 32. Valero-Pacheco N, Arriaga-Pizano L, Ferat-Osorio E, Mora-Velandia LM, Pastelin-Palacios R, 586 Villasis-Keever MA, Alpuche-Aranda C, Sanchez-Torres LE, Isibasi A, Bonifaz L, Lopez-587 Macias C. 2013. PD-L1 expression induced by the 2009 pandemic influenza A(H1N1) virus 588 impairs the human T cell response. Clinical & developmental immunology 2013:989673. 589 33. Slutter B, Van Braeckel-Budimir N, Abboud G, Varga SM, Salek-Ardakani S, Harty JT. 2017. 590 Dynamics of influenza-induced lung-resident memory T cells underlie waning 591 heterosubtypic immunity. Science immunology 2. 592 34. Turner DL, Bickham KL, Thome JJ, Kim CY, D'Ovidio F, Wherry EJ, Farber DL. 2014. Lung 593 niches for the generation and maintenance of tissue-resident memory T cells. Mucosal 594 immunology 7:501-10. 595 35. Mueller SN, Mackay LK. 2016. Tissue-resident memory T cells: local specialists in immune 596 defence. Nature reviews Immunology 16:79-89. 597 36. Peiris JS, Cheung CY, Leung CY, Nicholls JM. 2009. Innate immune responses to influenza A 598 H5N1: friend or foe? Trends in immunology 30:574-84. 599 37. Korteweg C, Gu J. 2010. Pandemic influenza A (H1N1) virus infection and avian influenza A 600 (H5N1) virus infection: a comparative analysis. Biochemistry and cell biology = Biochimie 601 et biologie cellulaire 88:575-87. 602 38. Uyeki TM. 2009. Human infection with highly pathogenic avian influenza A (H5N1) virus: 603 review of clinical issues. Clinical infectious diseases : an official publication of the Infectious 604 Diseases Society of America 49:279-90. 605 39. Aldridge JR, Jr., Moseley CE, Boltz DA, Negovetich NJ, Reynolds C, Franks J, Brown SA, 606 Doherty PC, Webster RG, Thomas PG. 2009. TNF/iNOS-producing dendritic cells are the 607 necessary evil of lethal influenza virus infection. Proceedings of the National Academy of 608 Sciences of the United States of America 106:5306-11. 609 40. Yu WC, Chan RW, Wang J, Travanty EA, Nicholls JM, Peiris JS, Mason RJ, Chan MC. 2011. 610 Viral replication and innate host responses in primary human alveolar epithelial cells and 611 alveolar macrophages infected with influenza H5N1 and H1N1 viruses. Journal of virology 612 85:6844-55. 613 41. Wells MA, Albrecht P, Ennis FA. 1981. Recovery from a viral respiratory infection. I. 614 Influenza pneumonia in normal and T-deficient mice. Journal of immunology 126:1036-41. 615 42. Erickson JJ, Gilchuk P, Hastings AK, Tollefson SJ, Johnson M, Downing MB, Boyd KL, Johnson 616 JE, Kim AS, Joyce S, Williams JV. 2012. Viral acute lower respiratory infections impair CD8+ 617 T cells through PD-1. The Journal of clinical investigation 122:2967-82. 618 43. Erickson JJ, Rogers MC, Tollefson SJ, Boyd KL, Williams JV. 2016. Multiple Inhibitory 619 Pathways Contribute to Lung CD8+ T Cell Impairment and Protect against 620 

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 10, 2020. ; https://doi.org/10.1101/2020.01.09.901132doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.09.901132
http://creativecommons.org/licenses/by-nd/4.0/


 28

Immunopathology during Acute Viral Respiratory Infection. Journal of immunology 621 197:233-43. 622 44. Yao S, Jiang L, Moser EK, Jewett LB, Wright J, Du J, Zhou B, Davis SD, Krupp NL, Braciale TJ, 623 Sun J. 2015. Control of pathogenic effector T-cell activities in situ by PD-L1 expression on 624 respiratory inflammatory dendritic cells during respiratory syncytial virus infection. 625 Mucosal immunology 8:746-59. 626 45. Staples KJ, Nicholas B, McKendry RT, Spalluto CM, Wallington JC, Bragg CW, Robinson EC, 627 Martin K, Djukanovic R, Wilkinson TM. 2015. Viral infection of human lung macrophages 628 increases PDL1 expression via IFNbeta. PloS one 10:e0121527. 629 46. Zhu J, Chen H, Huang X, Jiang S, Yang Y. 2016. Ly6Chi monocytes regulate T cell responses 630 in viral hepatitis. JCI insight 1:e89880. 631 47. Wu T, Hu Y, Lee YT, Bouchard KR, Benechet A, Khanna K, Cauley LS. 2014. Lung-resident 632 memory CD8 T cells (TRM) are indispensable for optimal cross-protection against 633 pulmonary virus infection. Journal of Leukocyte Biology 95:215-24. 634 48. Casey KA, Fraser KA, Schenkel JM, Moran A, Abt MC, Beura LK, Lucas PJ, Artis D, Wherry EJ, 635 Hogquist K, Vezys V, Masopust D. 2012. Antigen-independent differentiation and 636 maintenance of effector-like resident memory T cells in tissues. Journal of immunology 637 188:4866-75. 638 49. Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML, Vega-Ramos J, Lauzurica P, 639 Mueller SN, Stefanovic T, Tscharke DC, Heath WR, Inouye M, Carbone FR, Gebhardt T. 2013. 640 The developmental pathway for CD103(+)CD8+ tissue-resident memory T cells of skin. 641 Nature immunology 14:1294-301. 642 50. Zhang N, Bevan MJ. 2013. Transforming growth factor-beta signaling controls the 643 formation and maintenance of gut-resident memory T cells by regulating migration and 644 retention. Immunity 39:687-96. 645 51. Carlson CM, Turpin EA, Moser LA, O'Brien KB, Cline TD, Jones JC, Tumpey TM, Katz JM, 646 Kelley LA, Gauldie J, Schultz-Cherry S. 2010. Transforming growth factor-beta: activation by 647 neuraminidase and role in highly pathogenic H5N1 influenza pathogenesis. PLoS pathogens 648 6:e1001136. 649 52. Schultz-Cherry S, Hinshaw VS. 1996. Influenza virus neuraminidase activates latent 650 transforming growth factor beta. Journal of virology 70:8624-9. 651 53. Casey KA, Fraser KA, Schenkel JM, Moran A, Abt MC, Beura LK, Lucas PJ, Artis D, Wherry EJ, 652 Hogquist K, Vezys V, Masopust D. 2012. Antigen-independent differentiation and 653 maintenance of effector-like resident memory T cells in tissues. J Immunol 188:4866-75. 654 54. Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML, Vega-Ramos J, Lauzurica P, 655 Mueller SN, Stefanovic T, Tscharke DC, Heath WR, Inouye M, Carbone FR, Gebhardt T. 2013. 656 The developmental pathway for CD103(+)CD8+ tissue-resident memory T cells of skin. Nat 657 Immunol 14:1294-301. 658 55. Mueller SN, Mackay LK. 2016. Tissue-resident memory T cells: local specialists in immune 659 defence. Nat Rev Immunol 16:79-89. 660 56. Bergsbaken T, Bevan MJ, Fink PJ. 2017. Local Inflammatory Cues Regulate Differentiation 661 and Persistence of CD8+ Tissue-Resident Memory T Cells. Cell Rep 19:114-124. 662 57. Manicassamy B, Manicassamy S, Belicha-Villanueva A, Pisanelli G, Pulendran B, Garcia-663 Sastre A. 2010. Analysis of in vivo dynamics of influenza virus infection in mice using a GFP 664 reporter virus. Proceedings of the National Academy of Sciences of the United States of 665 America 107:11531-6. 666 

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 10, 2020. ; https://doi.org/10.1101/2020.01.09.901132doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.09.901132
http://creativecommons.org/licenses/by-nd/4.0/


 29

58. Steel J, Lowen AC, Pena L, Angel M, Solorzano A, Albrecht R, Perez DR, Garcia-Sastre A, 667 Palese P. 2009. Live attenuated influenza viruses containing NS1 truncations as vaccine 668 candidates against H5N1 highly pathogenic avian influenza. J Virol 83:1742-53. 669 59. Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romani N, Schuler G. 1999. An 670 advanced culture method for generating large quantities of highly pure dendritic cells from 671 mouse bone marrow. J Immunol Methods 223:77-92. 672 60. Sun J, Madan R, Karp CL, Braciale TJ. 2009. Effector T cells control lung inflammation 673 during acute influenza virus infection by producing IL-10. Nat Med 15:277-84. 674 61. Takamura S, Yagi H, Hakata Y, Motozono C, McMaster SR, Masumoto T, Fujisawa M, 675 Chikaishi T, Komeda J, Itoh J, Umemura M, Kyusai A, Tomura M, Nakayama T, Woodland DL, 676 Kohlmeier JE, Miyazawa M. 2016. Specific niches for lung-resident memory CD8+ T cells at 677 the site of tissue regeneration enable CD69-independent maintenance. J Exp Med 678 213:3057-3073. 679 
 680 

  681 

.CC-BY-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 10, 2020. ; https://doi.org/10.1101/2020.01.09.901132doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.09.901132
http://creativecommons.org/licenses/by-nd/4.0/


 30

Figure Legends 682 
Figure 1: H5N1 virus stimulates higher activation of dendritic cells in the lungs. (A-D) 683 
C57BL/6 mice (n=3-4 per group) were infected with 5x104 PFU of H1N1-GFP or H5N1-GFP 684 
and cell surface expression of co-stimulatory molecule CD86 was measured flow cytometry. 685 
(A) Representative histograms comparing CD86 expression on lung DC subsets. (B) 686 
Quantification of CD86 expression on lung DC subsets. CD86 expression levels are shown as 687 
mean fluorescent intensity (MFI). (C-D) Comparison of CD86 expression on inflammatory DC 688 
and monocytes.  (C) Histogram plot of CD86 expression. (D) Quantification of CD86 689 
expression. (E-F) Comparison of CD86 expression on DC subsets in mice infected with H5N1 690 
(2:6) and H1N1. C57BL/6 mice were infected with 100 PFU of H1N1 or H5N1 (2:6) and CD86 691 
expression was measured flow cytometry. (E) Representative histograms of CD86 expression 692 
on lung DC subsets. (F) Quantification for panel E shown as MFI. (G) Comparison of Mx1, 693 
ISG15, and IFNβ expressions between H5N1 (2:6) and H1N1 infected lungs. Total RNA was 694 
extracted from lung homogenates of infected mice isolated on day 4 pi and subjected to qRT-695 
PCR analysis. The values are expressed as mean ± SD. *, **, *** denotes significance of <0.05, 696 
<0.01, <0.001, respectively. Data are representative of at least three independent experiments.  697 
 698 
Figure 2: H5N1 (2:6) infection induces higher upregulation of CCR7 and migration of 699 
lung DC. C57BL/6 mice (n=3-4 per group) were intranasally infected with 100 PFU of H1N1 or 700 
H5N1 (2:6) and lung DC activation and migration was analyzed by flow cytometry. (A) 701 
Representative histogram comparing the expression of CCR7 on CD103+ DC or CD11b+ DC 702 
subsets on day 2 pi.  (B) Quantification for panel A. CCR7 expression levels are shown as MFI. 703 
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(C-D) C57BL/6 mice were infected with 100 PFU of H5N1 (2:6) or H1N1 and instilled with 50μl 704 
of 8mM CFSE at day 2pi. After 16h, the number of CFSE+ migratory DC present in the MLN 705 
was analyzed by flow cytometry. (C) Representative FACS plots showing CFSE+ population in 706 
the MLN. (D) Relative levels of CFSE positive CD103+ and CD11b+ DC in the MLN. (E) Bar 707 
charts showing the number of CFSE+ DC subsets in the MLN. (F) Bar chart showing total 708 
numbers of DC subsets in the MLN. The values are expressed as mean ± SD. * denotes 709 
statistical significance of <0.05; ns denotes not significant. Data are representative of at least 710 
two independent experiments.  711 
 712 
Figure 3: Mice infected with H5N1 (2:6) mount robust T cell responses but show delayed 713 
viral clearance. (A-E) C57BL/6 mice (n=3-4/group) were infected with 100 PFU of H1N1 or 714 
H5N1 (2:6) and on day 8 pi, T cells from the lungs were isolated and evaluated in various 715 
assays. (A-C) Comparative analysis of lung CD8+ T cells from H5N1 (2:6) or H1N1 infected 716 
mice by NP or PA tetramer staining. (A) Representative FACS plots for NP or PA tetramer 717 
staining. (B) Relative frequency of tetramer positive CD8+ T cells. (C) Absolute numbers of 718 
virus specific CD8+ T cells. (D-E) Comparative analysis of cytokine production in T cells 719 
isolated from the lungs of H5N1 (2:6) or H1N1 infected mice. T cells were co-cultured with 720 
BMDC either infected with X31 (H3N2) or pulsed with NP peptide, and the frequencies of IFNγ 721 
and GrB producing T cells were analyzed by flow cytometry. (D) Relative frequency of cytokine 722 
producing CD8+ T cells. (E) Relative frequency of cytokine producing CD4+ T cells stimulated 723 
with NP peptide. (F) Evaluation of viral loads in the lungs of infected mice. C57BL/6 mice were 724 
infected with 100 PFU of H1N1 or H5N1 (2:6) and at various times pi, viral loads in the lungs 725 
were measured by standard plaque assay. (G-H) Ex vivo analysis of cytotoxic T cell functions. 726 
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CFSE labeled splenocytes pulsed with NP peptide were co-cultured with lung CD8+ T cells for 727 
8hrs, followed by staining with 7-AAD. Ex vivo cytotoxic effects of CD8+ T cells were evaluated 728 
by analyzing 7-AAD positive splenocytes. (G) Representative FACS plots for 7-AAD positive 729 
cells and (H) relative level of killing by T cells shown as percentage of 7-AAD positive cells.  (I-730 
J) In vivo analysis of cytotoxic T cell functions. (I) Representative FACS plots for in vivo killing 731 
of adoptively transferred NP pulsed splenocytes in H1N1 or H5N1 (2:6) virus infected mice and 732 
(J) relative level of kiiling by T cells.  The values are expressed as mean ± SD. *, **, *** 733 
denotes significance of <0.05, <0.01, <0.001, respectively. Data in panels A-F are from two 734 
independent experiments pooled together. Data in panel G-J are from one experiment. 735 
 736 
Figure 4: H5N1 (2:6) infection induces higher expression of PD-1 and IL-10 in cytotoxic 737 
T cells. C57BL/6 mice were infected with H5N1 (2:6) or H1N1 virus and on day 8pi, 738 
expression of PD-1 and production of IL-10 in CD8+ T cells were measured ex vivo upon co-739 
culture with infected DC or peptide pulsed DC by flow cytometry. PD-L1 expression on 740 
inflammatory monocytes was also measured by flow cytometry. (A) Representative histograms 741 
showing expression of PD-1 on CD8+ T cells and PD-L1 on Ly6C+ inflammatory monocytes. 742 
(B) quantification for PD-1 expression in CD8 T cells as MFI. (C) Quantification of PD-L1 743 
expression in inflammatory monocytes and inflammatory DCs. (D) Absolute numbers of 744 
inflammatory monocytes and inflammatory DCs. (E) Quantification of IL-10 producing CD8+ T 745 
cell frequencies in X-31 infected DC-T cell co-culture (upper panel) and NP peptide pulsed DC-746 
T cell co-culture (lower panel). (E) Cytokine production in CD4+ T cells. Frequencies of IFNγ 747 
and IL-10 or IL-10 alone producing CD4+ T cells in X-31 infected DC-T cell co-culture (left 748 
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panels) and NP peptide pulsed DC-T cell co-culture (right panels). The values are expressed 749 
as mean ± SD. *, **, *** denotes significance of <0.05, <0.01, <0.001, respectively. 750 

 751 
Figure 5.  H5N1 (2:6) infection results in decreased numbers of tissue resident memory 752 
T cells in the lung parenchyma. C57BL/6 mice (n=3) were infected with H5N1 (2:6) or H1N1 753 
virus and on day 30 pi, the frequency and absolute number of lung resident memory cells was 754 
analyzed by flow cytometry.  (A) Lung resident memory CD8+ T cell responses. 755 
Representative FACS plots for lung resident memory CD8+ T cells (gated on NP+ 366-374 756 
CD44+ CD8α+ CD8β-T cells)  that display CD44+ CD69+ CD103hi phenotype (left) and the 757 
absolute numbers of tissue resident memory CD8+ T cells (right). (B) Lung resident memory 758 
CD4+ T cell responses.  Representative FACS plots (left) and absolute numbers of CD4+ T 759 
cells (right) are shown. (C) Heterologous challenges with H3N2 (X-31) virus. Mice previously 760 
infected with 50 PFU of H1N1 or H5N2(2:6) virus were challenged with H3N2 (X-31) strain at a 761 
dose of 5x106 PFU. The values are expressed as mean ± SD. * denotes statistical significance 762 
of <0.05. Data in panels A-B are from two independent experiments pooled together. Data in 763 
panel C was performed once. 764 
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