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In the temperate regions, seasonal influenza virus outbreaks
correlate closely with decreases in humidity. While low ambient
humidity is known to enhance viral transmission, its impact on
host response to influenza virus infection and disease outcome
remains unclear. Here, we showed that housing Mx1 congenic
mice in low relative humidity makes mice more susceptible to
severe disease following respiratory challenge with influenza A
virus. We find that inhalation of dry air impairs mucociliary
clearance, innate antiviral defense, and tissue repair. Moreover,
disease exacerbated by low relative humidity was ameliorated in
caspase-1/11–deficient Mx1 mice, independent of viral burden.
Single-cell RNA sequencing revealed that induction of IFN-
stimulated genes in response to viral infection was diminished in
multiple cell types in the lung of mice housed in low humidity
condition. These results indicate that exposure to dry air impairs
host defense against influenza infection, reduces tissue repair, and
inflicts caspase-dependent disease pathology.
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Influenza A viruses (IAVs) cause seasonal infections worldwide,
leading to half a million deaths annually (1, 2). IAV outbreaks

occur during the winter months in temperate regions, peaking
between November and March in the Northern Hemisphere and
between May and September in the Southern Hemisphere (3–5).
Several factors are thought to contribute to this seasonality, in-
cluding fluctuations in temperature, humidity, indoor crowding,
and sunlight or vitamin D exposure (5–8). A key epidemiological
study analyzing data collected over 30 y across the continental
United States showed that a drop in absolute humidity, which is
dependent on relative humidity and temperature, correlates
most closely with the rise in influenza-related deaths (9). Ex-
perimental studies in guinea pigs demonstrate that low temper-
ature and low humidity enable aerosol transmission of influenza
virus, providing one explanation for the seasonality of viral
transmission (10). While these studies clearly show that envi-
ronmental conditions affect transmission of influenza virus, the
impact of ambient humidity on host response to influenza virus
infection and disease outcome remains unclear.
During influenza infection, the respiratory mucosal barrier

provides the first line of defense. The mucus layer, the surface
liquid layer, and the cilia of the surface of the bronchus epithelia
promote mucociliary clearance (MCC) of invading pathogens
and particles. If the virus breaches these layers, the innate im-
mune defense mechanisms triggered through recognition of viral
pathogen-associated molecular patterns (PAMPs) by RIG-I and
TLR7 will induce secretion of type I interferons (IFNs) to turn
on hundreds of IFN-stimulated genes (ISGs) to block virus
spread (11). If the virus manages to breach the innate defense
layer, the adaptive immune system is engaged to induce virus-
specific T and B cell immune responses critical for the clearance
of IAV (12). A recent study highlights the importance of using

Mx1 congenic mice to study host response to IAV infection.
Most laboratory mouse strains are highly susceptible to IAV
infection due to a defective Mx1 gene, an important ISG against
IAV (13, 14). Mx1 congenic mice reveal the necessity of RIG-I
signaling through MAVS and TLR7 for inducing type I IFN
response and controlling viral replication (15). In the absence
of these sensors, compensatory activation of caspase-1/11 in-
duces lung pathology and mortality, due to the formation of
neutrophil extracellular traps (15). Thus, the Mx1 congenic
mice provide a physiologically relevant model to study IAV
infection and disease.
Here, we examined the impacts of relative humidity (RH) on

host response to IAV infection and disease outcomes in Mx1
congenic mice. We show that mice kept at low relative humidity
(10–20% RH) experience more severe symptoms than those kept
at higher relative humidity (50% RH). Lower RH impaired
mucociliary clearance and tissue repair and blocked the in-
duction of ISGs known to restrict IAV, resulting in higher viral
burden. Further, disease exacerbation at low RH was facilitated

Significance

Influenza virus causes seasonal outbreaks in temperate re-
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by inflammasome caspase activity. Thus, our data suggest that
controlling the relative humidity is important to prevent influ-
enza infection and disease outcomes in the dry winter season.

Results
Low Ambient Humidity Leads to More Severe Disease in Mx1
Congenic Mice. Mx1 mice at 50% RH were infected with vary-
ing doses of highly virulent IAV PR8 strain (hvPR8) to de-
termine the LD50 (SI Appendix, Fig. S1). Based on this dose–
response, we decided to use 2 × 105 pfu for aerosol challenge to
approximate LD50. To investigate the impact of ambient hu-
midity on the host response to influenza infection, we employed
environment chambers to precondition mice at different RH for
4–5 d at 20% or 50% RH while holding temperature constant at
20 °C before respiratory challenge with hvPR8. Immediately
following infection, mice were returned to the environmental
chambers and maintained in the respective RH for up to
7 d after infection. When challenged with 2 × 105 pfu/mL of
aerosolized hvPR8, Mx1 mice housed at 20% RH suffered a
worse disease course compared with those kept at 50% RH, with
more rapid weight loss, drop in body temperature, and shortened
survival (Fig. 1). These data indicated that low humidity renders
Mx1 mice more susceptible to IAV disease.

Low Ambient Humidity Predisposes Mice to Caspase-1/11-Dependent
Influenza Disease. Our previous study showed that caspase-1/11–
dependent inflammation underlies disease pathogenesis of in-
fluenza virus in Mx1 congenic mice (15). Thus, we examined the
role of these inflammasome caspases on IAV disease in mice
exposed to different humidity levels. Notably, unlike WT Mx1
mice, caspase-1/11 KO Mx1 mice were spared from influenza
disease exacerbation even when preconditioned in low ambient
humidity of 10% RH (Fig. 2). These results indicated that dry
air exposure predisposes mice to severe IAV disease in a
caspase-1/11–dependent manner.

Low Humidity Exposure Impairs Viral Clearance Independent of T Cell
Immune Responses. To determine whether ambient humidity al-
ters respiratory viral clearance, we measured viral titers in the

lungs of mice exposed to 10% vs. 50% RH and infected with
influenza virus. While similar infectious virus doses are found in
the lung at 2 d postinfection (d.p.i.), mice housed in 10% RH
sustained slightly higher viral titers at 6 d.p.i. (indicative of
continued viral growth), while those kept at 50% RH had re-
duced titers at 6 d.p.i. (indicative of viral control) (Fig. 3A),
suggesting that higher humidity increased resistance to influenza
virus. Interestingly, similar viral titers were observed in WT and
caspase-1/11 KO Mx1 mice in 10% RH (Fig. 3A). However,
caspase-1/11 KO Mx1 mice showed no significant weight loss
(Fig. 2) despite the impaired resistance at 10% RH. When
weight loss was plotted against viral titers, WT, but not caspase-1//11
KO Mx1 mice, showed positive correlation (SI Appendix,
Fig. S2). These data indicated that low humidity renders mice
less able to control IAV infection and that disease mediated at
low humidity requires active inflammasome caspases.
To examine the cell types infected by IAV, we harvested the

lungs at 6 d.p.i. and stained for viral antigen. Influenza protein was
detected in both the alveolar epithelial cells and in alveolar mac-
rophages throughout the lungs of mice exposed to 10%RH, in both
WT and caspase-1/11 KO Mx1 mice (Fig. 3 B and C). In contrast,
virus staining was mostly confined to the alveolar macrophages of
mice housed in 50% RH, with little staining observed in the epi-
thelial cells in both genotypes (Fig. 3 B and C).
Given the enhanced viral infection and delayed clearance at later

time points in low humidity, we next examined whether 50% RH
promotes a more robust adaptive immune response to confer pro-
tection against influenza infection. Since we observed differences in
disease as early as 5 d.p.i. (Fig. 1), before the onset of a protective
antibody response, we focused on T cell immunity to IAV. Analysis
of IAV PA- or NP-specific tetramer+ CD8 T cells in the mediastinal
lung draining lymph nodes (SI Appendix, Fig. S3 A and B) showed
less IAV-specific CD8 T cells in mice exposed to 50% RH than
10% RH. This is presumably due to more IAV antigens being
generated from higher viral burden at the 10% RH (Fig. 3). In
contrast, we detected similar numbers of IAV-specific CD8 T cells
in the lungs of mice infected at different humidity levels (SI Ap-
pendix, Fig. S3 C and D). These results collectively indicate that the
protection provided by 50% RH is not through enhanced induction
of T cell immune responses but more likely due to increased
clearance of infectious virus by innate immune mechanisms.

Low Humidity Exposure Impairs Tissue Repair of the Airway Epithelia.
Our data thus far indicated that exposure to low RH impairs
antiviral resistance. Viral spread in the lung airway epithelia is

Fig. 1. Low relative humidity predisposes Mx1 congenic mice to influenza
disease. Mx1 congenic mice were preconditioned at 20% and 50% RH for 5
d and then challenged with aerosolized hvPR8 at 2 × 105 pfu/mL. (A) Weight
loss, (B) core body temperature, and (C) survival were monitored for 11
d (n = 10 mice per group, pooled from two independent experiments). Data
are representative of five experiments and means ± SEM *P < 0.05; one-way
ANOVA; log-rank (Mantel–Cox).

Fig. 2. Low humidity increases influenza disease through caspase-1/11 ac-
tivation. WT Mx1 mice or caspase-1/11 KO Mx1 mice were preconditioned at
10% and 50% RH for 5 d and challenged with aerosolized hvPR8 at 2 ×
105 pfu/mL for 15 min (n = 6 mice per group). (A and B) Weight loss was mon-
itored for 14 d. Data are representative of four experiments and means ±
SEM *P < 0.05; one-way ANOVA; Student’s t test.
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expected to result in tissue damage (16, 17). To investigate
whether tissue repair mechanisms are impacted by the humidity
of the inhaled air, we examined the proliferative response of lung
epithelial cells before and after influenza infection. Exposure to
low or normal humidity air in uninfected mice showed very little
difference in epithelial proliferation (Fig. 4). In contrast, on day
6 after IAV infection, a much higher proportion of airway epi-
thelial cells of mice housed in 50% RH were proliferative
(Ki67+) compared with those kept in 10% RH (Fig. 4). These
results suggest that the tissue repair function of epithelial cells
might be impaired at 10% RH.

Low Humidity Exposure Decreases Mucociliary Clearance in Mouse
Trachea. Given that 10% RH exposure results in impaired viral
clearance, we next examined the impact of humidity on MCC.
MCC is an important innate defense mechanism which removes
pathogens, allergens, and debris by ciliary action (18). To de-
termine the impact of low humidity exposure on the function and
efficiency of the mucociliary transport, we measured MCC of the
trachea of mice exposed to 10% vs. 50% RH. Tracheal MCC was
significantly reduced in 10% RH compared with 50% RH (Fig. 5
and Movies S1–S3). Both the directionality of flow (Fig. 5C) and
the flow speed generated (Fig. 5D) were severely impaired in the
trachea of mice exposed to 10% RH (Movie S1) compared with
50% RH air (Movie S2).

Low Ambient Humidity Blocks IFN-Stimulated Gene Expression in the
Lung. Finally, to examine the impact of humidity on host re-
sponse to IAV across multiple different cell types, we performed
single cell RNA-sequencing (scRNA-seq) using samples
obtained from the whole lung tissue of uninfected and IAV-
infected mice housed in 10% and 50% RH. The weight of mice
was monitored after infection (SI Appendix, Fig. S4A) and cell
populations were analyzed by flow cytometry (SI Appendix, Fig.

S4B). The scRNA-seq of whole lung single-cell suspension
revealed 22 distinct cell types belonging to epithelial, endothelial,
phagocytes, and lymphocyte groups based on the t-distributed sto-
chastic neighbor embedding (tSNE) clustering (SI Appendix, Fig.
S5). An abundance of cell types shifted in a predictable manner,
such as the influx of neutrophils in infected mice (SI Appendix, Fig.
S6A, blue box). In addition, we detected changes in alveolar mac-
rophage phenotype in infected mice (SI Appendix, Fig. S6A, red
box). The changes in the alveolar macrophages in infected mice
were due to genes up-regulated in pathways related to defense
responses [Gene Ontology (GO):0006952], response to other or-
ganisms (GO:0051707), and other expected responses against flu
(Fig. 6A and SI Appendix, Fig. S6F). Otherwise, no large changes in
the composition of immune cells, endothelial, or epithelial cell
populations were detected in response to infection or exposure
to different levels of humidity (SI Appendix, Figs. S5 and S6).
Strikingly, ISGs known to be critical in antiviral defense

against IAV, namely, Mx1 (19), IFITM3 (20), IFITM2 (21),
BST2 (22), Viperin (23), ISG15 (24), and ZAP (25) were all
elevated in response to IAV infection across different cell types
in mice exposed to 50% RH condition but not those kept in 10%
RH environment (Fig. 6B). Of the cells that contained IAV viral
RNA, a higher proportion of cells expressed Mx1 in mice housed
at 50% RH compared with 10% RH (Fig. 6C, Left). Similarly, of
the cells that were devoid of viral RNA, higher proportions also
expressed Mx1 at 50% RH, suggesting that IFN-induced Mx1
expression is also more robust at the higher humidity (Fig. 6C,
Right). Collectively, our data show that exposure of the host to
low ambient humidity results in impaired MCC, reduced ISG

Fig. 4. Low humidity impairs tissue repair of airway epithelial cells. (A and
B) WT Mx1 and caspase-1/11 KO Mx1 mice were preconditioned at 10% and
50% RH for 5 d and challenged with aerosolized hvPR8 at 2 × 105 pfu/mL for
15 min (n = 4–6 mice per group). Mice were killed on day 6 and lung sections
from each group were subjected to immunohistochemistry with an anti-Ki67
antibody (A). Ki67+ cells were assessed by image analysis (B). Data are
means ± SEM **P < 0.01; one-way ANOVA.

Fig. 3. Low humidity impairs viral clearance independent of the adaptive
immune response. Mx1 congenic WT mice or caspase-1/11 KOMx1 mice were
preconditioned at 10% and 50% RH for 5 d and challenged with aerosolized
hvPR8 at 2 × 105 pfu/mL for 15 min (n = 4–6 mice per group). (A)
Bronchoalveolar lavage collected at 2 and 6 d.p.i. Data are representative of
four experiments andmeans ± SEM. There are not significant differences except
between 10% WT and 50% WT. (B and C) Mice were killed on day 6 and lung
sections from each group were subjected to immunohistochemistry with an
antiinfluenza A antibody (B). Percentage of influenza positive area was
assessed by image analysis (C). Data are means ± SEM *P < 0.05; one-way
ANOVA. n.s., not significant.
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expression and antiviral resistance, increased viral spread, tissue
damage, impaired epithelial repair, and loss of disease tolerance
to pathology mediated by the inflammasome caspases, leading to
lethality from influenza infection.

Discussion
Seasonality of the influenza epidemic is linked to environmental
factors such as the drop in ambient humidity and temperature.
Low humidity has been shown to impact the transmission of IAV
from an infected host to an uninfected host (7). In this study, we
examine whether relative humidity impacts host responses to
influenza infection using Mx1 congenic mice. Exposure of mice
to low relative humidity increased their susceptibility to more
severe IAV disease and faster lethality. Low relative humidity
exposure rendered mice less competent to cope with the path-
ological consequences of inflammasome caspase activation.
Moreover, low humidity exposure impaired the MCC function of
the trachea, and tissue repair function of the airway epithelial
cells, resulting in viral spread and tissue damage.

One of the likely reasons by which high relative humidity pre-
vents influenza disease is through increasing the expression levels of
anti-IAV ISGs, including Mx1 (19, 26–28), IFITM3 (20, 29, 30),
IFITM2 (21), BST2 (22), Viperin (23), ISG15 (24), and ZAP (25).
How does inhalation of dry air result in the inability of mice to
induce antiviral ISGs in response to IAV infection? One possibility
is the host stress response to cope with the stress of dehydration and
loss of MCC and accumulation of particles in the respiratory tract
may be incompatible with IFN and ISG induction. Our recent work
showed that activation of the NRF2-dependent antioxidant path-
way is incompatible with the induction of antiviral IFN and re-
striction of respiratory virus replication (31). Future work is needed
to determine the precise mechanism by which dry air exposure
leads to impaired antiviral signaling.
Another reason for the inability of the host animal exposed to

low humidity to clear the virus (Fig. 3A) may be due to the re-
duced MCC (Fig. 5) and removal of airway virus particles up the
trachea. Our data showed that exposure to low relative humidity
decreased MCC, both with respect to the direction of flow and
the speed (Fig. 5). These results are consistent with the obser-
vations made in humans, that under low humidity and temper-
ature, the length of the periciliary layer is reduced, movement of
ciliary cells becomes decreased, and MCC slows down (32–34),
possibly resulting in increased pathogen spread.
Mice housed in 10% RH suffered from IAV disease that was

driven by caspase-1/11. Of note, caspase-1/11–deficient mice housed
at 10%RH harbored similar viral burden (Fig. 3A), viral spread (Fig.
3 B and C), and loss of epithelial proliferation (Fig. 4) to the WT
mice housed at 10% RH. However, weight loss (i) did not correlate
with viral titers (SI Appendix, Fig. S2) and (ii) was significantly less in
caspase-1/11 KOmice compared withWTmice kept at low humidity
(Fig. 2), indicating that caspase-1/11 KO mice were better able to
cope with the same infection and were disease tolerant. These data
show that caspase-1/11–mediated pathology is downstream of viral
replication and epithelial repair. Our previous study showed that in
Mx1 congenic mice, caspase-1/11–driven disease pathology was only
evident when the host mice were deficient in innate resistance
(TLR7 and MAVS deficient) (15). Our current study showed that
low humidity impaired ISG induction across different cell types
of the lung, resulting in higher viral burden and caspase-1/11–
dependent pathology. Taken together, disease seen in the low hu-
midity condition may be the result of a combination of factors, in-
cluding reduced ISG expression, impaired antiviral resistance enabling
higher viral burden, and caspase-1/11–dependent host damage.
In summary, our study provides mechanistic insights through

which ambient humidity impacts physical and innate immune de-
fense against a respiratory viral infection. These mechanisms, such
as impaired MCC and ISG induction may in part underlie the ep-
idemiological correlation of a drop in absolute humidity preceding
death from seasonal influenza infection in temperate regions (9). It
is worth noting that humidity does not seem to affect host defenses
against influenza viruses in all situations, as tropical and subtropical
climate regions, which are wet and warm, allow for influenza virus
to thrive (35, 36). Future studies will be required to understand why
certain regions of the world may be affected differently by humidity
and temperature. Our study suggests that increasing ambient hu-
midity may be a viable strategy to reduce disease symptoms and to
promote more rapid recovery in influenza-infected individuals.

Materials and Methods
Mice. C57BL/6mice carrying a functionalMx1 allele (37) were used. Caspase-1/11
KO mice crossed to Mx1 congenic mice have been previous reported
(15). Mice were maintained in our facility until the ages described. All pro-
cedures used in this study complied with federal and institutional policies of
the Yale Animal Care and Use Committee. The study was approved by an
institutional review board.

Fig. 5. Low humidity decreases MCC. (A–D) WT Mx1 mice were precondi-
tioned at 10% and 50% RH for 7 d, and tracheas were collected for MCC assay
(n = 3 mice per group). Frequency of directionality and cilia-generated flow
rate were measured by microscopy. (A) Maximum projected images of particle
diffusion over a span of 1 s. (B) Representative particle trajectory over a span of
1 s. (C) Frequency chart of the directionality of particles in tracheas of Mx1 mice
preconditioned at different humidity. (D) Cilia-generated flow was measured
by multiple particle tracking. Water control was measured by diluting particles
in water and loading them onto slides to simulate Brownian motion. Trachea
control represents tracheas from WT mice that were collected and imaged 1 h
later to ensure no flow was generated by dead tissue. The 10% and 50% RH
tracheas were imaged within 5 min of being excised from mice. Data are
means ± SEM ****P < 0.0001; one-way ANOVA. n.s., not significant.
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Environmental Conditioning and Infection of Mice. Sex-matched 8- to 12-wk-old
mice were kept in an environmental chamber (model 7000-10, Caron) for 4–5
d in which the RH was maintained at 10–20% RH for low humidity or 50% RH
for normal humidity conditions. The temperature was maintained at 20 °C
throughout the study. Mice were kept in the environmental chambers for up
to 7 d.p.i. then moved to the ambient animal room conditions, which had a RH
of 50–60% and temperature of 20–22 °C. For infection, highly virulent A/PR/8/
34 (H1N1; hvPR8) IAV was delivered via intranasal or aerosol administration as
indicated. The hvPR8 strain was adapted in Mx1 mice (38). Aerosol challenge
was performed using an MPC aerosol nebulizer with aerosol pie cage (Brain-
tree Scientific). Infection was performed in a biosafety cabinet at ambient
animal room conditions. Before intranasal inoculation of IAV, mice were
anesthetized by i.p. injection of ketamine and xylazine. Body weight, survival,
and rectal temperature (MicroTherma 2T hand-held thermometer, Braintree
Scientific) were monitored throughout the course of infections.

Mucociliary Clearance Measurement. MCC was measured according to pre-
vious publications (39, 40). Custom slides with 2-mm indentations were made

to allow for whole trachea mounting. Mice were killed and tracheas were
immediately removed, cut laterally to allow for the cilia to face the coverslip,
and placed on the slide. Fifty microliters of FluoSpheres carboxylate, 0.2 μm
crimson, 625/645 (Life Technologies) diluted 1:1,000 in PBS was placed on
top of the trachea and mounted with coverslip. Within 5 min of trachea
excision, the sample was imaged using an Opterra confocal microscope
(Bruker) at 100 frames per second. All focus was matched to be ∼1 μm on top
of the surface of the trachea, as flow rate decreases away from the surface
of the tissue. Images were processed using ImageJ.

Single-Cell RNA-Seq. Mice were housed at either 10% or 50% RH in an envi-
ronmental chamber for 5 d and infectedwith intranasal hvPR8 or mock infected
withPBS.At 2d.p.i.,micewere killed, perfusedwithPBS, and lungswere isolated.
The lung tissues were dissociated using 20 μg/mL DNase I, 1 mg/mL Collagenase
A in RPMI at 37 °C for 30 min, followed by passage through a 70-μm filter and
ACK buffer to remove any residual red blood cells. The cells were loaded onto
the chromium controller (10× Genomics). Single-cell RNA-seq libraries were
prepared using the Chromium Single Cell 3′ v2 Reagent Kit (10× Genomics)

Fig. 6. Analysis of low humidity impact by scRNA-seq. WT Mx1 mice were preconditioned at 10% and 50% RH for 7 d, and challenged intranasally with 750
pfu/mL of hvPR8. Uninfected and infected mice were killed on day 2 and lung tissue was subjected to scRNA-seq. (A) Differentially expressed genes in alveolar
macrophages before and after infection. (B) Heatmap tSNE of flu-associated ISGs in different biological conditions. (C) Percentage of cells with Mx1 ex-
pression among the cells that are either positive or negative for influenza viral RNA.
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according to the manufacturer’s protocol. Samples were sequenced on the
HiSeq4000 with 28-bp read 1, 8 bp i7 index, and 98-bp read 2. Sequencing
results were demultiplexed into Fastq files using Cell Ranger (10× Genomics,
2.2.0) mkfastq function. Samples were aligned to mm10-2.2.0 10× genomewith
custom flu virome annotations that included all eight segments of the
influenza A PR8. The count matrix was generated using the count function
with default settings. An estimate of 10,976 cells were sequenced (four
conditions, duplicates) with a mean read number of 266,989 and median
gene number per cell of 2,069. Matrices were loaded into Seurat v2 (41) for
downstream analysis. Cells with fewer than 500 unique molecular identi-
fers (UMIs) or high mitochondrial content were discarded. Cell types were
determined using previously published datasets as refs. 42 and 43. For
differential expression of genes in alveolar macrophages, cells from 10%
and 50% uninfected were pooled and 10% and 50% infected were
pooled. This differentially expressed gene list was used to create an ex-
pression heatmap including each of the four conditions to highlight the

intensity difference of each gene in the relative humidity. The dataset is
available at https://www.ncbi.nlm.nih.gov/bioproject/PRJNA528197 (44).

Statistical Analysis. The data were analyzed by Student’s t test, one-way
ANOVA with either Tukey’s or Kramer’s multiple comparison test, or log-rank
(Mantel–Cox) tests. All statistical tests were calculated using GraphPad Prism
(GraphPad software). A P value of <0.05 was considered statistically significant.

ACKNOWLEDGMENTS. We thank Melissa Linehan for technical and logistical
assistance, Guilin Wang and Christopher Castaldi (Yale Center for Genome
Analysis) for 10× Chromium library preparations and sequencing help, and
Dr. Adriano Aguzzi for scientific advice. This work was supported in part by
the Howard Hughes Medical Institute (A.I.), a gift from the Condair Group, the
Naito Foundation (E.K.), and National Institutes of Health Grants T32GM007205
(Medical Scientist Training Program training grant to L.J.Y. and E.S.) and F30
HD094717-01 (to L.J.Y.).

1. Wong GH, Goeddel DV (1986) Tumour necrosis factors alpha and beta inhibit virus
replication and synergize with interferons. Nature 323:819–822.

2. Johnson NB, et al.; Centers for Disease Control and Prevention (CDC) (2014) CDC
National Health Report: Leading causes of morbidity and mortality and associated

behavioral risk and protective factors–United States, 2005-2013. MMWR Suppl 63:3–27.
3. Tamerius JD, et al. (2013) Environmental predictors of seasonal influenza epidemics

across temperate and tropical climates. PLoS Pathog 9:e1003194, and erratum 2013

Nov;9(11).
4. Alonso WJ, et al. (2015) A global map of hemispheric influenza vaccine recommen-

dations based on local patterns of viral circulation. Sci Rep 5:1–6.
5. Tamerius J, et al. (2011) Global influenza seasonality: Reconciling patterns across

temperate and tropical regions. Environ Health Perspect 119:439–445.
6. Cannell JJ, et al. (2006) Epidemic influenza and vitamin D. Epidemiol Infect 134:1129–

1140.
7. Lowen AC, Steel J (2014) Roles of humidity and temperature in shaping influenza

seasonality. J Virol 88:7692–7695.
8. Eccles R (2002) An explanation for the seasonality of acute upper respiratory tract

viral infections. Acta Otolaryngol 122:183–191.
9. Shaman J, Pitzer VE, Viboud C, Grenfell BT, Lipsitch M (2010) Absolute humidity and

the seasonal onset of influenza in the continental United States. PLoS Biol 8:
e1000316.

10. Lowen AC, Mubareka S, Steel J, Palese P (2007) Influenza virus transmission is de-
pendent on relative humidity and temperature. PLoS Pathog 3:1470–1476.

11. Iwasaki A, Pillai PS (2014) Innate immunity to influenza virus infection. Nat Rev Im-
munol 14:315–328.

12. Chen X, et al. (2018) Host immune response to influenza a virus infection. Front Im-

munol 9:320.
13. Garber EA, Hreniuk DL, Scheidel LM, van der Ploeg LHT (1993) Mutations in murine

Mx1: Effects on localization and antiviral activity. Virology 194:715–723.
14. Staeheli P, Grob R, Meier E, Sutcliffe JG, Haller O (1988) Influenza virus-susceptible

mice carry Mx genes with a large deletion or a nonsense mutation. Mol Cell Biol 8:

4518–4523.
15. Pillai PS, et al. (2016) Mx1 reveals innate pathways to antiviral resistance and lethal

influenza disease. Science 352:463–466.
16. Taubenberger JK, Morens DM (2008) The pathology of influenza virus infections.

Annu Rev Pathol 3:499–522.
17. Short KR, et al. (2016) Influenza virus damages the alveolar barrier by disrupting

epithelial cell tight junctions. Eur Respir J 47:954–966.
18. Bustamante-Marin XM, Ostrowski LE (2017) Cilia and mucociliary clearance. Cold

Spring Harb Perspect Biol 9:a028241.
19. Verhelst J, Parthoens E, Schepens B, Fiers W, Saelens X (2012) Interferon-inducible

protein Mx1 inhibits influenza virus by interfering with functional viral ribonucleo-
protein complex assembly. J Virol 86:13445–13455.

20. Everitt AR, et al.; GenISIS Investigators; MOSAIC Investigators (2012) IFITM3 restricts
the morbidity and mortality associated with influenza. Nature 484:519–523.

21. Brass AL, et al. (2009) The IFITM proteins mediate cellular resistance to influenza A
H1N1 virus, West Nile virus, and dengue virus. Cell 139:1243–1254.

22. Swiecki M, Wang Y, Gilfillan S, Lenschow DJ, Colonna M (2012) Cutting edge: Para-
doxical roles of BST2/tetherin in promoting type I IFN response and viral infection. J
Immunol 188:2488–2492.

23. Wang X, Hinson ER, Cresswell P (2007) The interferon-inducible protein viperin in-
hibits influenza virus release by perturbing lipid rafts. Cell Host Microbe 2:96–105.

24. Lenschow DJ, et al. (2007) IFN-stimulated gene 15 functions as a critical antiviral
molecule against influenza, herpes, and Sindbis viruses. Proc Natl Acad Sci USA 104:
1371–1376.

25. Tang Q, Wang X, Gao G (2017) The short form of the zinc finger antiviral protein
inhibits influenza A virus protein expression and is antagonized by the virus-encoded
NS1. J Virol 91:e01909-16.

26. Arnheiter H, Skuntz S, Noteborn M, Chang S, Meier E (1990) Transgenic mice with
intracellular immunity to influenza virus. Cell 62:51–61.

27. Kolb E, Laine E, Strehler D, Staeheli P (1992) Resistance to influenza virus infection of
Mx transgenic mice expressing Mx protein under the control of two constitutive
promoters. J Virol 66:1709–1716.

28. Haller O, Staeheli P, Kochs G (2007) Interferon-induced Mx proteins in antiviral host
defense. Biochimie 89:812–818.

29. Allen EK, et al. (2017) SNP-mediated disruption of CTCF binding at the IFITM3 pro-
moter is associated with risk of severe influenza in humans. Nat Med 23:975–983.

30. Randolph AG, et al.; Pediatric Acute Lung Injury and Sepsis Investigators (PALISI)
Network Pediatric Influenza (PICFLU) Investigators; Pediatric Acute Lung Injury and
Sepsis Investigators (PALISI) Network Pediatric Influenza (PICFLU) Investigators (2017)
Evaluation of IFITM3 rs12252 association with severe pediatric influenza infection. J
Infect Dis 216:14–21.

31. Mihaylova VT, et al. (2018) Regional differences in airway epithelial cells reveal
tradeoff between defense against oxidative stress and defense against Rhinovirus.
Cell Rep 24:3000–3007.e3.

32. Clary-Meinesz CF, Cosson J, Huitorel P, Blaive B (1992) Temperature effect on the
ciliary beat frequency of human nasal and tracheal ciliated cells. Biol Cell 76:335–338.

33. Daviskas E, et al. (1995) Changes in mucociliary clearance during and after isocapnic
hyperventilation in asthmatic and healthy subjects. Eur Respir J 8:742–751.

34. Oozawa H, et al. (2012) Effect of prehydration on nasal mucociliary clearance in low
relative humidity. Auris Nasus Larynx 39:48–52.

35. Moura FE, Perdigão AC, Siqueira MM (2009) Seasonality of influenza in the tropics: A
distinct pattern in northeastern Brazil. Am J Trop Med Hyg 81:180–183.

36. Shek LP, Lee BW (2003) Epidemiology and seasonality of respiratory tract virus in-
fections in the tropics. Paediatr Respir Rev 4:105–111.

37. Horisberger MA, Staeheli P, Haller O (1983) Interferon induces a unique protein in
mouse cells bearing a gene for resistance to influenza-virus. Proc Natl Acad Sci USA
80:1910–1914.

38. Grimm D, et al. (2007) Replication fitness determines high virulence of influenza A
virus in mice carrying functional Mx1 resistance gene. Proc Natl Acad Sci USA 104:
6806–6811.

39. Mastorakos P, et al. (2015) Highly compacted biodegradable DNA nanoparticles ca-
pable of overcoming the mucus barrier for inhaled lung gene therapy. Proc Natl Acad
Sci USA 112:8720–8725.

40. Francis R, Lo C (2013) Ex vivo method for high resolution imaging of cilia motility in
rodent airway epithelia. J Vis Exp, e50343.

41. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R (2018) Integrating single-cell
transcriptomic data across different conditions, technologies, and species. Nat Bio-
technol 36:411–420.

42. Cohen M, et al. (2018) Lung single-cell signaling interaction map reveals basophil role
in macrophage imprinting. Cell 175:1031–1044.e18.

43. Steuerman Y, et al. (2018) Dissection of influenza infection In Vivo by single-cell RNA
sequencing. Cell Syst 6:679–691.e4.

44. Kudo E, et al. (2019) Low ambient humidity impairs barrier function, innate resistance
against influenza infection. NCBI BioProject. Available at https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA528197. Deposited March 20, 2019.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1902840116 Kudo et al.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA528197
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA528197
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA528197
https://www.pnas.org/cgi/doi/10.1073/pnas.1902840116

