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Abstract

High temperature reduces influenza viral replication; however, the treatment of

fevers is thought to be necessary to improve patients’ conditions. We examined

the effects of high temperature on viral replication and infection-induced damage

to human tracheal epithelial cells. Cell viability and dome formation were

reduced, the number of detached cells was increased and lactate dehydrogenase

(LDH) levels tended to be increased from 72 h to 120 h in uninfected cells

cultured at 40 �C. Long-term (72 h and/or 120 h) exposure to high temperatures

(39 �C and/or 40 �C) decreased RNA levels and/or viral titers of eight influenza

virus strains. Cell viability and dome formation were reduced, and the number of

detached cells and LDH levels were increased to a similar extent after infection
.e01149
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with the A/H1N1 pdm 2009 virus at 37 �C and 40 �C. High temperature increased

the endosomal pH, where the viral RNA enters the cytoplasm, in uninfected cells.

High temperature reduced the production of IL-6, which mediate viral replication

processes, and IL-1b and IL-8 in uninfected and infected cells. Based on these

findings, high temperature may cause similar levels of airway cell damage after

infection to cells exposed normal temperatures, although high temperature

reduces viral replication by affecting the function of acidic endosomes and

inhibiting IL-6-mediated processes.

Keywords: Cell biology, Microbiology, Physiology, Virology

1. Introduction

High temperature enhances defense mechanisms against infection by many viruses

[1] and decreases influenza virus replication [2]. The pyrexial substances that are

produced during influenza virus infection, such as interferon (IFN), exert antiviral

effects [3]. Thus, a high temperature aids in inhibiting influenza virus replication.

In contrast, fever is the major symptom of influenza virus infection, and the use of

antipyretic drugs to treat fever is thought necessary in children suffering from

adverse effects of high temperature, such as febrile seizures [1, 4], as well as in pa-

tients with dehydration and severe outcomes caused by high temperature-induced

excessive sweating and anorexia [5, 6]. However, the toxic effects of high temper-

ature on human airway epithelial cells during influenza virus infection require further

study.

The effects of high temperature on influenza virus replication vary between viral

strains and the methods used to measure viral replication. For example, the release

of seasonal influenza viruses (H3N2) from allantois-on-shell cultures is decreased at

41 �C or 40 �C [2]. Similarly, significantly more viruses were shed in nasal washes of

ferrets in which fever was suppressed with sodium salicylate [7]. In contrast, the

growth capacity of an influenza virus [A/WSN/1933 (A/H1N1)] in Madin-Darby

Canine Kidney (MDCK) cells is similar at 33 �C and at 39.5 �C [8].

Several effects of high temperature on influenza viral replication processes have

been reported, including enhanced viral RNA polymerase mRNA production [9]

and inhibition of nuclear export of the influenza virus ribonucleoprotein complex

by heat shock protein 70 [10]. The influenza virus is internalized via receptor-

mediated endocytosis, and the low pH of the endosome triggers viral and endosomal

membrane fusion [11], resulting in another round of viral replication. Vacuolar Hþ-

ATPase and ion transport across Naþ/Hþ exchangers regulate endosomal pH [12,

13]; however, the effects of high temperature on endosomal pH and influenza viral

replication in human airway epithelial cells require further study.
on.2019.e01149
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The present study examined the effects of clinically high temperatures on influenza

viral replication, cell damage and cell function related to viral replication using pri-

mary cultures of human tracheal epithelial (HTE) cells.
2. Results

2.1. Effects of high temperature on cell damage in the absence or
presence of viral infection

Based on the results of preliminary experiments, an A/H1N1 pdm 2009 viral infec-

tion induced similar levels of epithelial cell damage in cells cultured at 37 �C and 40
�C for 120 h post-infection, although lower viral titers were observed in cells

cultured at 40 �C than in cells cultured at 37 �C. Therefore, we investigated the ef-

fects of long-term exposure to high temperatures on the damage to uninfected and

infected cells.

Hematoxylin eosin staining of the uninfected cells showed confluent cell sheets, and

the shape and magnitude of staining of the cells cultured at 40 �C for 120 h did not

differ from those at 37 �C (Fig. 1A, B). In contrast, a significant proportion of culture

vessels were not covered with cells at 120 h post-infection after an incubation at 37
�C and 40 �C (Fig. 1C, D), which might be caused by cell detachment.

The viability of the uninfected cells cultured at 37 �C did not decrease at 72 h or 120

h (Fig. 1E). In contrast, the viability of uninfected cells cultured at 40 �C for 120 h

decreased compared with the viability of cells cultured at 37 �C, although the

viability of uninfected cells cultured at 40 �C for 72 h did not decrease (Fig. 1E).

Furthermore, the viability of infected cells cultured at 40 �C for 72 h and 120 h

decreased compared with the viability of uninfected cells cultured at 37 �C and 40
�C. Lower viability was observed for infected cells cultured at 40 �C than infected

cells cultured at 37 �C for 120 h post-infection (Fig. 1E). Viability tended to decrease

in infected cells cultured at 37 �C for 72 h and 120 h compared with the viability of

uninfected cells cultured at 37 �C, but the different was not statistically significant.

The number of detached cells in supernatants of uninfected cells cultured at 37 �C
did not increase at 72 h and 120 h (Fig. 1F). The number of detached cells in unin-

fected cells cultured at 40 �C for 72 h also did not differ from the number of detached

cells cultured at 37 �C. In contrast, a greater number of uninfected cells that had been

cultured at 40 �C for 120 h were detached than uninfected cells cultured at 37 �C
(Fig. 1F).

Viral infection increased the number of detached cells cultured at 37 �C and 40 �C
for 72 h and 120 h post-infection compared with the number of uninfected detached

cells cultured at 37 �C (Fig. 1F). Viral infection also increased the number of
on.2019.e01149

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2019.e01149
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. (AeD) Hematoxylin-eosin staining of human tracheal epithelial (HTE) cells cultured in slide

glasses for 120 h at 37 �C (A, C) or 40 �C (B, D) following infection without (A, B) or with (C, D)

the A/H1N1 pdm 2009 virus. Arrows show slide glasses that were not covered by cells (magnification:

x 100). (EeG) Viability of attached cells (E), numbers of detached cells (F), and LDH levels in the su-

pernatants (G) of uninfected (med) and infected (pdm) cells before (time 0) or after culture at 37 �C or 40
�C for 72 h or 120 h. (EeG) The results are expressed as the means � SEM of five tracheae. Significant

differences from uninfected cells cultured at 37�C are indicated by *p < 0.05 and **p < 0.01. Significant

differences from uninfected cells cultured at 40 �C are indicated by yp < 0.05 and yyp < 0.01. Significant

differences from infected cells cultured at 37 �C are indicated by zp < 0.05.
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detached cells cultured at 40 �C for 72 h and 120 h post-infection compared with

uninfected cells cultured at 40 �C. Fewer detached cells were observed in the in-

fected cultures that were incubated at 40 �C for 72 h than in the infected cells

cultured at 37 �C (Fig. 1F). In contrast, the number of detached cells in the infected

cultures at 40 �C for 120 h did not differ from the infected cells cultured at 37 �C
(Fig. 1F).

Lactate dehydrogenase (LDH) levels in supernatants of uninfected cells cultured at

37 �C did not change at 72 h and 120 h (Fig. 1G). LDH levels in uninfected cells

cultured at 40 �C for 72 h also did not differ from the levels observed in cells cultured

at 37 �C. LDH levels in uninfected cells cultured at 40 �C for 120 h tended to be

higher than the levels observed in uninfected cells at 37 �C, but a statistically signif-
icant difference was not observed (Fig. 1G).

Viral infection increased the LDH levels in cells cultured at 37 �C for 72 h and 120 h

post-infection compared with the levels in uninfected cells at 37 �C (Fig. 1G). Viral

infection also increased the LDH levels in the cells cultured at 40 �C for 120 h post-
on.2019.e01149
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infection compared with the LDH levels of uninfected cells cultured at 37 �C and 40
�C (Fig. 1G). Viral infection tended to increase the LDH levels in the cells cultured at

40 �C for 72 h compared with the LDH levels in uninfected cells cultured at 37 �C
and 40 �C, but the difference was not significant (Fig. 1G). LDH levels in infected

cells cultured at 40 �C for 72 h and 120 h did not differ from the levels in infected

cells at 37 �C, although the levels in the infected cells cultured at 40 �C for 72 h

tended to be lower than cells the infected cultures at 37 �C.
2.2. Effects of high temperature on dome formation in the
absence or presence of viral infection

Uninfected cells cultured in the wells exhibited dome formation (Fig. 2A), and fewer

domes were observed on uninfected cell monolayers cultured at 40 �C for 72 h and

120 h than on cells cultured at 37 �C (Fig. 2B, C). Dome formation disappeared in

infected cell monolayers cultured at 37 �C and 40 �C for 72 h and 120 h post-

infection (Fig. 2C).
2.3. Effects of high temperature on A/H1N1 pdm 2009 and A/
H3N2 Aichi viral release and RNA replication

The titers of the A/H1N1 pdm 2009 virus in cells cultured at 40 �C for 24 h and 48 h

post-infection did not differ from cells cultured at 37 �C (Fig. 3A, B). The titers of

the A/H1N1 pdm 2009 virus in cells cultured at 40 �C at 72 h post-infection were

tended to be lower than those of the cells cultured at 37 �C, but the difference

was not significant (Fig. 3A). In contrast, the titers of the A/H1N1 pdm 2009 virus

in cells cultured at 40 �C for 120 h post-infection were lower than cells cultured at 37
�C (Fig. 3A).

Similarly, the titers of the A/H3N2 Aichi virus in cells cultured at 40 �C collected at

for 24 h and 48 h post-infection did not differ from cells cultured at 37 �C (Fig. 3B).

In contrast, lower titers of the A/H3N2 Aichi virus were observed in the cells

cultured at 40 �C for 72 h and 120 h post-infection than in cells cultured at 37 �C
(Fig. 3B).

Lower levels of the A/H1N1 pdm 2009 and A/H3N2 Aichi viral RNAs were de-

tected in cells cultured at 40 �C than in cells cultured at 37 �C for 120 h post-

infection (Fig. 3C, D).

When viral titers were compared in the tracheal cells cultured at four temperatures

(33 �C, 37 �C, 39 �C and 40 �C) using samples collected at four time points (24

h, 48 h, 72 h and 120 h post-infection), A/H1N1 pdm 2009 viral titers in the cells

cultured at 33 �C did not differ from the titers in cells cultured at 37 �C (Fig. 4A).

In contrast, lower A/H1N1 pdm 2009 viral titers were recorded at 72 h post-

infection in cells cultured at 39 �C than in cells cultured at 37 �C (Fig. 4B). A/
on.2019.e01149
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Fig. 2. (A and B) Phase contrast photographs of uninfected cell monolayers cultured at 37 �C (A) or 40
�C (B) for 120 h. Arrows show dome formation (magnification: x 100). (C) The number of domes on the

cell monolayers of uninfected (med) and infected (pdm) cells before (time 0) or after culture at 37 �C or

40 �C for 72 h or 120 h. The results are expressed as the means � SEM of five tracheae. Significant

differences from uninfected cells cultured at 37 �C are indicated by **p < 0.01. Significant differences

from uninfected cells cultured at 40 �C are indicated by yp < 0.05 and yyp < 0.01.
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H1N1 pdm 2009 viral titers in cells cultured at 39 �C for 120 h also tended to be

lower than in cells cultured at 37 �C, but a statistically significant difference was

not observed (Fig. 4B). In contrast, lower A/H1N1 pdm 2009 viral titers were

observed at 72 h and 120 h post-infection in cells cultured at 40 �C than in cells

cultured at 37 �C (Fig. 4C).

Similarly, A/H3N2 Aichi viral titers in cells cultured at 33 �C did not differ from the

titers in cells cultured at 37 �C (Fig. 4D). A/H3N2 Aichi viral titers in cells cultured

at 39 �C for 72 h and 120 h tended to be lower than in cells cultured at 37 �C, but a
statistically significant difference was not observed (Fig. 4E). In contrast, lower A/

H3N2 Aichi viral titers were observed at 72 h and 120 h post-infection in cells

cultured at 40 �C than in cells cultured at 37 �C (Fig. 4F).
on.2019.e01149
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Fig. 3. (A and B) Time course analysis of viral titers in the supernatants of HTE cells at different times

after infection with A/H1N1 pdm 2009 (pdm) (A) and A/H3N2 Aichi (Aichi) (B) viruses and culture at

37 �C (open circles) or 40 �C (closed circles). Viral titers are expressed as Log10 TCID50/mL. The results

are expressed as the means � SEM of nine (day 3) or five (other than day 3) different tracheae. Signif-

icant differences from cells cultured at 37 �C are indicated by *p < 0.05 and **p < 0.01. (C and D) Viral

RNA replication in HTE cells at 120 h post-infection with the A/H1N1 pdm 2009 (C) and A/H3N2 Aichi

(D) viruses detected using real-time quantitative RT-PCR. The results are expressed as the relative

amount of RNA expression compared with the expression of the influenza viral RNA (FluA-RNA) in

cells cultured at 37 �C and are reported as the means � SEM of four samples. Significant differences

from cells cultured at 37 �C are indicated by **p < 0.01.
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2.4. Effects of high temperature on the release of six other
influenza virus strains

We examined viral titers in supernatants collected at 48, 72, and 120 h after cells

were infected with six strains of influenza viruses other than A/H1N1 pdm 2009

and A/H3N2 Aichi to confirm the inhibitory effects of high temperature (40 �C)
on viral replication.

At 48 h post-infection, lower titers of two strains of viruses [A/Sendai/NEX492/

2007 (H1N1) and A/Sendai/I770/2008 (H1N1)] were observed in cells cultured at

40 �C than in cells cultured at 37 �C (Fig. 5C, E). In contrast, the titers of four other

strains of viruses measured at 48 h post-infection in cells cultured at 40 �C did not

differ from the titers in cells cultured at 37 �C, although the titers of these strains in
on.2019.e01149
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Fig. 4. Time course analysis of viral titers in the supernatants of HTE cells at different times after infec-

tion with A/H1N1 pdm 2009 (pdm) (AeC) and A/H3N2 Aichi (Aichi) (DeF) viruses and culture at 33
�C (closed triangles), 37 �C (open circles), 39 �C (closed squares) or 40 �C (closed circles). Viral titers

are expressed as Log10 TCID50/mL. The results are expressed as the means � SEM of five different

tracheae. Significant differences from cells cultured at 37 �C at each time point are indicated by *p <

0.05 and **p < 0.01.
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cells cultured at 40 �C tended to be lower than the titers in cells cultured at 37 �C
(Fig. 5A, B, D, and F).

At 72 h post-infection, lower titers of three viral strains [A/Sendai/NEX492/2007

(H1N1), A/Sendai/I958/2007 (H3N2), A/Sendai/I770/2008 (H1N1)] were observed

in cells cultured at 40 �C than in cells cultured at 37 �C (Fig. 5CeE). In contrast, the

titers of the three other strains in cells cultured at 40 �C did not differ from the titers

in cells cultured at 37 �C, although the titers of these strains in cells cultured at 40 �C
tended to be lower than the titers in cells cultured at 37 �C (Fig. 5A, B, and F).

In contrast, at 120 h post-infection, lower titers were observed for all influenza virus

strains in cells cultured at 40 �C than in cells cultured at 37 �C (Fig. 5).
2.5. Effects of high temperature on acidic endosomes

Acidic endosomes in uninfected HTE cells were stained green with LysoSensor

DND-189 (Fig. 6AeD). The number and fluorescence intensity of labeled cells

cultured at 39 �C and 40 �C for 120 h were lower than in cells cultured at 37 �C
(Fig. 6AeE). The fluorescence intensity in cells was reduced in a temperature-

dependent manner, and the most potent inhibitory effects were observed at 40 �C
(Fig. 6E). Similar to the fluorescence intensity, the A/H1N1 pdm 2009 viral titers
on.2019.e01149
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Fig. 5. Viral titers in supernatants collected at 48 h, 72 h or 120 h after infection with six strains of influ-

enza viruses other than A/H1N1 pdm 2009 and A/H3N2 Aichi in cells cultured at 37 �C and 40 �C. Viral
titers are expressed as Log10 TCID50/mL. The results are expressed as the means � SEM of three (C, D),

four (B) or five (A, E, and F) different tracheae. Significant differences from cells cultured at 37 �C are

indicated by *p < 0.05 and **p < 0.01.
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were reduced in temperature-dependent manner, and the most potent inhibitory ef-

fects on viral titers were observed at 40 �C (Fig. 6F), suggesting a relationship be-

tween the temperature to which the cells were exposed and the reductions in the

fluorescence intensity of acidic endosome and viral titers.

Furthermore, the fluorescence intensity in cells cultured at 40 �C was reduced in a

time-dependent manner, and the most potent inhibitory effects were observed on

cells exposed to the high temperature for 120 h (Fig. 6G). The A/H1N1 pdm

2009 viral titers were also reduced in a time-dependent manner, and inhibitory ef-

fects on viral titers were observed on cells cultured at 40 �C for 72 h and 120 h,

but not 24 h, post-infection (Fig. 6H), suggesting a relationship between the time

of exposure to high temperatures and the reductions in the fluorescence intensity

of acidic endosome and viral titers.
2.6. Effects of high temperature on the production of
inflammatory cytokines in cells infected with and without the
virus

Levels of IL-1b, IL-6 and IL-8 in the supernatants of uninfected cells cultured at 37
�C for 72 h and 120 h did not differ from the levels in uninfected cells before expo-

sure to high temperature (time 0) (Fig. 7). In contrast, lower levels of IL-1b, IL-6 and
on.2019.e01149
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Fig. 6. (AeD) Changes in the distribution of acidic endosomes exhibiting green fluorescence in unin-

fected HTE cells cultured at 33 �C (A), 37 �C (B), 39 �C (C), or 40 �C (D) for 120 h (bar ¼ 100

mm). (E and F) The effects of the four temperatures on the fluorescence intensity of acidic endosomes

in uninfected cells cultured for 120 h (E) and on the A/H1N1 pdm 2009 viral titers in cells cultured

for 120 h (F). The results are expressed as the means � SEM of eight (E) and five (F) tracheae. Viral

titers are expressed as Log10 TCID50/mL. (G and H) The effects of the time of exposure to high temper-

ature (40 �C) on fluorescence intensity (G) and the A/H1N1 pdm 2009 viral titers (H). The results are

expressed as the means � SEM of eight (G) and five (H) tracheae. (EeH) Significant differences

from uninfected cells cultured at 37 �C are indicated by *p < 0.05 and **p < 0.01 (E and G). Significant

differences from infected cells cultured at 37 �C are indicated by yp < 0.05 and yyp < 0.01 (F and H).
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IL-8 were observed in the supernatants of uninfected cells cultured at 40 �C for 72 h

and 120 h than in uninfected cells cultured at 37 �C (Fig. 7).

Infection with the A/H1N1 pdm 2009 virus increased the levels of IL-1b, IL-6 and

IL-8 in cells cultured at 37 �C for 72 h and 120 h than in uninfected cells cultured at

37 �C (Fig. 7). Infection with the A/H1N1 pdm 2009 virus also increased the levels

of IL-1b and IL-8 in cells cultured at 40 �C for 72 h and 120 h and the levels of IL-6

in cells cultured at 40 �C for 120 h than in uninfected cells cultured at 40 �C (Fig. 7).

Furthermore, lower levels of these cytokines were observed in the infected cells

cultured at 40 �C than in infected cells cultured at 37 �C, although IL-6 production

was not significantly decreased at 72 h post-infection in infected cells cultured at 40
�C (Fig. 7).
3. Discussion

As shown in the present study, lower viral titers were observed in the supernatants

of HTE cells exposed to high temperature (39 �C and/or 40 �C) for 72 h and/or

120 h after infection with the A/H1N1 pdm 2009 and A/H3N2 Aichi viruses
on.2019.e01149
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Fig. 7. The levels of IL-1b, IL-6 or IL-8 in the cell supernatants in cells cultured before (time 0) or at 72

h or 120 h after infection with sham (med) or the A/H1N1 pdm 2009 virus (pdm) and culture at 37 �C or

40 �C. The results are expressed as the means � SEM of three tracheae. Significant differences from un-

infected cells cultured at 37 �C are indicated by **p < 0.01. Significant differences from uninfected cells

cultured at 40 �C are indicated by yp < 0.05 and yyp < 0.01. Significant differences from infected cells

cultured at 37 �C are indicated by zp < 0.05 and zzp < 0.01.
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than in cells cultured at 37 �C. Long-term exposure to high temperatures also

decreased RNA replication in these two viral strains. Lower viral titers of six other

influenza virus strains were observed in cells cultured at 40 �C for 48 h, 72 h and/

or 120 h post-infection than in cells cultured at 37 �C. The number and fluores-

cence intensity of acidic endosomes, by which viral ribonucleoproteins containing

the influenza virus RNA enter the cytoplasm [11], were decreased in cells cultured

at 40 �C for 72 h or longer. These findings suggest that long-term exposure to high

temperatures decreases influenza virus replication by affecting the function of

acidic endosomes. Furthermore, cell viability decreased, the number of detached

cells increased and LDH levels tended to increase from 72 h to 120 h in uninfected

cells cultured at 40 �C, which might explain the decreased viral titers observed at

the 120 h time point.

According to Tang et al. [4], a high temperature is indicated by a 39.4 �C for the

mean peak body temperature, and 3e4 days of febrile episodes in children with sei-

zures induced by influenza virus infection. In the present study, the titers of the A/

H1N1 pdm 2009 virus decreased in cells cultured at 39 �C for 72 h post-infection

(Fig. 4), and the titers of the A/H3N2 Aichi virus decreased in cells cultured at 40
�C for 72 h post-infection (Fig. 3). Furthermore, decreased viability and increased

numbers of detached cells and LDH levels in supernatants were observed in infected

cells cultured at 37 �C and/or 40 �C for 72 h compared with uninfected cells cultured

at 37 �C. Fewer domes were observed on uninfected cell monolayers cultured at 40
�C for 72 h than on uninfected cell monolayers cultured at 37 �C, and dome forma-

tion disappeared in infected cell monolayers cultured at 37 �C and 40 �C for 72 h

post-infection. Thus, exposure to high temperatures observed in humans for 3e4

days after influenza virus infection [4] may induce human airway epithelial cell
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damage and may reduce the replication of pandemic and seasonal human influenza

viruses, although exposure to high temperature of 40 �C for more than 96 h may not

be occur in humans.

In contrast, the A/H1N1 pdm 2009 and A/H3N2 Aichi viral titers in cells exposed to

high temperature of 40 �C for 24 h did not differ from cells cultured at 37 �C. Short-
term exposure to a high temperature of 40 �C for 24 h did not decrease the number or

fluorescence intensity of acidic endosomes; thus, short-term exposure to a high tem-

perature may be insufficient to decrease viral replication.

The influenza virus is internalized by receptor-mediated endocytosis, and the low pH

of the endosome triggers viral and endosomal membrane fusion [11], resulting in

subsequent viral replication. Vacuolar Hþ-ATPase and ion transport across Naþ/

Hþ exchangers regulate the endosomal pH [12, 13]. No studies have examined

the effects of high temperature on the Hþ-ATPase and Naþ/Hþ exchangers in airway

epithelial cells, but a high temperature of 39 �C affects Hþ/Kþ-ATPase mRNA

levels in gastric epithelial cells [14]. Therefore, a high temperature may affect the

functions of the ion channels that regulate endosomal pH.

As shown in our previous study, an anti-IL-6 receptor antibody and an NF- kB in-

hibitor, caffeic acid phenethyl ester, reduce the titers of the A/H1N1 pdm 2009 virus

[15]. Furthermore, IL-6 activates caspases [16] that enhance the release of viral ribo-

nucleoprotein complexes from the nucleus [17]. In our previous study, a caspase-3

inhibitor, Z-DEVD-fmk, reduced the A/H1N1 pdm 2009 viral titers in the superna-

tants [15]. The finding that high temperature reduced IL-6 levels in the present study

is consistent with results from a previous reports showing that high temperature in-

hibits IL-6 production induced by lipopolysaccharides in mice [18] and inhibits NF-

kB signaling [19], which is associated with IL-6 production [20]. Therefore, the high

temperature-induced decrease in IL-6 production might also be associated with the

decreased influenza virus replication in the present study. Furthermore, reduced pro-

duction of IL-1b and IL-8 following exposure to high temperature might also be

mediated by the inhibition of NF-kB [19] under these conditions, which is also asso-

ciated with the production of IL-1b and IL-8 [21].

We demonstrated that long-term exposure to high temperatures decreased viral repli-

cation. However, influenza virus infection induced epithelial cell damage at 40 �C to

a similar extent as observed at 37 �C. Therefore, we examined whether long-term

exposure to high temperatures induces damage in cells that were not infected with

the influenza virus. Long-term exposure to high temperature (40 �C) decreased

the viability of attached cells, increased the numbers of detached cells, tended to in-

crease LDH levels in the supernatants and reduced the number of domes on cell

monolayers. The LDH levels and cell viability parameters are markers of apoptosis

and necrosis [22, 23]. Dome formation is associated with sodium movement and

may indicate membrane integrity [24, 25]. Furthermore, high temperature has
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been shown to induce cancer cell apoptosis by producing reactive oxygen species

[26] and inhibiting the mitochondrial membrane potential. In the present study, virus

infection decreased cell viability and increased the number of detached cells and the

LDH levels in the supernatant, consistent with our previous study [15]. Therefore,

the cytotoxic effects of a high temperature might have increased cell damage induced

by infection with the A/H1N1 pdm 2009 virus at 40 �C in the present study.

Dome formation indicates fluid absorption and epithelial cell differentiation [24,

27]. Epithelial sodium channels play key roles in sodium absorption in airway

epithelial cells [28], and inhibition of this channel decreases the dome formation

frequency [29]. Sodium absorption from the apical membrane of cells is regulated

by various ion channels, including a basolateral potassium channel, a Naþ/Kþ/2Cl

co-transporter and Naþ/Kþ-ATPase [24, 30]. Intracellular free sodium levels

induce sodium transport outside of cells across the basolateral membrane [24]

and regulate membrane integrity [25], whereas high temperature decreases intra-

cellular free sodium levels [31]. Therefore, these effects of high temperature

may be associated with the decreased in the number of domes formed on cell

monolayers.

Furthermore, increased paracellular permeability reduces domes in the epithelial

cells [32] and a relationship between epithelial cell damage and increased perme-

ability has been reported [33]. Therefore, the decreased number of domes observed

in the present study may suggest cell damage induced by high temperatures and

influenza virus infection.

High temperature decreases influenza virus release from allantois-on-shell cultures at

24 h post-infection and viral titers in ferret nasal washes at 18e66 h post-infection

[2, 7]. In contrast, the growth capacity of an influenza [A/WSN/1933 (A/H1N1)] vi-

rus in MDCK cultured at 33 �C and 39.5 �C was similar at 48 h post-infection [8]. In

the present study, A/H1N1 pdm 2009 and A/H3N2 Aichi viral titers were decreased

in cells exposed to high temperatures for 72 h or longer. The potency of the inhib-

itory effects of high temperature on viral replication also differed between influenza

virus species in the present study. The reasons for the different effects of high tem-

perature on viral replication between influenza virus species and between different

studies are uncertain, but differences in measurement methods, observation times af-

ter viral infection and temperature-sensitivity of influenza virus strains [34] may un-

derlie these differences.

We examined the effects of high temperatures on the replication of eight strains of

seasonal influenza viruses. We also measured viral RNA replication in A/H1N1

pdm 2009 and A/H3N2 Aichi viruses to confirm the viral replication of seasonal

human A/H1N1 and A/H3N2 influenza viruses, as we previously reported [15].

Furthermore, we studied the effects of high temperatures on cell damage and in-

flammatory cytokine production in the absence or presence of the A/H1N1 pdm
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2009 virus, because we previously observed that this type of influenza virus

induced the greatest amount of cell damage among the human seasonal influenza

viruses we examined [15].

Human bronchial epithelial cells have been used in previous studies to reveal path-

ophysiological effects of influenza virus infection [35]. Similarly, human tracheal

epithelial (HTE) cells express the receptor for influenza virus [36] and have also

been used in studies in influenza virus infection [35, 37]. We established HTE

cell culture methods [38], confirmed the expression of the receptor for influenza

[39], and used these cells in influenza virus infection studies [15, 39]. Based on these

findings, we used HTE cells in the present study.

Cells isolated from the human trachea comprise basal and intermediate cells, with

occasional ciliated and goblet cells [40]. As shown in our previous study, cells

cultured with air-interface methods on filter membranes coated with collagen gel

form multilayered structures, and the luminal surface contains cilia and secretory

granules [38]. Although we cultured cells in wells in the present study and did not

determine the specific cell types, we could detect cilia beating under the microscope

and a good cell condition before influenza virus infection.

Supernatants of HTE cells contain a significant amount of influenza virus, and the

virus consistently replicated in HTE cells after infection with virus stocks generated

using HTE cells [15]. This infection system may recapitulate influenza virus replica-

tion in airway cells infected with the virus that is released from adjacent cells. There-

fore, we used virus stocks that were grown in HTE cells, as we previously reported

[15], rather than MDCK cells, which are cultured in MEM supplemented with

trypsin.

The effects of anti-influenza drugs on improving symptoms, including fever, and on

reducing viral replication have previously been reported [41, 42]. Fever is the major

symptom of influenza virus infection, and a high temperature of 39.4 �C for mean

peak body temperature has been reported in children with seizures induced by influ-

enza virus infection [4, 5], indicating that high temperature correlates with influenza

symptoms, including febrile seizures.

Therefore, the use of antipyretic drugs to treat fever is thought to be necessary in

children suffering from the adverse effects of high temperature, such as febrile sei-

zures [4, 5], as well as in patients with dehydration and severe outcomes caused by

high temperature-induced excessive sweating and anorexia [5, 6]. Scientific evi-

dence of the antipyretic efficacy and safety of acetaminophen in children has also

been reported [43]. Because a similar extent of airway epithelial cell damage was

also observed after influenza virus infection at both high and normal temperatures,

prompt reduction of fevers using antipyretic and anti-influenza drugs could help

improve patients’ airway conditions.
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This study had some limitations. The culture system contained surface epithelial

cells alone and may not have contained other cells [38] involved in defense mech-

anisms against viral infection [1]. Second, significant amounts of the antiviral sub-

strate, IFN, were undetected in the HTE cell supernatants, as we previously reported

[15]. Finally, we did not examine the effects of high temperature on the viral RNA

polymerase activity or on inhibition of nuclear export of the influenza virus ribonu-

cleoprotein complex by heat shock protein [9, 10]. However, according to Da Costa

et al., the RNA polymerase activity of influenza A virus is affected by high temper-

atures and may alter virus replication [8]. Furthermore, influenza A viruses from

different species have different temperature optima [8].
4. Conclusions

Long-term exposure to a clinically high temperature may reduce viral replication by

affecting the function of acidic endosomes and inhibiting the IL-6-mediated pro-

cesses. However, in contrast to the beneficial effects observed on other cells, high

temperature may cause similar levels of airway cell damage after infection to cells

exposed normal temperatures. Prompt reductions in fevers using antipyretic and

anti-influenza drugs may help improve patients’ airway conditions.
5. Materials and methods

5.1. Human tracheal epithelial cell cultures

HTE cells were cultured at 37 �C prior to influenza virus infection, as previously

described [15]. Cells were plated in plastic 24-well plates (Becton Dickinson,

Franklin Lakes, NJ, USA) or 96-well plates, on slide glasses, or on coverslips in petri

dishes and cultured in 0.2 mL or 1 mL of DMEM-Ham’s F-12 (DF12) containing 2%

Ultroser G. Cells were cultured at 33 �C, 37 �C, 39 �C or 40 �C after infection with

A/H1N1 pdm 2009 and A/H3N2 Aichi viruses.

Preliminary studies showed that long-term exposure to high temperatures reduced

the titers of these two viral strains; therefore, cells were cultured at 37 �C and 40
�C after infection with six different viral strains to confirm the inhibitory effects

of long-term exposure to high temperature on viral replication. Tracheas used for

cell cultures were obtained from 30 patients after death (age, 71� 13 yrs; 14 females

and 16 males). This study was approved by the Tohoku University Ethics Committee

(IRB number: 2016-1-803).
5.2. Measurement of cell damage and dome formation

Cells were plated in 24-well dishes, and the viability of adhered cells, number of

floating cells that had detached from the adherent cell monolayers on the culture
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vessels, and lactate dehydrogenase (LDH) concentrations in the supernatants were

measured [15]. Adhered cells were isolated by exposure to trypsin-EDTA solution,

and the viability of the collected cells was measured by trypan blue exclusion.

Floating cells in the supernatants were collected by centrifugation, and the cell

numbers were measured. LDH was measured using the Japanese Society of Clinical

Chemistry (JSCC) recommended method (lactate to pyruvate direction) [44, 45].

Because dome formation indicates fluid absorption and epithelial cell differentiation

[24, 27], the number of domes per unit area (0.36 cm2) was measured in 96-well

plates.
5.3. Virus stocks

Influenza virus stocks were generated by collecting the supernatants after infect-

ing HTE cells with one of the eight following human influenza virus strains us-

ing the methods reported in our previous study [15]: the pandemic A/H1 2009

virus [A/H1N1 pdm 2009, A/Sendai-H/N0633/2009 (H1N1) pdm09], A/H3N2

Aichi influenza virus [A/H3N2 Aichi, A/Aichi/2/68 (H3N2)] and 6 human influ-

enza virus strains [A/Sendai/I782/2006 (H1N1), A/Sendai/I197/2006 (H3N2), A/

Sendai/NEX492/2007 (H1N1), A/Sendai/I958/2007 (H3N2), A/Sendai/I770/

2008 (H1N1), and A/Sendai/I859/2008 (H3N2)]. The 6 viruses, other than the

A/H1N1 pdm 2009 and A/H3N2 Aichi influenza viruses, were also isolated

from Japanese patients with symptoms of influenza virus infection, including

fever.
5.4. Viral detection and titration

Influenza viruses in the culture supernatants were detected and titrated using the

endpoint method by infecting replicate MDCK cells in plastic 96-well plates with

10-fold dilutions of virus-containing supernatants, as previously described [15, 46,

47]. Then, the presence of the characteristic cytopathic effects of influenza virus

was determined. The TCID50 (TCID, tissue culture infective dose) was calculated

using previously described methods [46]; the viral titers in the supernatants are re-

ported as TCID50/mL [15].
5.5. Viral infection of cells

HTE cells were infected with influenza viruses using previously described

methods [15]. An influenza virus stock solution was added to the cells in 24-

well plates [400 mL per well, 1.0 � 103 TCID50/mL, multiplicity of infection

(MOI) of 0.0008]. After a 1 h incubation, the viral solution was removed and

the cells were cultured in 1 ml of fresh medium at 37 �C in a 5% CO2-95%

air atmosphere.
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5.6. Supernatant collection

Supernatants (400 mL) were collected at 24 h, 48 h or 72 h post-infection, and then

the same volume (400 mL) of fresh medium was added after the collection of super-

natants, as previously reported [15, 48]. The entire supernatant volume (1 mL) was

also collected 120 h after infection. Using these methods, we observed consistent

viral release [15, 48].
5.7. Quantification of influenza virus RNA

To confirm the effects of hyperthermia on A/H1N1 pdm 2009 and A/H3N2 Aichi

viral replication, a two-step real-time quantitative reverse transcription (RT)-PCR

assay was performed using TaqMan� Gene Expression Master Mix (Applied

Biosystems, Bedford, CA, USA), as described previously [15].
5.8. Measurement of changes in acidic endosomes

We examined the effects of high temperature on acidic endosomes through which

viral RNA enters the cytoplasm [11] to determine the mechanisms by which high

temperature alters viral replication. The distribution and fluorescence intensity of

the acidic endosomes in cells were measured with LysoSensor DND-189 dye (Mo-

lecular Probes, Eugene, OR, USA) and live-cell imaging using previously

described methods [39]. Cells cultured on coverslips in petri dishes were observed

with a fluorescence microscope (OLYMPUS IX70; OLYMPUS Co. Ltd., Tokyo,

Japan). The excitation wavelength was 443 nm, and the light emitted from the

cells was detected through a 505-nm filter. The fluorescence intensity was calcu-

lated using a fluorescence image analyzer system (Lumina Vision�; Mitani Co.

Ltd., Fukui, Japan) equipped with a fluorescence microscope. Uninfected cells

were cultured on coverslips in petri dishes at 33 �C, 37 �C, 39 �C or 40 �C for

24, 72 or 120 h. The fluorescence intensity of the acidic endosomes was measured

in 100 cells, and the mean value of the fluorescence intensity was expressed as a

percentage of the control value compared with the fluorescence intensity of the

cells cultured at 37 �C.
5.9. Measurement of inflammatory cytokine levels

We also measured IL-6 levels in the supernatants because we previously showed

that the level of IL-6 production is associated with the extent of influenza virus

replication [15]. Furthermore, we measured the levels of IL-1b and IL-8 to study

the effects of high temperature on the production of inflammatory cytokines

following influenza viral infection [15, 39]. IL-6 levels were measured using a

specific enzyme-linked immunosorbent assay (ELISA; a solid phase
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chemiluminescence ELISA kit, QuantinGlo� ELISA, R&D Systems, MN, USA).

IL-1b and IL-8 levels were also measured using a Human IL-1 beta/IL-1F2 Quan-

tikine HS ELISA kit (R&D Systems) and an enzyme immunoassay kit (IL-8

EASIA kit, Invitrogen, CA, USA), respectively.
5.10. Statistical analysis

The results are expressed as means � SEM. Statistical analyses were performed

using two-way repeated measures analysis of variance (ANOVA). Subsequent

post-hoc analyses were performed using Bonferroni’s method. Student’s t-tests

were performed for comparisons between two groups. Values of p < 0.05

were considered significant for all analyses. In all experiments, n refers to the

number of donors (tracheae) from whom the cultured epithelial cells were ob-

tained. All analyses were performed using SPSS version 20 (IBM Japan, Tokyo,

Japan).
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