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MICROCALORIMETRIC STUDY OF VIRUS INFECTION

The effects of hyperthermia and o 1b recombinant homo interferon on the
infection process of BHK-21 cells by foot and mouth disease virus
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The metabolic process of BHK-21 cell line infected by foot and mouth disease virus (FMDV) was determined by using LKB-2277
Bioactivity Monitor. The aim of the present study is to investigate the metabolic thermal power of the virus infection process of
BHK-21 cells, the effects of combinational treatments of hyperthermia and o 1b recombinant homo interferon on this process. In con-
trast to the metabolic thermal power of uninfected BHK-21 cells, the thermogenetic curves show that the energy metabolism mecha-
nisms of BHK-21 cells were significantly changed by the virus infection process. The maximum thermal power decreased and the time
needed to reach the maximal thermal power increased with the increasing concentration of interferon. The results also show that the in-
fection process was thermosensitive. But no apparent synergetic effect of the combinational treatments of hyperthermia and interferon

was observed. The present microcalorimetric results are in accordance with the cytomorphology observations.
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Introduction

Foot and mouth disease virus (FMDYV) is the proto-
type member of the Aphthovirus genus of the family
Picornaviridae. FMDV is the causative agent of the
economically most important animal viral disease
world-wide that has been responsible for large eco-
nomic losses in different parts of the world [1].

In vitro studies of energy metabolism in isolated
cells infected by virus or uninfected contribute to im-
proved knowledge of energy metabolism under nor-
mal and pathological conditions. In principle, the
growth processes are not different from conventional
chemical processes [2]. The metabolism of cells from
substrates is a chemical reaction, albeit a complex
one, is accompanied by a change in enthalpy [3]. The
amount of heat is related to the sum of process taking
place in cells. The maximal thermal power and the to-
tal heat production in the calorimetric experiments
can be used to evaluate the metabolic activity of cell,
therefore, it can be the basis of studying the antiviral
effect of combination of hyperthermia and drugs.

In the past decades, microcalorimetry has been
used extensively in the study of the life science [4-6].
But in the field of animal or human cells, many studies
are focused on the metabolism of cell [7-9] and on the
action of drugs and related substances on cells [10, 11].
Only a few papers [12, 13] are concerned with the im-
portant physiological process of virus infection.
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This paper describes the application of micro-
calorimetry in pharmacology and drug effect evaluation.
It is a quantitative, inexpensive and versatile method for
determining the therapeutic effectiveness of certain
treatment. In this study, the BHK-21 cell line and
FMDV are used to study the metabolic process of in-
fected cells by microcalorimetry. The effects of inter-
feron, temperature and their combinational treatment on
the infected BHK-21 cells are also reported.

Materials and methods

Instrument

LKB-2277 Bioactivity Monitor (Thermometric AB,
Sweden), a type of heat-flow microcalorimeter, was
used. The detection limit of this system is 0.15 pW
and its baseline stability (over a period of 24 h)
is 0.2 uW. The performance of this instrument and the
details of its construction have been previously de-
scribed [14]. The amplifier of the monitor was set at
the scale of 100 uW and the signal was recorded by a
self-made data acquisition system.

LH50A Microscope was from Olympus Inc., Japan.

Materials

BHK-21 cells, and FMDV (serotype O) were provided
by China Center for Type Culture Collection (CCTCC),
Wuhan University, Wuhan 430072, P. R. China.
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BHK-21 cells were cultured in a T-25 plastic
flask (Costar Co. USA). The cells were grown in Min-
imum Essential Medium (MEM), pH=7.2-7.4, with
10% heat-inactivated fetal calf serum at 37°C
in 5% CO,. The MEM and trypsin (1:250) were ob-
tained from GIBCO Co. USA. The same medium was
used for the calorimetric experiments.

o 1b recombinant homo interferon (10 pg/10°
Unit) was obtained from Tri-Prime Gene Co. Ltd,
Beijing, P. R. China.

Experimental
Microcalorimetry assay

The ampoule method was used in the microcalori-
metry assay. Each ampoule contained 1 mL sample or
reference and 2 mL air. Cells in exponential growth
phase were trypsinized and counted using a Thoma’s
hemocytometer. The concentration of the cell suspen-
sion was adjusted to 10’ cells mL™" by adding appro-
priate culture medium. The 1 mL cell suspension was
added into a 3 mL glass ampoule. After the cells being
cultured in the ampoule for 24 h at 37°C in 5% CO,,
the cells reached above 80% confluency. For the
FMDV infection assay, the used media was aspirated
from the ampoule and then 50 pL of FMDV
(10° TCIDs 0.1 mL™") was added to the ampoule. Af-
ter the cells were infected for 1 h at 37°C, the
inoculum was then replaced with 1 mL fresh culture
medium. Following these procedures, the ampoule
was sealed and put into the microcalorimeter to deter-
mine the thermal power of the infected BHK-21 cells.

For the control assay, all the procedures were
just like the above except that no infection process
was included.

Interferon was added into the ampoule with the
fresh culture medium after the infection process to de-
termine its antiviral effect. Three final concentrations
0f0.2,0.5, 1.0 pg mL™" were used.

The measurements were carried out at 37°C, which
was corresponding to the physiological body tempera-
ture, and 40, 42°C i.e. hyperthermia, respectively.

The final interferon concentration of 1.0 pg mL™"
(at 37°C) was used to see the effect of interferon on
the uninfected BHK-21 cells.

BHK-21 Cell line morphology observation

The cells were cultured and infected in 3 mL ampoule
just the same as the microcalorimetry assay. Cells
were observed on LH50A Microscope (Olympus Inc.,
Japan) 24 h post infection. The amplification was set
at 150x.
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Results

The metabolic thermogenetic curves of uninfected
BHK-21 cells and FMDV infected BHK-21 cells are
shown in Fig. 1. There is a significant difference be-
tween these two curves that can only contribute to the
result of FMDYV infection. The thermogenetic curve
of uninfected BHK-21 cells formed a broad peak
while for that of FMDYV infected BHK-21 cells, there
was a peak that consisted of an exponential increasing
phase and an exponential decreasing phase.
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Fig. 1 Thermogenetic curves of BHK-21 cells under different
conditions at 37°C. a— FMDV infected BHK-21 cells
without interferon, b —, ¢ —, d — FMDV infected BHK-21
cells with 0.2, 0.5, 1.0 pg mL " interferon,

e — uninfected BHK-21 cells with 1.0 ug mL™" interferon,
f— uninfected BHK-21 cells without interferon

The thermogenetic curves of FMDV infected
BHK-21 cells under the action of interferon are
shown in Fig. 1. It is clear that with the increasing of
interferon’s concentration, the maximal thermal
power became smaller and the time it took to reach
the maximal thermal power became longer. For the
uninfected BHK-21 cells, there was no significant
difference between the thermogenetic curves whether
the interferon was present or not (Fig. 1).

The inhibitory ratio of interferon can be defined as:

1%=(Pmax.0~Pmax)/ Pmax.0X100% 1)

in which Py, is the maximal thermal power with the
present of interferon at 37°C, Py is the maximal
thermal power without interferon at 37°C. Table 1
gives the values of the inhibitory ratio (in /%) and
max, 1N Which 7. 1s the time (in hour) to reach the
maximal thermal power. The /% and ., become
larger with the increasing of the concentration of in-
terferon. From Table 1 we can obtain the inhibitory
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Table 1 The values of maximal thermal power (Py.y), the
time to reach the maximal thermal power (#,,) and
the inhibitory ratio (/%) vs. various concentrations
of interferon (c¢) at 37°C and at 40°C

c/ug mL™! 7/°C 1% P/ bW tmax/h
0.0 37 0.0 82.20 343
0.2 37 13.7 70.96 41.1
0.5 37 18.4 67.05 44.8
1.0 37 22.0 64.08 50.1
0.0 40 43.9 46.09 42.0
0.2 40 45.1 45.09 425

ratio (/%) vs. the concentration of interferon (c) obey
the following equation:

(c:from0to 1.0 pgmL ™", R =098)

At the same time we can obtain the 7, vs. the con-
centration of interferon (c) obey the following equation:

o = 342 + 156\/2 (3)
(c:from0to 1.0 pgmL ™', R =099)

Temperature’s effect on the infection process are
shown in Fig. 2, from which we can see that at 40°C the
maximal thermal power is markedly smaller (only 56%
of that at 37°C) and the time to reach the maximal ther-
mal power is almost 8 h longer than those at 37°C.
While at 42°C, the peak was sharply reduced in the
thermogenetic curve of infected BHK-21 cells.

The temperature’s effect to the infection was
evaluated by the inhibitory ratio too. The inhibitory
ratio caused by hyperthermia is defined as following:

PA):[Pmax,O_Pmax,O(T)]/Pmax,oX100% (4)

Time/h

Fig. 2 Thermogenetic curves of FMDYV infected BHK-21 cells
at 37,40 and 42°C. a—, b —, ¢ — uninfected BHK-21
cells at 37, 40, 42°C; d —, e —, f — FMDYV infected
BHK-21 cells at 37, 40, 42°C
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in which Py, o(7) is the maximal thermal power with-
out interferon at temperature 7, P,y 1S the maximal
thermal power without interferon at 37°C. The analy-
sis of Fig. 2 is listed in Table 1.

When the measurements of FMDV infected
BHK-21 cells were performed at 40°C under the action
of 0.2 pg mL™" interferon, the maximal thermal power
is slightly smaller than that at 40°C without interferon
(Fig. 3). The inhibitory ratio caused by the combina-
tion of hyperthermia and interferon is defined as:

PA):[PmaX,O_PmaX(T)]/Pmax,OX100% (5)

in which Py,,(7) is the maximal thermal power with
interferon at temperature 7, P,y o 1S the maximal ther-
mal power without interferon at 37°C. The analysis
results are listed in Table 1.
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Fig. 3 Thermogenetic curves of the combination effects of
interferon and temperature to FMDV infected BHK-21
cells. a — 37°C without interferon, b — 37°C+0.2 pg mL™"
interferon, ¢ — 40°C without interferon,

d —40°C+0.2 pg mL™" interferon, e — 42°C without
interferon, f— 42°C+0.2 g mL™" interferon

Since there was not distinctly discernable peak
on the thermogenetic curve at 42°C, the inhibitory ra-
tio was not available.

The photographs of BHK-21 cells (control, in-
fected cells, infected cells with interferon) are shown
in Fig. 4. BHK-21 cells are fibroblast-like cells. When
BHK-21 cells was infected by FMDV, they show
cytopathic effects, i.e. cells rounded up, became less
adherent, lysed. From Fig. 4, the control cells are
spindle shaped and formed a monolayer. For the in-
fected cells, part of them had detached from the sub-
strate and lysed, some of them rounded up and only a
small part attached to the substrate. In the presence of
interferon, fewer cells rounded up and more cells at-
tached to the substrate.

There was not distinct morphological difference
between the control cells at 37 and 40°C. But fewer
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Fig. 4 The morphology of different BHK-21 cells was examined with an Olympus LH50A microscope. The magnification was

LA EE

set at 150x and all the photos were taken after 24 h. a — control at 37°C, b — FMDV infected at 37°C, c — FMDV infected
and with 0.2 g mL ! interferon at 37°C, d — control at 40°C, e — FMDV infected at 40°C, f — FMDV infected and with
0.2 ug mL™" interferon at 40°C, g — control at 42°C, h— FMDV infected at 42°C, i — FMDV infected and with 0.2 ug mL™

interferon at 42°C

infected cells detached from the substrate than those
at 37°C. When interferon was added to the infected
cells, fewer cells rounded up and more cells remained
attached than those without interferon. But the mor-
phological difference between the infected cells in the
presence or absence of interferon at 40°C was not as
distinct as that at 37°C.

At 42°C some of the control cells died and
rounded up due to the high temperature. To the in-
fected cells in the presence or absence of interferon,
there were not significant cytopathic effects but the cell
necrosis ascribed to the high temperature increased.

Discussion

For the uninfected BHK-21 cells (Fig. 1), the thermal
power kept rising slowly until reached its peak and
then decreased slowly too, which may be attributed to
the exhaustion of the oxygen or nutrient material in
the medium and the decrease in pH in closed am-
poule [15]. For the metabolic process of FMDV in-
fected BHK-21 cells, in the beginning the thermal
power increased slowly, then the thermal power in-
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creased quickly and reached the maximum, ended
with the thermal power decreasing rapidly too. The
metabolic thermal power of FMDYV infected cells in-
creased more distinctly than of uninfected cells. The
significant difference between the metabolic thermal
power can only be ascribed to the alteration of the
BHK-21 cells’ metabolism mechanism after infec-
tion. There is not any heat producing structure in vi-
rus. Virus is incapable of replication outside
cells [16]. When virus penetrates into the host cell,
the nucleic acid of virus is released, and then the me-
tabolism of the infected cell is changed with the repli-
cation of the genome of virus, production of virus-en-
coded protein, and the assembly of the virus. The
results showed that the biochemical processes in
infected BHK-21 cells went on fast and more
metabolic heat was released than uninfected cells.
Interferon was discovered as a substance that
was secreted from cells and induced other cells to be-
come resistant to subsequent virus infection [17]. In-
terferon, in particular, has been reported to induce an-
tiviral activity vs. many viruses in vitro [ 18]. Once ex-
posed to interferon, responsive cells initiate a signal-
ing cascade that culminates in the specific induction

J. Therm. Anal. Cal., 79, 2005
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of 30 or more interferon-inducible genes [19]. So
when interferon was added, the replication of the vi-
rus was inhibited and the metabolism of the virus-in-
fected cells must be altered. According to Fig. 1 we
can see that there was not significant difference in the
thermal power with the uninfected cells under the ac-
tion of 1.0 mg mL " interferon but, with the infected
cells, the maximal thermal power decreased and the
time to reach the maximal thermal power became lon-
ger with the addition of interferon. From Fig. 4, it is
clear that fewer cells show cytopathic effect under the
action of interferon. The results show that interferon
can inhibit the replication of FMDV. From this, we
also assumed that the maximal thermal power and the
time to reach the maximal thermal power could be
used as a criterion to evaluate the extent of infection.

At 37°C with the concentration of interferon in-
creasing, [% increased simultaneously (Table 1), but
the increasing rate of /% is slower than the increasing
rate of the concentration of interferon (c). When the ¢
increased from 0.2 to 1.0 ug mL™', the /% only in-
creased from 13.7 to 22.0%. This may be interpreted
as the following reasons. Interferon induced gene
products which function at multiple levels is para-
mount to the cellular antiviral response [19]. Cells
themselves play an important role in the antiviral pro-
cess. Under the experiment condition, the cell number
was fixed, if cells were ‘saturated’ by the interferon,
the antiviral protein produced by the cells was lim-
ited, and so the additional interferon would not en-
hance its effect largely. This was partly proved by the
Egs (2) and (3) that the antiviral effect of interferon
(I%, tna) was correlated with the extraction of
interferon’s concentration rather than the interferon’s
concentration itself.

Physiological process is sensitive to temperature.
Growing cells at too high temperatures is more detrimental
than at too low temperatures [20]. Some studies have been
concerned the thermosensitivity of cell [21, 22]. For the in-
fection process, it was restrained severely at temperature
above 37°C (Fig. 2, Table 1). The photographs (Fig. 4) of
infected cells illustrated that the higher the temperature, the
fewer the cells showed cytopathic effect. The results indi-
cated that virus infection was sensitive to high temperature.
Viruses are unable to replicate on their own but must enter
a host cell and use the host cell macromolecular machinery
and energy supplies to replicate. At 40°C the enzyme,
membrane, etc. of the host cell was affected to some ex-
tent. So at a higher temperature, the infection process was
inhibited partly. Photographs illustrated that a huge cell in-
jury occurred and some cells died at 42°C, which is 5°C
higher than the normal culture temperature. We think that
the main reason why there was not distinctly discernable
peak on the thermogenetic curve may lie on this fact.
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When hyperthermia and interferon act at the
same time, no distinct synergistic effect of hyper-
thermia with interferon can be seen (Table 1, Fig. 3).
The photographs in Fig. 4 were in accordance with
the microcalorimetric results. We believe that this
may be explained by the mechanism of interferon. In-
terferon acts vs. viruses indirectly and other cellular
genes need to be expressed for the antiviral effect to
be apparent [23]. So it can be concluded that the
interferon’s effect would be reduced at higher temper-
atures, since the enzyme system of the host cell is in-
hibited to some extent.

Our experiments indicate that microcalorimetry
can be used as a promising tool in the study of the virus
infection. The maximum thermal power and the time to
reach the maximal thermal power may be used as a cri-
terion to evaluate the extent of virus infection. With in-
creasing the concentration of interferon, the shape of
the thermogenetic curves of the FMDYV infected
BHK-21 cells illustrated regular changes. Based on
this point, we may establish a model to evaluate the ef-
fect of antiviral drugs, vaccine by virtue of micro-
calorimetry. Hyperthermia as a useful tool has been
employed in the therapy of carcinoma [24, 25]. Under
the condition of 40 and 42°C, the results displayed that
the process of virus infection was thermosensitive. It
showed that hyperthermia might be a promising
method for the therapy of virus disease.
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