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SUMMARY

We report here development of hypoglycaemia in the convalescent phase of Japanese encephalitis virus
(JEV) infection in mice by the induction of antigen-specific Lt T cells in the spleen which mediate
hypoglycaemia through the generation of soluble T cell hypoglycaemic factor (TCHF). The TCHF acted

in a dose-dependent manner and was found to be trypsin-sensitive and thermolabile. It was purified on
Superose-12 high performance liquid chromatography (HPLC) gel filtration column and purified protein
migrated as a~25-kD band on SDS—PAGE. The JEV-induced hypoglycaemia coincided with an
increased circulating glucagon level, without any alterations in blood insulin and growth hormone
concentrations. These effects were mimicked by TCHF. These results indicate that JEV-primed T
lymphocytes mediate hypoglycaemia through the production of a soluble hypoglycaemic factor.
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INTRODUCTION viral hepatitis, which is associated with hyperinsulinaemia, while

Japanese encephalitis virus (JEV) is a mosquito-borne flavivirusomlsmneet al.[11] have observed that lymphocytic choriomenin-

responsible for epidemic encephalitis in South-East Asia [1]_g|t|s virus perturbs the endocrine functions without any change in

Fatality rates are between 21% and 40%. Following entry imos.erum.cortlsol, or insulin levels. Hypogllycaemlzli with hyper.msu-
linaemia have been reported Rlasmodium falciparunmalaria

the host system, JEV replicates in various organs and generates L ) }
y P g g ,13]. Considering that the mechanism of production of hypo-

inflammatory response [2] with brain congestion, haemorrhage an veaemia during JEV infection is not known. the present stud
neuronal degeneration [3]. Clinical manifestations of the diseas@” 9 ! P y

are fever, headache, vomitting leading to convulsions and altered @S undertaken to examine this phenomenon in great detail.
sensorium. Disturbance of protein, fluid and carbohydrate meta-
bolism has been detected in large numbers of JE patients [4]. The MATERIALS AND METHODS
histopathology of JE has been studied in great detail [5], while little . . .
. . . . . S . Animals and virus used
is known regarding biochemical alteration during infection. Our . . . .
- ; - . . . The study was performed on inbred Swiss albino mice aged 5-6
earlier studies revealed a significant fall in serum iron levels in JEV

) . . L .~ weeks, obtained from the mouse colony maintained in this Depart-
infection, both in humans [6] and in mice [7], caused by the actlonment’ and the inbred BALB/c mice were purchased from the

of macrophage-(_jerlved faCtOr’ which blocks the release of IronCentral Drug Research Institute, Lucknow. JEV strain 78668A
from splenic reticuloendothelial cells [7]. We recently showed

leakage of plasma protein and infectious JEV in urine [8]. was propagated in suckling mouse brain and was used as infected

Marked hypoglycaemia (blood glucose 54—70 mg%) is no,[icedmouse@lgrain suspension, as described earlier [14]. The virus titre
y ) . i 0
during JEV infection [4], but its triggering mechanism is not was 10 LDsg/ml. This produced uniform sickness and 100%

known. Hypoglycaemia could be dangerous because glucose Ir%]t(:rtahtg/t Ey ?aiy 6 ivr\:henl glvnen rln(;race(jrert:rall)l/in;n ITnlce\}i dbl:]tt
the primary energy substrate of the brain and its absence may. aperitoneal (i.p.) inoculation produced no clinically evide
result in deranged functions and tissue damage, and could lead jsease.
death [9]. . ) . ) Priming of mice
Hypoglycaemia has been reported in few viral |n.fect|o.ns.-|-he mice were given a single i.p. dose 680nl of 10? LDgo of
Samsoret al. [10] have reported recurrent hypoglycaemia durlngJEV, while control mice were inoculated with3ml of 10%
normal mouse brain suspension. They weredddibitum on the
Correspondence: Professor Asha Mathur, Department of Microbiologystandard commercial laboratory chow and water, and were fasted

K. G. Medical College, Lucknow -226 003, India. for 18 h, before bleeding.
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Spleen cell culture pooled, concentrated and subjected to molecular weight determi-
Spleens were collected from JEV-infected or control mice atnation by SDS—PAGE [16]. The molecular weight markers used
different periods and teased out in chilled minimum essentiawere: carbonic anhydrase (31000), Trypsin soyabean inhibitor
medium (MEM) with HEPES containing 10% fetal calf serum (21 000), cytochrome C (12 000), and acid aprotinin (6500).
(FCS) and antibiotics. The total spleen cells (B cells/ml) were

cultured in MEM—HEPES or normal saline for 24 h. Hormonal study
Insulin, glucagon and growth hormone levels in the fasting blood
Preparation of enriched spleen cell subpopulations of JEV- or TCHF-inoculated mice were measured at different time

The splenic single-cell suspension was fractionated to obtairperiods post-inoculation using the commercially availabta
enriched subpopulations of macrophages, T and B lymphocytegadioimmunoassay (RIA) kits (Diagnostic Products Corp., Los
Briefly, single cell suspension of mouse spleen prepared in chilledngeles, CA) based on double antibody technique. All the mice
MEM-HEPES containing 10% FCS, 8.0 °m 2-mercapto- were bled in the morning at approximately the same time. The
ethanol (2-ME) and antibiotics was layered in glass Petricontrol group comprised normal mice of matched age and sex. The
dishes and incubated in moist air with 5% €&t 37C for 2h. samples were kept for 24 h with specific antibodies followed by the
The supernatant having non-adherent cells was collected. Addition of 100ul *3-labelled ligand. Then-D ml of precipitating
macrophage-enriched subpopulation was obtained by collectingolution was added and tubes were centrifuged at §500

the glass-adherent cells. About 97% of these cells phagocytoseth min. The precipitate containing the antibody-bound fraction
latex particles and were considered as macrophages. Enrichedas then counted and the ct/min was measured in a gamma counter
subpopulations of T and B lymphocytes were obtained by alLKB Wallac, Pharmacia). Simultaneously, a calibration curve
panning procedure from glass-non-adherent cells [15]. Brieflywas drawn in each case as per the manufacturer’s instructions and
1-5x 15 cm polystyrene Petri dishes were coated with anti-mouséormonal concentrations were read. Data were subjected to Stu-
IgG antibody (1:100 diluted in-05m Tris) and then layered with dent'st-test, and results were expressed as meare.m. of 8—10
1x10° glass-non-adherent cells in MEM—HEPES for 70 min. values.

Thereafter, the supernatant with non-adherent cells was collected.

Of these cells, >95% consisted of T lymphocytes, as judged byPreapration of anti-TCHF antisera

treatment with anti-Thy1.2 antisera. The bound cells were gentlyThe anti-TCHF antibody was prepared in mice. Purified TCHF
scraped out using a rubber-tipped glass rod, washed with PBS, ar{d00ug) emulsified in Freund’'s complete adjuvant was injected
the purity was checked by treating the cells with anti-mouse IgGintramuscularly in the inner side of the flank, and the same dose
antibody and complement. Of this cell population, >94% waswas repeated at 3 week intervals with Freund’s incomplete adju-

considered B lymphocytes. vant. Then three intradermal injections at weekly intervals were
given without any adjuvant, followed by an intravenous injection 4
Assay of blood glucose days before bleeding. The serum was collected, inactivated@t 56

Blood glucose was assayed using Haemo-Glukotest strips (Boetier 30 min. The optimal dilution of antibody which abrogated the
ringer, Mannheim, Germany) which were read in a glucometer fothypoglycaemic response was determined and sera were stored at
guantitative measurement and expressed as mg/dl. Before this;70°C.
mice were fasted for 18 h but had free access to water. Blood
samples were repeatedly taken from the same mice 8-10).

Data were statistically analysed by Studertttest and mear: RESULTS
s.e.m. was calculated. Production of hypoglycaemia during JEV infection

The fasting plasma glucose levels of inbred Swiss albino mice were
Preparation of T cell hypoglycaemic factor measured on alternate days after priming withl of 10> LD, of

T cell hypoglycaemic factor (TCHF) was prepared from JEV- JEV intraperitoneally. As presented in Fig. 1, the mice developed a
infected mouse spleen. Briefly, mice were give®ifl of 107 LD, transient decline in their blood glucose from day 18 p.i. The
of JEV intraperitoneally. On day 20 post-infection the spleens weramaximum decrease was observed between days 20 and 22 p.i. The
collected and the splenic T cells were separated by a panningean fasting plasma glucose concentration of-%8mg/dl in JEV-
procedure as described above. Cells were washed three times wiififected mice was significantly loweP (< 0:001) than the mean
Hanks’ balanced salt solution (HBSS), viability was checked andobserved in control (12% 14 mg/dl). These findings show the
they were cultured in normal saline for 24 h a@7The T cell ~ development of hypoglycaemia in the convalescent phase of JEV
supernatant was collected, centrifuged and assayed for hypoglynfection. There was no significant difference in fasting blood

caemic activity byin vivo inoculation in mice. glucose in the initial stage of infection compared with controls.
In an attempt to investigate the effect of strain variation in
Purification of hypoglycaemic factor production of JEV-induced hypoglycaemia, blood glucose levels in

The crude JEV-stimulated splenic T cell culture supernatant waibred BALB/c mice were measured on different days following
concentrated by freeze drying in Speed Vac (Savant Instrumentsp. inoculation of JEV. Findings presented in Fig. 1 show a fall in
Inc., New York, NY). One hundred micrograms of the concen-blood glucose level from day 18 following JEV infection, similar
trated preparation were applied to Superose 12 fast protein liquitb that observed in the Swiss albino strain of mice.
chromatography (FPLC) column (Pharmacia, Uppsala, Sweden). In all further experiments Swiss albino mice were used.

PBS (01m, pH 74) was used as elution buffer. Absorbance at 280

nm was monitored (Pharmacia LKB VWM 2141 monitor) and the Hormonal alterations during JEV infection

corresponding peaks were recorded (Pharmacia LKB Rec. 2) antlhe findings presented above show a significant fall in blood
tested for hypoglycaemic activity. The active fractions wereglucose levels of mice during JEV infection. We investigated

© 1997 Blackwell Science LtdClinical and Experimental Immunolog$07:282—287



284 N. Khannaet al.

140 140
= r =
3 120 I T ﬁ l 1 l 5120~ E
o
£ 100 b E00-
g 80 - 2 80
S | (&)
2 60 3 60—
@
£ 401 g 40
& 20 8 9
oLl || J i Hl HEl W * 0 | | | | \ | | I |
0 2
6 10 14 18 20 22 24 26 32 C 0 2 4 6 8 10 12 14 16 C
Day p.i.

Day p.i.

Fig. 1. Blood glucose levels following Japanese encephalitis virus (JEV)gjg 3. Blood glucose concentration in mice given Japanese encephalitis

infection in Swiss _albino[(]) and in BALB/c @) mice. Mice were fasted for ;s (JEV)-primed splenic cell culture supernata®} &nd normal splenic
18 h before bleeding on different days. Data are presented as mean of 8-1Q, supernatant). Values are meart s.e.m. i = 8—10).
mice.

) . ) Identification of cell type producing hypoglycaemic factor
whether this could be due to alteration of synthesis of carbohydratg, gelineate the splenic cell type responsible for the production of
regulating hormones, e.g. insulin, glucagon or growth hormoney o441y caemic factor, the splenic single-cell suspension prepared
Flndllngs summarized in Fig. 2 show no change in circulating 5, day 20 p.i. was enriched for macrophage, T and B lymphocyte
insulin (mean value 226 27-3uU/ml on day 20 p..versus g nnonyiations, and individual subpopulations were cultured in
21987+ 212pU/ml in controls) and growth hormone levels ggjing at 37C. The 24-h culture supernatants were collected and
(mean value 35+ 0-03 pg/ml on day 20 p.iversus0-56= 007 tagteq for hypoglycaemic activity by i.v. inoculation into mice. The
pg/ml in controls) throughout the study period. The glucagonhypoglycaemia occurred 8-10 days after inoculation of JEV-
!evels showed a transient_ risg from day 18 p.i. onwards _and th?)rimed T lymphocyte supernatant onl € 0-05), while macro-
increased levels were maintained up to day 20 after JEV inoculaghage and B lymphocyte culture supernatants failed to produce any
tion (262x 198 pg/ml versus 17728+ 1487 pg/ml in control)  gjgnificant alteration in plasma glucose compared with controls
(Fig. 2). (P> 0:05) (Table 1). This shows that during JEV infection, splenic

T lymphocytes secrete a factor which mediates hypoglycaemia.

Production of hypoglycaemic factor in spleen during JEV infectionWe named this factor T cell hypoglycaemic factor (TCHF).
In order to know the mechanism(s) of hypoglycaemia in JE, efforts

were made to study the role of the spleen in this phenomenong, tsce phenotype of T cells

Spleens were collected 20 days after JEV infection (i.e. coincidingry,q splenic T cells mediating hypoglycaemia on day 20 after JEV
with the time of maximum fall in blood glucose) and the ability of priming were treated with anti-Ly1.2 or anti-Ly2.1 antibody and
the 24 h spleen cell culture supernatant to produce hypoglycaemigymplement as described earlier [26] before they were assayed for
by in vivo inoculation in mice was studied. Injection of 200 of  heir apility to alter blood glucose concentration in mice. It was
JEV-primed spleen culture supernatant intravenously in mic&pseryed that anti-Ly1 antisera treatment of JEV-primed splenic T
showed significant reduction in blood glucose between days &gis did not abrogate the hypoglycaemic activity, while treatment
and 10 after inoculation compared with control mice, which it anti|y2 antisera abrogated it completely (Table 2). Hence,
received 20Q of normal splenic cell culture supernatant (Fig. 3). he culture supernatant of Ly2plenic T cells collected on day 20
following JEV infection in mice was used as hypoglycaemic factor

300 - —07 Table 1. Cell type producing hypoglycaemic factor during Japanese
encephalitis virus (JEV) infection
250 — I —0-6
L —10-5
200 i Blood glucose (mg/dl)
¢ —04x
150 — (G}
0.3 Macrophage T cell B cell
100 |- Day p.i supernatant supernatant supernatant
—0-2
50 01 2 1192 + 58 1173 £ 22 1158 * 29
0 | | [ | | l | | | | 4 1184 £ 711 1147 £ 2.0 1126 + 37
0 6 1002 £ 27 828 £ 25 1088 + 3-2
0 4 1 - N -
8 2 16 I;B 29 2 26 32 C 0 8 1117 = 35 514 + 32 1173 = 49
ay pt. 10 1143 = 34 552 + 48 1138 = 47
Fig. 2.Blood insulin @; xU/ml), glucagon ©; pg/ml) and growth hormone ~ 12 1196 + 51 894 = 53 1193 + 33
(®; ng/ml) levels in Japanese encephalitis virus (JEV) infected and controll4 1175 * 65 1178 + 39 1201 + 30
(C) groups of mice. Each value is means.e.m. of triplicate experiments ~ Control 1201 + 86 1303 + 93 1257 + 63

(n=8-10 in each experiment).
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Table 2. Identification of T cell phenotype secreting hypo-
glycaemic factor

S N

02—
Plasma glucose (mg/dl)
Lyl-treated cell Ly2-treated cell

Day p.i. supernatant supernatant

4 1086 + 41 1101 = 31

6 827 = 2.7 1146 £ 51

8 584 + 53 1085 = 39

10 557 + 39 1057 £ 50

12 810 = 68 1116 * 46

14 1015 * 87 1094 + 54

Control 1306 + 83 1220 = 69

g

throughout the study. The supernatant was concentrated by freeze < 01+
drying, 100ug of the crude protein were applied to Superose 12
FPLC column and eluted with-Om PBS pH 74. Figure 4 shows
the elution profile of different proteins present in the supernatant.
Each of the peaks obtained was concentrated and tested for
hypoglycaemic activity, which was recovered in peak Ill. The
corresponding fractions were concentrated, and repurified by
reversed-phase high performance liquid chromatography (HPLC)

on Pep-S column (Pharmacia) using 70% acetonitrile as elution
solvent. The purified TCHF was run on SDS—-PAGE in 10-15% 1
linear gradient polyacrylamide gels for molecular weight determi- l
nation. Silver staining of gels revealed that TCHF migrated as a l

single ~25-kD band on SDS—PAGE (Fig. 5).

Characterization of TCHF

The sensitivity of purified TCHF was screened to proteases at 0 * 1 '
different time periods. The findings presented in Table 3 show that 30 69 90
i.v. injection of TCHF in mice incubated for 4 h with trypsin Time (min)

resulted in no change in hypoglycaemic activity, while prolongedrig 4. superose-12 gel filtration profile of Japanese encephalitis virus

incubation with the serine protease causedi®Bloss in activity,  (JEV)-primed splenic T lymphocyte superatant.

indicating that TCHF is proteinaceous in nature. TCHF was found

to be heat-sensitive, as incubation at@7or 3 h had no effect on

hypoglycaemic activity, whereas exposure t6G@or 1 h and to DISCUSSION

100°C for 15 min resulted in 38% and 52% reduction in  the main finding of the present study is development of severe

hypoglycaemic response, respectively. There was partial inactipy o4y caemia during the convalescent phase following i.p. inocu-

vation of its activity at acid and alkaline pH. lation of JEV in mice. The lowering of blood gluocse was
attributed to the secretion of a factor by CD8EV-primed T

Effect of anti-TCHF antisera treatment lymphocytes (LyI2") in vivo. We have termed it T cell hypogly-

The response to TCHF was inhibited by pretreatment of mice withcaemic factor (TCHF). Maximum reduction in blood glucose

anti-TCHF antibody (plasma glucose 191 7-6 mg/dl versus |evels in recipient mice was observed between days 8 and 10

TCHF induced-decrease in plasma glucose2574-7mg/dl).  post-inoculation, whereas the culture supernatant of normal splenic

Normal mouse serum had no effect on lowering in glucose levels [ymphocytes did not induce alterations in blood glucose levels in

mediated by TCHF (mean value B2 8-9 mg/dl). mice. The hypoglycaemia-inducing activity appears to be mediated
through a JEV-specific component, as pretreatment of mice with
Hormonal study after TCHF inoculation JEV-specific monoclonal antisera abrogated the fall in blood sugar

Glucagon, insulin and growth hormone were measured by RIA orevel. These results are in concert with those previously observed
different days after injection of 2Q@ of purified TCHF (Fig. 6).  in humans during JEV infection [4].

Serum glucagon levels rose gradually after injection with peak JEV is a mosquito-borne flavivirus. After haematogenous
titres on day 8, and fell sharply by day 14 p.i. Serum insulin andspread, it replicates in various organs, causing short viraemia.
growth hormone levels, however, remained almost the samélost defence is mediated through a variety of specific [14] and
throughout the study period. This indicates that the changes imon-specific [17] effector mechanisms. However, these responses
circulating concentration of glucagon during JEV infection could decline after 2 weeks with the appearance of suppressor T cells
be attributed to the secretion of TCHF. (Ts), which mediate suppression through soluble suppressor factor

© 1997 Blackwell Science LtdClinical and Experimental Immunolog$07:282—287
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Fig. 6.Blood insulin @; xpU/ml), glucagon ©; pg/ml) and growth hormone
(®@; ng/ml) levels in T cell hypoglycaemic factor (TCHF)-inoculated and
control (C) mice.

to be a polypeptide. The purified TCHF was shown to have
an approximate mol. wt of 25 kD. We have not come across
any description of release of hypoglycaemic factor during JEV
infection.

A frequent feature of most of the viral infections is hypergly-

Fig. 5. SDS—PAGE of purified T cell hypoglycaemic factor (TCHF). Lane Caemia. Mice infected with reovirus [21], encephalomyocarditis
1 shows molecular weight markers. Lane 2 shows position of TCHFVirus [22], coxsackie B4 and mumps [23] and scrapie virus [24]

(arrow).

show increase in blood sugar levels. However, virus-induced
hypoglycaemia is rare. Despite extensive study, the factors respon-
sible for the reduction of blood glucose are unknown. Fulminating

[18,19]. Further studies have suggested that this immunosuppregepatitis with recurrent hypoglycaemia has been reported [10]. In
sion leads to evasion of anti-viral immune mechanisms, resultingyrm)hocyte choriomeningitis virus (LCMV) infection in mice,
in persistence of virus in T cells [20]. Our present study shows thaherturbation of endocrine function resulting in altered synthesis

time of production of hypoglycaemia following JEV infection of growth hormone is reported to be responsible for hypoglycaemia
coincides with the appearance of suppressor cells.

The TCHF was purified by HPLC gel filtration on Superose 12 plood sugar is known to occur due to a reduction in norepi-

column and was found to be thermolabile and partially sensitive tthephrine and dopamine concentrations [25]. Alternatively, cyto-
acid and alkaline pH. On the basis of protease sensitivity it appeargine released during the immune response could also mediate

[11]. As a corollary to this, canine distemper virus-induced fall

hypoglycaemia. Rey & Besedovsky [26] have reported that low
doses of IL-1 can affect glucose metabolism by increasing blood

Table 3. Biochemical characterization of T cell hypoglycaemic factor insulin levels, which may in turn serve to satisfy the enhanced

(TCHF)

Blood glucose

Reduction in activity

Treatment (mg/dl) (% of control)
Chymotrypsin

4h,37C 577 + 33 26
Control 592 *= 42 —
18h, 37C 995 + 2:8 984
Control 611 + 57 —
Temperature

37C, 3h 683 = 60 Nil
56°C, 1h 897 + 25 375
100°C, 15min 99 + 44 532
—-70°C 679 + 51 Nil
Control (22C) 652 + 39 —
pH 20

22°C, 3h 916 + 53 422
Control 644 = 70 —
pH 90

22°C, 3h 957 * 82 543
Control 620 = 4-3 —

metabolic demands during infection.

Sufficient evidence now exists regarding the role of insulin-like
growth factors (IGF)-1 and Il in the regulation of blood glucose. In
general, they are considered to be anabolic hormones, and the
changes in glucose metabolism by IGFs could be attributed to
decreased hepatic glucose production, or secretion of factors that
enhance glucose uptake [27].

Hypoglycaemia may be considered to be a consequence of the
catabolic phase of carbohydrate metabolism coupled with secretion
of counter regulatory hormones such as insulin, glucagon, epi-
nephrine, cortisol and growth hormone [9]. In the present study we
tried to find out whether JEV infection or TCHF results in
alteration of circulating levels of hormones, thus contributing
towards hypoglycaemia. We found that there occurred a rise in
circulating glucagon levels coinciding with the production of
hypoglycaemia. No change in growth hormone or insulin concen-
trations was observed at any time after JEV or TCHF inoculation.
No infectious JE virus from the pancreas at any time following
infection was isolated, suggesting thereby that a direct effect of
the virus on pancreas is unlikely. Thus, this study suggests that
hypoglycaemia during JEV infection may be attributed to the
production of TCHF, which mimics the effects of JEV. At the
present juncture, however, its mechanism is not clear. Studies are
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underway to investigate whether TCHF induces a fall in blood12 Elased K, Playfair JHL. Hypoglycemia and hyperinsulinemia in rodent

glucose by eliciting an over-utilization of glucose in the muscle, or ~ models of severe malaria infection. Infect Immun 19625157-60.

by increasing the hepatic glucose uptake by measur’rﬁg]mcose 13 Phillips RE, Looareesuwan S, Molyneux ME, Hatz C, Warrell DA.

incorporation in organ explants. Hypoglycaemia and counterregulatory hormone responses in severe
falciparum malaria: treatment with Sandostatin. Q J Med 1993;
86:233-40.

14 Mathur A, Arora KL, Chaturvedi UC. Host defence mechanisms against
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