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Fig. 1. Development of FV-induced disease in CB6F; mice and its prevention by immunization with the single-epitope peptide i. (a) CB6F; mice
were inoculated intravenously with 15 (n = 11), 50 (n = 10) or 150 SFFU (n = 10) of FV and the survival of infected animals was examined. Similar
curves were obtained in three repeated experiments. For a comparison, (B10.A X A.BY)F, (n = 40) mice were also infected with 15 SFFU of FV and
followed for their survival until PID 90. (b) The effect of different doses of peptide i on protective immunity against FV. CB6F, mice were immunized
once with 1, 3 or 10 pg per mouse of peptide i in CFA, or given a CFA emulsion of purified F-MuLV particles at 40 pg per mouse. The F-MulLV
particles used had been inactivated by UV irradiation as described (19). Control mice were given CFA without any peptide (CFA alone). Mice were
challenged with 150 SFFU FV 4 weeks after immunization, and their spleen weight was measured as soon as they died (CFA alone group) or were
killed at PID 45. Significant differences in spleen weights were only observed between the CFA alone group and five other groups (P < 0.0086).
(c) Changes in the percentages of TER-119" erythroid cells among nucleated spleen cells of FV-infected CB6F; mice. Mice were immunized once
with 10 pg (5 nmol) of peptide i in CFA or given CFA alone and inoculated with FV 4 weeks later. Each data point shows mean + SEM calculated by
using four to five individual mice per group. (d) Changes in serum titers of virus-neutralizing IgM and 1gG antibodies after FV infection. CB6F; mice
were either immunized once with 10 pg per mouse peptide i in CFA or given CFA alone, and challenged with 150 SFFU FV 4 weeks later. Each data
point shows mean * SEM calculated by using seven to eight individual mice per group. Serum titers of F-MulV-neutralizing igM and IgG were
compared by paired test: *IgM titers are significantly higher than IgG titers at P < 0.05; **P < 0.0001. t, IgG titers are significantly higher than

IgM titers at P < 0.05; ¥, P < 0.01.

CB6F; mice, CD4™ and CD8™ Tcells were purified from CB6F,
mice at 3 weeks after a single immunization with peptide i, and
re-stimulated in vitroin the presence of syngeneic, y-irradiated
spleen cells as antigen-presenting cells (APCs). As shown in
Fig. 2(a), CD4* T cells purified from the immunized CB6F;
mice proliferated vigorously when stimulated with 1 pM of
peptide i, while the proliferative responses of CD4* T cells
purified from the control mice given CFA alone were below the
background level even when stimulated with 20 uM of the
same peptide. As controls, CD8" T cells purified either from
the peptide-immunized or unimmunized control mice showed
no significant proliferative responses even when stimulated
with 20 uM peptide i.

To determine the minimal amount of the peptide that is
required for the effective induction of protective immunity

against FV infection, three different amounts of peptide i were
given as a single intradermal immunization to CB6F; mice, and
immunized mice were challenged with 150 SFFU FV. Since
most of the unimmunized CB6F; mice died by PID 45 (Fig. 1a),
infected mice were either dissected soon after their death or
killed at PID 45, and their spleen weight was measured. As
shown in Fig. 1(b), a single immunization with 3 pg (1.7 nmol)
per mouse of peptide i was as effective as 10 ug per mouse of
the same peptide, and only one mouse among the ten that
were given 1 pg peptide i developed splenomegaly after FV
infection. Thus, in the following experiments, 3-10 ug per
mouse of peptide i was used as a sufficiently large protective
dose.

FV-induced early splenomegaly is caused by the rapid
growth and differentiation of SFFV-infected erythroid progenitor
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Fig. 2. Priming of CD4" T cells by peptide immunization and efficacies in CD4* T cell stimulation in vitro and immune protection in vivo of peptide i
and its truncated derivatives. (a) Both CD4* and CD8" T cells were purified from the spleen of CB6F; mice at 3 weeks after a single immunization
with 10 pug per mouse peptide i emulsified in CFA. Proliferative responses were measured 2 days after stimulation with the indicated concentration
of peptide i along with syngeneic, y-irradiated spleen cells as APCs. CD4* and CD8* T cells purified from CB6F mice given CFA without a peptide
(CFA alone) were used as controls. Data shown are averages + SEM of triplicate cultures, and the experiments were performed three times with
essentially the same results. (b) Sequences of peptide i and its truncated derivatives, and their relative efficiency to stimulate FV-specific T cell
clones. Representative data obtained with clone F5-5 are shown, while the data obtained with clone FP7-11 were consistent with those presented
here. EDsp of the full-length i was 0.2 uM. (c) Protection of CB6F, mice against FV infection with the truncated peptide. CB6Fy mice (n= 10 per
group) were immunized once with 5 nmol per mouse of peptide i13, 25 nmol per mouse of i1 or 25 nmol per mouse of i4,. Control mice were given
CFA emulsion containing no peptide. Four weeks later, they were inoculated with 150 SFFU FV and followed for their survival. (d)y CB6F; mice
(n = 22 per group) were immunized once with 3 ug per mouse of peptide i and repeatedly injected with the anti-CD4 mAb () or control rat 1IgG (O).
Four weeks after immunization, these mice and a group of unimmunized control mice (®) were inoculated with 150 SFFU FV and followed for
their survival.

cells, and the resultant erythroblasts and maturing red cells
are marked by mAb TER-119 (27). Thus, bursting of the TER-
119" erythroid cells was observed in the unimmunized control
mice starting from PID 7, following the slow initial increase of
the same cell population (Fig. 1c). On the other hand, the
number of TER-119" erythroid cells in the spleen started to
decrease between PID 5 and 7 in the CB6F; mice that had
been immunized once with peptide i. Virus-neutralizing anti-
bodies in the serum were not detectable at PID 7 in Fv-infected
CB6F4 mice regardless of whether they had been immunized
with peptide i or not (Fig. 1d). In the CB6F; mice immunized
with peptide i, virus-neutralizing IgM became detectable by
PID 14, and the antibodies switched to 1gG between PID 14
and 21. In the unimmunized mice, however, virus-neutralizing
antibodies became detectable at PID 21, a week later than in

the peptide-immunized mice, and they did not switch to IgG
even at PID 28. These results indicated that the FV-induced
expansion of erythroid cells was prevented in the peptide-
immunized mice before virus-neutralizing antibodies became
detectable in the serum.

Protection against FV disease correlates with CD4* T cell
stimulation

To identify the minimal effective sequence of the peptide
vaccine, a series of truncated peptides were compared for
their in vitro T cell-stimulating and in vivo protection efficacies
(Fig. 2b and c). It was clear that the C-terminal Arg residue
was indispensable for the recognition of this epitope by T cells.
In fact, a 17-mer peptide, i-R, that lacked only the C-terminal

—116—



Arg totally lost the ability to stimulate CD4" T cell proliferation
in vitro, while another 17-mer, i17, that retained the Arg residue
but lacked the N-terminal His kept the ability, albeit less
efficiently than peptide i, to stimulate the T cells. When
N-terminal residues were further removed from the 18-mer i
and their efficacy to stimulate the CD4™ T cells was examined
through the range of concentrations between 0.01 and 20 uM,
the 13-mer (iy3) retained the T cell-stimulating activity and
showed a stimulatory effect comparable to peptide i1z, while
the 12-mer (i12) showed a stimulatory effect <1/24 of that of the
full-length peptide i. Peptide iy1 did not induce significant
proliferation even when as much as 20 pM was added to the
culture. In line with this result, the 13-mer retained the ability to
induce protection against FV challenge in immunized CB6F,
mice, while the 12-mer did not protect the same strain of mice
against FV-induced disease even when five times more
molecules were administered (Fig. 2¢).

The requirement of CD4* T cells for the peptide-induced
immune protection was further confirmed by depleting CD4*
T cells from vaccinated CB6F; mice. The adopted schedule
of the antibody administration resulted in undetectable CD4*
T cells in the spleen in separately examined uninfected
animals for a period equivalent to PID 0-14, and lack of
CD4* T cells in the peripheral blood was confirmed in the
vaccinated and infected group on PID 3-13 (data not shown).
Antibody-induced depletion of CD4* T cells abrogated the
efficacy of peptide immunization, and CD4* T cell-depleted
animals died even more rapidly than the unimmunized control
mice (P < 0.05). Injection of the control rat IgG did not affect
the protective efficacy of the peptide vaccine, and ~80% of the
peptide-immunized CB6F; mice that had been given the
control antibody survived past PID 60 (Fig. 2d).

Peptide-induced immune protection against FV-induced
disease in CB6F; mice genetically lacking a single
component of the immune system

To examine possible effectiveness of the peptide immunization
in mice genetically lacking either CD8" Tor B cell components
of the immune system, we produced CB6F; mice with a
homozygous disruption of the B.m gene or of the g p-chain
gene. The absence of CD8" Tor B lymphocytes, respectively,
was confirmed by flow cytometric analyses of the spleen and
PBMCs (data not shown). In accordance with the: prior
experiments (Figs 1 and 2), =80% of the wild-type CB6F,
mice were protected against FV infection when immunized
with peptide i. Protective efficacy of the 13-mer peptide, i3,
was further confirmed, and the development of early spleno-
megaly was prevented in 70% of the CB6F; mice given i3
(Fig. 3a). Surprisingly, when CB6F-B,m™'~ mice lacking
CD8* T cells were immunized with peptide i, only <30% of
the immunized mice developed splenomegaly and >70%
survived until PID 100 in repeated experiments (Fig. 3).
The observed survival curves were not significantly different
between the peptide-immunized wild-type and Bom~'~ groups
(P > 0.4), indicating a similar effectiveness of the peptide
vaccine both in the presence and absence of CD8" Tcells. On
the other hand, when the mice of the same susceptible CB6F,
background that lacked B cells due to the homozygous pMT
mutation were immunized with peptide i, they developed
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splenomegaly and al! died by PID 100, indicating crucial roles
of B cells for the peptide-induced immune protection. In-
terestingly, however, the temporal changes in the incidences
of splenomegaly and leukemic death delayed significantly
in repeated experiments in the peptide-immunized, B cell-
deficient mice compared with those in the unimmunized
control mice of the same deficiency (Fig. 3c and f). The delay
in the development of splenomegaly in the peptide-immunized
uMTIuMT mice was also substantiated by flow cytometric
enumerations of FV-infected erythroid cells: at PID 7, 28.2 +
3.7% (n = 5) of the nucleated spleen cells were positive for
both TER-119 and F-MulV gp70 in the unimmunized control
mice, while the proportion of the TER-119*, gp70* cells in the
spleen was significantly smaller (P < 0.05) 12.1 + 8.2% (n=5)
in the peptide-immunized pMT/uMT mice. The effect of
peptide immunization was more striking in the bone marrow
where the percentage of TER-119%, gp70* cells in the
unimmunized mice was 11.1 = 4.4%, while that of the
peptide-immunized mice was 0.72 + 0.22% (P < 0.03) at
PID 7. These results indicate some functions of non-B cells in
delaying the FV-induced disease development.

Elimination of FV-producing cells from the spleen and bone
marrow in the ﬁgm“/ ~ mice immunized with peptide i

We next compared the numbers of FV-infected cells between
peptide-immunized and unimmunized control mice using
infectious center assays. The relative ratio in the number of FV-
producing cells in the spleen between the peptide-immunized
and unimmunized mice started to decrease at PID 8 as
observed in the previous experiments (13, 14), and FV in-
fectious centers became undetectable by our assays by PID
28 in peptide-immunized wild-type mice (Fig. 4a). The lack of
detectable FV-producing cells in the spleen of all the tested,
peptide-immunized CB6F; mice was confirmed by seeding
the cells prepared from the entire spleen (>10%) of each
animal as infectious centers at PID 28. The number of FV-
producing cells in the bone marrow was also significantly
lower in the peptide-immunized wild-type mice than in the
unimmunized control mice at PID 8, 14 and 21, and became
undetectable at PID 28 (Fig. 4d). At PID 28, 2.1 X 107 bone
marrow cells were tested from each mouse and no infectious
centers were detectable by our assays in any of the exam-
ined animals. In the CB6F-f-m~'~ mice, the numbers of FV-
producing cells in the spleen and bone marrow were
significantly lower in the peptide-immunized than in unimmu-
nized control mice at PID 14 and 28 (Fig. 4b and e), in
accordance with the observed effectiveness of the peptide
immunization in preventing the FV-induced disease develop-
ment in the absence of CD8* Tcells (Fig. 3). It should be noted
that in seven of the nine immunized animals tested at PID 28 no
infectious centers were detectable even when the cells of the
entire spleen were inoculated into the culture. However, there
were also individuals among the peptide-immunized fzm™'~
mice in which FV-producing cells were still detectable in the
spleen or bone marrow at PID 28 (Fig. 4b and &), while such
cells were not detectable in any of the immunized wild-type
mice tested at the same time point. These results imply that
CD8* Tcells were not necessarily required but may play some
roles in the elimination of virus-infected cells in peptide-
immunized CB6F, mice.
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Fig. 3. Effects of immunization with peptide i on the development of FV-induced disease in CB6F; mice lacking CD8* Tor B cells. Wild-type CB6F4
mice (a and d), CB6F; mice lacking CD8" T cells due to homozygous targeting of the f,m gene (b and e) and CB6F; mice lacking B cells due to
homozygous targeting of the membrane exon of lg p-chain gene (¢ and f) were either immunized with 10 pg per mouse of peptide i in CFA (@) or
given CFA alone (®). Another group of the wild-type mice were immunized with 10 ug per mouse of peptide i13 in CFA (A). Four weeks later, they
were inoculated with 150 SFFV FV and followed for the development of splenomegaly and leukemic death. In (c), * indicates significant differences
in the frequency of splenomegaly between the immunized and control groups (P < 0.001), and in (f), 1 indicates significant difference between the
two survival curves (P = 0.041). The number of animals in each group were: (a) and (d), g, 10; A, 10; ®, 10; (b) and (e), T, 23; @, 20 and (c) and (f),
o, 12; @, 16. The experiments were performed twice with essentially identical results.

In accordance with the lack of protection against FV-
induced disease development, virus-producing cells con-
stantly increased between PID 5 and 21 in the spleen and
bone marrow of the CBBF-uMT/uMT mice, regardless of
whether the hosts were immunized with peptide i or not.
Interestingly, however, the numbers of virus-producing cells
both in the spleen and bone marrow were significantly lower
in the peptide-immunized, B cell-deficient mice than those in
the unimmunized control mice of the same deficiency at PID
8 (Fig. 4f). This observation is consistent with the significant
delay in the development of early splenomegaly and leukemic
death (Fig. 3), and smaller numbers of TER-119" and viral
gp70* FV-infected erythroid cells in the spleen and bone
marrow in peptide-immunized, B cell-deficient CB6F4 mice.

Priming and re-activation of CD4* T cells in the peptide-
immunized pMT/uMT mice

To examine the possibility that the observed inefficiency in
anti-FV protection of the immunization with peptide i in CB6F;-
uMTIuMT mice might be due to the lack of APC activity, rather
than antibody-producing function, of B lymphocytes, peptide-

specific proliferative responses were compared between the
wild-type and uMT/uMT animals. When CD4" T cells purified
from the wild-type CB6F; mice previously immunized with
peptide i were used as responders, irradiated spleen cells
both from the wild-type and from the uMT/uMTanimals induced
strong proliferative responses, although the peptide-specific
proliferation was significantly weaker when uMT/uMT instead
of the wild-type spleen cells were used as APC (Fig. 5a). FV
infection significantly affected the APC function of wild-type
spleen cells, but that of uMT/uMT spleen cells was not
significantly reduced when used at PID 10. Similar results
were observed when CD4™ T cells purified from immunized
uMT/uMTanimals were used as responders. Thus, CD4* Tcells
were primed with peptide i in the absence of B cells, and
spleen cells from pMT/uMTanimals could present the peptide
antigen to primed CD4* T cells, albeit less efficiently than the
wild-type spleen cells, even after FV infection. Successful
priming of CD4* Tcells and their re-activation upon FV infection
in uMT/uMTanimals were further confirmed in vivo by analyzing
the expression of an early activation marker, CD89, on T cells.
Upon FV infection of peptide-immunized CB6F-uMT/uMT
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Fig. 4. Effects of immunization with peptide i on the number of FV-producing cells in CB6F; mice lacking CD8* Tor B cells. Wild-type CB6F, mice
(aand d), the CB6F; mice lacking CD8" Tcells (b and e) and the CBBF, mice lacking B cells (c and f) were either immunized with 10 pg per mouse
of peptide i in CFA (1) or given CFA alone (®). Four weeks later, they were inoculated with 150 SFFV FV and FV-producing infectious centers were
enumerated in the spleen (a-c) and bone marrow (d-f). Each data point shows the actual number of infectious centers detected from each
individual mouse. At least 107 spleen and bone marrow cells were tested from each animal. At PID 28, the cells prepared from the entire spleen
(>10% 9) and 2.1 x 107 (from wild-type mice) or 3.1 X 107 (from ﬂzm"‘ mice) bone marrow cells (§) were inoculated as infectious centers to
ensure the tack of detectable virus-producing cells. Infectious centers were undetectable from any of the tested animals indicated with § or §atPID
28. Statistical significance of the difference between the immunized and unimmunized groups at each time point was examined: *P < 0.04,

*+0,001 < P < 0.01; %, 0.0002 < P < 0.001.

mice, an increase in the proportion of CDE3" cells among
CD4* Tcells was readily detectable {Fig. 5b). The percentages
of CD69* cells among CD4* T cells in the spleen at PID 7 were
significantly higher in the peptide-immunized than in the
unimmunized animals, indicating re-activation of peptide-
primed T cells upon FV infection (Fig. 5¢). The effect of peptide
immunization on the induction of CDB9 expression was even
more pronounced when bone marrow cells were tested
(Fig. 5d). Interestingly, the CD69* population among CD8"
T cells also showed a significant increase when peptide-
immunized and unimmunized pMT/uMT mice were compared
at PID 7, confirming the previously demonstrated activation of
CD8* cytotoxic cells at PID 7 (14).

Production and class switching of serum antibodies

reactive to the surface of FV-induced leukemia cells

in the peptide-immunized mice

Although virus-neutralizing antibodies were not detectable in
FV-infected animals until PID 14 (Fig. 1d), non-neutralizing
anti-FV antibodies might have been produced at earlier time
points, and might have contributed to the observed decrease
in the number of FV-infected cells in the vaccinated animals,
which was evident at as early as PID 7 (Figs 1c and 4). Thus,
the possible presence of anti-FV antibody in the serum was
examined using FV-induced leukemia cells as indicators. The
hemisyngeneic (H2'P), Fv-induced leukemia cells Y57-2C
expressed both the F-MuLV gag and env gene products as

—119—



192 Anti-retroviral protection in the absence of CD8* T

a b
35000 fo Lkl [1 uninfected
£ PID 10
& 30000 o & 1ot =
Q = 0 10
2 O
£, -
5 200r 2100
S (7]
& 20000 |- 8
g £ 10°
£ §
@ 15000 fo
£ %’ 10’
g 10000 L= S
3 iT 10 T
m:c 0 1 2 3 .3
5000 = 10 10 10 10 10
Fluorescence intensity for CD69
o
ild- M/ Wild- pMT/
aec W BN Wpe WY
Responder Wild-type uMT/uMT
¢ d
- £ 3
& peptice vCFA ey
{1 ceaalone
25 B 50 =
&
g
20 40 f=
+C77
8
8 0=
*®
10 20 =
5 0=
0 + + ° + +
T-cell
JLecall coa* cps cp4*  cD8

Fig. 5. Priming and re-activation of CD4™ T cells with peptide i in the B cell-deficient mice. (a) CD4* T cells were purified from the spleen of wild-
type and homozygous uMT/uMT CB6F, mice at 3 weeks after a single immunization with 10 pg per mouse peptide i emulsified in CFA. Proliferative
responses were measured at 2 days after stimulation with 1 uM peptide i along with the indicated APC. Spleen cells as APC were prepared from the
wild-type and pMT/uMT CB6F4 mice either without FV inoculation or at PID 10, and y-irradiated. The magnitude of antigen-specific proliferation is
shown by A counts per minute (c.p.m.) in this chart by subtracting the average [*Hjthymidine ([*H]JTdR) incorporation into the cuttures containing
no peptide from that in the peptide-containing cultures. Levels of [*H]TdR incorporation into the cultures without a peptide were <120 ¢.p.m. Data
shown are averages + SEM of triplicate cultures, and the experiments were performed twice with essentially the same results. *, significantly
different at P < 0.01; **P < 0.001. (b) A representative pattern of CD89 expression on CD4* T cells in the bone marrow of the uMT/uMT mice
previously immunized with peptide i. The small rectangle indicates the gate used to calculate the percentage of CD69* cells among CD4* Tcells.
(c}and (d) Comparison of the percentages of CDB9* activated cells among CD4* and CD8* Tcells in the spleen (¢) and bone marrow (d)at 7 days
after FV inoculation between the peptide-immunized and unimmunized uMT/uMT mice. Data are averages + SEM calculated with five mice per
group. *, the percentage of CD69* population is significantly higher in the immunized than in the unimmunized mice at P < 0.005.

well as SFFV gp55 on their surfaces (Fig. 6a). Sera from
FV-infected CB6F; mice bound onto the surface of Y57-2C
cells, and geometric means of the fluorescence intensities
decreased in proportion to serum dilutions (Fig. 6b). There-
fore, at each time point titers of serum antibodies reactive to
the surface of the FV-induced leukemia cells, designated

hereinafter anti-leukemia cell antibody titers, were determined
by dividing geometric means of fluorescence intensities
obtained by incubating the indicator cells with a 1/16 dilution
of serum samples by the geometric mean of fluorescence
intensities obtained with the same dilution of pooled control
serum collected from uninfected CB6F; mice. Interestingly,
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Fig. 6. Detection of serum antibody reactive to the surfaces of FV-induced leukemia cells in Fv-infected CB6F, mice. (a) Expression of FV antigens
on the surfaces of Y57-2C cells used as the indicators for FACS analyses. Thick lines represent the binding of each mAb reactive to the indicated
FV gene product, while thin lines represent the binding of each isotype-matched control antibody. (b) Representative patterns showing the binding
of serum IgM and IgG onto Y57-2C cells. A serum sample obtained from a peptide-immunized CB6F mouse at PID 21 was diluted serially and
incubated with Y57-2C cells. FACS patterns of IgM and 1gG binding at the indicated serum dilution are shown, with thin lines representing the
binding of the pooled control serum prepared from uninfected CB6F; mice at the same indicated dilution. Similar results were obtained when Ha%a
AA-41 leukemia celis were used as indicator cells. (c) Changes in the titers of IgM and 1gG anti-leukemia cell antibodies detectable in the sera of
CB6F, mice after FV infection. CB6F; mice were either immunized once with 10 pg per mouse peptide i in CFA or given CFA alone and challenged
with 150 SFFU FV 4 weeks later. Each data point shows mean = SEM calculated by using five to six mice per group. *, titers in the immunized mice
are significantly higher than those in unimmunized mice at P < 0.05; 1, the IgM titer is significantly higher than IgG titer at P < 0.05; §, the average
1gG titer at PID 21 is significantly higher than that at PID 14, P < 0.01.

serum anti-leukemia cell antibodies were detectable at as leukemia cell antibodies were detectable at PID 21 and 28 in
early as PID 7, but average titers of these antibodies the peptide-immunized animals.

decreased in the following 3 weeks of infection, and no class
switching to 1gG was observed in the unimmunized animals
(Fig. 6¢). In contrast, anti-leukemia cell IgM titers were
significantly higher in the peptide-immunized than in the Kinetics of the production and class switching of virus-
unimmunized control mice at PID 14, and IgG class of anti- neutralizing and anti-leukemia cell antibodies in the genetically

Role of CD8* Tcells in the induction of Ig class switching of
virus-neutralizing and anti-leukemia cell antibodies
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modified animals were analyzed between PID 7 and 28. Serum
titers of FV-neutralizing IgM and IgG in unimmunized g.m~'~
mice were not significantly different from those in the un-
immunized wild-type mice (compare Figs 1d and 7a). As in the
case of peptide-immunized wild-type mice, production of
virus-neutralizing IgM was detected at PID 14 in the serum of
peptide-immunized B,m~'~ mice genetically lacking CD8*
T cells. However, in contrast to the peptide-immunized wild-
type mice, neutralizing IgG titers in the peptide-immunized
B=m~'~ animals were not significantly higher than their IgM
titers even at PID 28, suggesting some roles of CD8* Tcells in
facilitating class switching of virus-neutralizing antibodies in
FV-infected mice. The role of CD8" T cells in the induction of
IgG class virus-neutralizing antibodies was further confirmed
by transferring purified CD8" T cells from peptide-immunized
to unimmunized mice. Unimmunized mice did not possess
detectable levels of virus-neutralizing antibodies in their serum
at PID 10, and the antibodies were IgM-dominant at PID 20
(Fig. 7b), confirming the results of the kinetic analyses shown
in Fig. 1(d). As expected, the recipients of CD4* T cells from
the peptide-immunized and FV-infected mice showed the
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production of neutralizing IgG at PID 20. Interestingly, the
recipients of highly purified CD8" T cells from peptide-
immunized and challenged mice also showed the production
of virus-neutralizing 1gG, the level of which was comparable to
that in the recipients of the CD4* T cell transfer. As controls,
transfer of purified CD4* or CD8* T cells from unimmunized
control mice into FV-infected CB6F; mice did not induce
significant class switching of virus-neutralizing antibodies
even at PID 20 (data not shown). No neutralizing antibodies
were detectable in FV-infected uMT7/uMT mice regardless of
whether they were immunized with peptide i or not.

When anti-leukemia cell antibodies in the sera were tested,
unimmunized fm'~ mice possessed anti-leukemia cell IgM
at PID 7 and their titers decreased toward PID 14 as observed
in the umimmunized wild-type mice (Fig. 7¢). High titers of
anti-leukemia cell IgM were also detectable in the peptide-
immunized Bom ™'~ mice at PID 7; however, in contrast to the
peptide-immunized wild-type mice, Bom~'~ mice did not show
a significant increase in the IgG titers between PID 14 and 21,
confirming inefficient class switching of both neutralizing and
anti-leukemia cell antibodies in the f-m™~ animals.
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Fig. 7. Titers of virus-neutralizing and anti-leukemia cell IgM and 1gG antibodies in sera from the CD8* T cell-deficient CB6F, mice and the effect of
immune T cell transfer on the production of virus-neutralizing antibody. (a) CB6F;-2m ™'~ mice were either immunized with peptide i or given CFA
alone and challenged with FV as described. Sera were collected at the indicated time points and their neutralizing IgM and IgG titers were
determined. Each data shows mean + SEM calculated from five to nine serum samples, with statistically significant differences between the paired
IgG and IgM titers indicated with *P < 0.03; **P < 0.001. (b) CD4" and CD8" T cells were purified from the spleen of peptide-immunized CB6F,
mice at PID 7 and separately transferred into unimmunized control mice at PID 7. Sera were collected 3 (PID 10) and 13 days (PID 20) after cell
transfer. Data shown here are mean + SEM calculated from 4 to 5 serum samples at each time point. Differences between neutralizing IgM and 1gG
titers were compared by paired #test: **P < 0.005. (c) Changes in the titers of IgM and IgG anti-leukemia cell antibodies detectable in the sera
after FV infection. Each data point shows mean * SEM calculated by using four to seven mice per group. *, the indicated titer in the immunized
mice is significantly higher than that in unimmunized mice at P < 0.05.
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Discussion

Inthe present study, we attempted to unravel the different roles
of CD8* Tand B cells in peptide-induced immune protection
against FV-induced disease development by using genetically
modified animals of the highly susceptible CB6F background.
CB6F; mice immunized only once with the peptide that
contained a single CD4* Tcell epitope were protected against
fatal FV disease, and the development of early erythroid cell
proliferation was prevented by the peptide immunization. The
minimum sequence of the peptide required for in vivo
protection against FV challenge, VYSQFEKSYRHKR, was the
same as that required for CD4* T cell stimulation in vitro,
indicating a close correlation between the peptide’s ability to
stimulate CD4* T cells and its efficacy in inducing protective
immunity against FV-induced disease development. The
requirement of CD4* T cells for the peptide-induced immune
protection against FV infection was further confirmed by the
lack of protection in the vaccinated animals after antibody-
induced depletion of CD4* T cells.

In contrast to the bursting of TER-119* erythroid cells in the
spleen of the unimmunized mice starting from PID 7, the
reduction in the number of erythroid cells was observed
between PID 5 and 7 in the peptide-immunized CB6F; mice,
before virus-neutralizing antibodies became detectable in the
serum (Fig. 1), and the numbers of spleen and bone marrow
infectious centers were significantly smaller in the immunized
than in the unimmunized control mice at PID 8 (Fig. 4).
Although IgM antibodies reactive to the surfaces of FV-induced
leukemia cells were detectable at as early as PID 7 (Figs 6 and
7), these antibodies are unlikely to play major roles in the
observed suppression of the early growth of FV-infected cells
in the vaccinated animals because anti-leukemia cell titers
were not significantly different between the immunized and
unimmunized groups at PID 7 (Fig. 6). This notion is consistent
with the significantly reduced numbers, in comparison with
those in unimmunized animals, of infectious centers in the
spleen and bone marrow of the vaccinated mice at PID 8
even in the absence of B cells (Fig. 4c and f), and suggests
the possibility that cellular immune responses, rather than
antibodies, are involved in the regulation of SFFV-induced
erythroid cell proliferation. In this regard, significantly larger
populations of both CD4* and CD8* T cells were activated in
the peptide-immunized, B cell-deficient mice in comparison
with those in the unimmunized control mice at PID 7 (Fig. 5),
and cytotoxic effector functions exerted by CD4* and CD8*
T cells and those exerted more efficiently by NK cells have
been demonstrated at as early as PID 7 in FV-infected CB6F,
mice (14). These non-B effector cells might be involved in the
control of SFFV-induced erythroid cell proliferation through
direct killing of infected target cells. On the other hand,
the numbers of virus-producing cells detected after PID 14 in
the spleen and bone marrow were not different between the
immunized and unimmunized groups of the B cell-deficient
mice (Fig. 4c and f). This is again consistent with the detection
of significantly higher titers of virus-neutralizing and anti-
leukemia cell antibodies in the serum of vaccinated than in the
unimmunized wild-type and fom~'~ animals starting from PID
14 (Figs 1d, 6 and 7). These data suggest that the observed
elimination of FV-producing cells in the peptide-immunized
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-mice after PID 14 may depend mainly on the production of

antibodies. Thus, early prevention of erythroid cell proliferation
apparently depends mainly on cellular immune responses, but
humoral responses seem to play crucial roles in the elimination
of virus-producing cells in the later stage.

As to the relationship and relative importance between
virus-neutralizing and anti-leukemia cell antibodies, tempos
of the production and class switching of these antibodies
after PID 14 were similar in the vaccinated wild-type animals
(Figs 1d and 6c). However, in unimmunized animals, signifi-
cant production of virus-neutralizing IgM was detectable after
PID 21 when anti-leukemia cell titers were low and diminishing.
Similarly, paradoxical production of virus-neutralizing anti-
bodies in the presence of low anti-leukemia cell antibody titers
has been observed in H2%P (A.BY X A/WySn)F; mice at 20
days after FV infection (Miyazawa, M., Ishihara, C., and Takei,
Y. A., unpublished resuilts). It should be noted that although the
anti-leukemia cell IgM titers at PID 21 and 28 were low, mean
fluorescence intensities were four to five times higher than that
obtained with the control serum, which reflects significant
shifting of the peaks of fluorescence (Fig. 6b). Thus, it is
conceivable that only a small proportion of serum antibodies
detectable as anti-leukemia cell antibodies exhibit virus-
neutralizing capability especially in the early stage of FV
infection, and the proportion of neutralizing antibodies among
anti-FV antibodies increases in the later stage. This interpret-
ation also suggests that the production of antibodies reactive
to virus-neuiralizing epitopes, but not just any anti-FV antibody,
depends on T cells. Further studies are required to elucidate
the molecular and epitope specificities of neutralizing and
anti-leukemia cell antibodies. It can be pointed out that the
presence of virus-neutralizing IgM at PID 21 is not effective to
reduce the number of FV-infected cells as clearly shown in the
case of unimmunized, wild-type CB6F; mice (Figs 1d and 4).
Further, class switching to IgG of virus-neutralizing and anti-
leukemia cell antibodies may not be a requisite because the
number of FV infectious centers were reduced in the absence
of efficient class switching in the peptide-immunized fzm™'~
mice (Figs 4 and 7). Thus, the presence of virus-neutralizing
and/or anti-leukemia cell IgM at around PID 14 might be
crucial in preventing the spread of FV infection to a large
enough number of target cells to support progressive infection.

Using partially FV-resistant (B10.A X A.BY)F; mice and an
N-tropic F-MulLV as an attenuated vaccine, Dittmer, Brooks,
and Hasenkrug (11) dissected different roles of the immune
cell components in protection against FV-induced disease
development. Their demonstration of the effectiveness in in-
ducing the recovery from initial splenomegaly of cell transfer
from vaccinated to naive animals after depletion of immune
CD8* T cells is in agreement with our results showing the
peptide-induced reduction of FV-producing cells in the spleen
and bone marrow in the absence of CD8" T cells (Fig. 4).
However, the development of splenomegaly was prevented
only when the whole spleen cells or all three sub-populations
(CD4*%, CD8* and CD19%) of lymphocytes were transferred
from the vaccinated to naive animals in the above live vaccine
experiments, while in the present study the development of
early splenomegaly was prevented in >70% of the CB6F;-
Bom~'~ mice after immunization with peptide i. This apparent
discrepancy may be due to the difference in challenge dose of
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FV (10 000 versus 150 SFFU), or might also be explained by
the exaggerated and earlier production of IFN-y from CD4*
T cells and persistent activation of NK cells in ﬁgm'/‘ mice in
comparison with those in their wild-type counterparts (30), as
discussed below.

Dittmer, Brooks, and Hasenkrug (11) also showed that
passive immunization with a virus-neutralizing mAb prior to FV
challenge resulted in a significant reduction in the number of
virus-producing cells at PID 10 and recovery from the initial
development of splenomegaly, although 2.9 X 10° infectious
centers on average were still detectable in the spleen. This
result is partly consistent with our demonstration that B cells
are required for the elimination of virus-producing cells from
the spleen and bone marrow, especially after PID 14. However,
the reported lack of protection after the transfer of B cells from
vaccinated to naive mice contrasts with our demonstration of
the crucial role of B cells. As they discussed later (12),
transferred B cells might not have produced a sufficient level
of FV-reactive antibodies until they were re-stimulated upon FV
challenge of the recipients. In this regard, the production of
virus-neutralizing antibodies in FV-infected mice is dependent
on CD4* T cells (31). Further, we have shown in our previous
(13, 17) and the present experiments that peptide-induced
priming of CD4* T cells facilitates both production and class
switching of virus-neutralizing and anti-leukemia cell anti-
bodies upon FV infection. Thus, the lack of protection by the
transfer of purified B cells alone from vaccinated to naive mice
does not necessarily contradict our demonstration of the
requirement of B cells for peptide-induced immune protection,
especially because the titers of anti-FV antibody had not been
determined in the above-reported B cell-transferred animals.
The same authors (32) have shown that the presence of virus-
neutralizing antibodies at the time of infection is crucial for
a vaccine-induced protection of naturally resistant C57BL/6
mice against FV infection.

The observed lack of protection in the pMT/uMT mice might
also be caused by the lack of or inefficient priming and/or re-
activation of CD4* T cells due to the absence of B cells as
APC. Although successful priming of CD4* and CD8* T cells
with protein as well as cellular antigens and effective induction
of CTL responses have been reported in the uMT/uMT mice
(33, 34), the effect of the homozygous uMT mutation on T cell
priming can be variable (35). However, since we were using as
immunogen the 18-mer peptide which has been shown to
directly bind onto the MHC class Il E®® molecule (23), the
uptake and processing of the given antigen by B cells were not
required. In such cases where already processed peptide is
used as an immunogen, B cells are regarded as unnecessary
for the priming of T cells (35). In fact, CD4"* cells purified from
the peptide-immunized uMT/uMT mice showed potent pro-
liferative responses upon re-stimulation with peptide i, and
larger numbers of CD4" T cells were activated upon FV
infection in the peptide-immunized than in the unimmunized
B celi-deficient mice (Fig. 6). Thus, the uMT/uMT mice were
not protected most conceivably because they lacked antibody
production.

In previous reports, CD8* T cells have always been
associated with spontaneous and vaccine-induced immune
resistance against FV infection: antibody-induced depletion
of CD8" T cells abrogated spontaneous recovery from

FV-induced splenomegaly in highly resistant (C57BL/10 X
ABY)F; mice (9), and recovery from splenomegaly was
induced by transferring purified CD8* T cells from (B10.A X
A.BY)F; mice previously vaccinated with the live N-tropic
F-MuLV into naive animals (11). These results apparently
contradict the present results showing successful protection
of the Bm™~ mice with the peptide vaccine. However, in
the case of spontaneous recovery observed in the strain
(C87BL/10 X A.BY)F,, CD4" Tcells were not primed prior to FV
infection, and mice were infected with 1500 SFFU of B-tropic
FV, a ten times higher dose than we used in the present study.
Thus, infection-induced priming of CD4* T cells might have
been inefficient or too slow in inducing effector mechanisms
other than CD8* T cells, which might be required to confine the
rapid spread of inoculated FV. In this regard, CD8* T celis are
required not solely as cytotoxic effector cells but are also
involved in the generation of T helper type 1 cells in FV-
infected mice (36, 37). Thus, antibody-induced depletion of
CD8* Tcells quite likely had also affected CD4* Tcell functions
in the experiment reported by Robertson et al. (9), and
adoptive transfer of immune CD8* cells must have induced the
activation of CD4* effector cells in the recipients in the
experiment performed by Dittmer, Brooks, and Hasenkrug
(11). The role of CD8* T cells in inducing class switching of
virus-neutralizing and anti-leukemia cell antibodies (Fig. 7)
might reflect the reported influence of CD8* T cells on helper
functions of CD4* T cells. In fact, the effect of CD8* T cell
transfer from vaccinated to naive animals along with passive
immunization with the neutralizing mAb was dependent on the
presence of endogenous CD4" T cells in the recipients (11).
Thus, the reported requirement of CD8* T cells for spontan-
eous resistance and vaccine-induced protection against FV
infection might be compensated, at least partly, by the
peptide-induced priming of CD4* T cells. It has been shown
that the effect of CD8* T cells on the induction of protective
CD4* T cell responses is blocked by neutralizing anti-IFN-y
antibody (37). Likewise, intravenous administration of neutral-
izing anti-IFN-y antibody on the day of FV chalienge and at
PID 7 abrogated the effect of peptide vaccine in six of seven
injected CBBF; mice in our preliminary experiment (data not
shown). Thus, all these data indicate that the apparent
requirement of CD8™ T cells for spontaneous resistance and
observed effectiveness of CD8* T cell transfer in vaccine-
induced protection against FV infection might have been
actually mediated through the effect of CD8* T cells on CD4*
T cell functions, and peptide-induced priming of CD4* T cells
may have bypassed the CD8" T cell functions and induced
protection in the Bgm‘/‘ mice.

Actual effector mechanisms involved in the observed
elimination of FV-infected erythroid cells in the absence of
CD8" T cells (Fig. 4) may include the previously described
CD4" CTLs and NK cells (14), as well as FV-reactive, cytotoxic
antibody (38). However, anti-leukemia cell IgMs were detect-
able in both immunized and unimmunized animals at PID 7
(Figs 6 and 7), excluding the role of these antibodies in
controlling the growth of FV-infected cells in the early stage. It
should be emphasized that killing activities of CD4* cytotoxic
and NK cells were detectable in the peptide-immunized
CB6F; mice at as early as PID 7, and NK cells were much
more efficient than CD8* CTLs in killing FV-induced leukemia
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cells (14). Further, it has been shown that activation of NK cells
after lymphocytic choriomeningitis virus infection is prolonged
in Bom™ mice than in the wild-type mice (30). Thus, similarly
enhanced activation of NK cells, along with the exaggerated
produgtion of IFN-y from vaccine-primed CD4* T cells, might
have compensated otherwise indispensable CD8* T cell
functions in the peptide-immunized CB6F;-B.m™'™ mice. In
this regard, the incidences of splenomegaly in unimmunized
CB6F4-B,m~"" mice at PID 14 and 21 were significantly lower
than those in the unimmunized wild-type mice (P < 0.001),
although their survival curves were not significantly different
(P > 0.05) (Fig. 4). These observations are consistent with
the previously observed activation and killing efficacy of NK
cells in FV-infected CB6F, mice without prior immunization
(14), and with the reported enhancement of virus-induced NK
cell activity in fm "~ mice (30).

Taken together, the present study has demonstrated that for
efficient immune protection against FV infection with the single-
epitope peptide, B cells are more important than CD8* Tcells,
but B cell-independent responses, probably exerted by pre-
viously demonstrated CD4* CTLs and NK cells, do play some
roles in the earlier stage of FV-induced disease development
in suppressing the expansion of FV-infected erythroid cells.
Careful comparison of these results and other reports may
suggest the possibility that priming of CD4* T cells with the
peptide vaccine might allow the bypassing of the CD8*
T cell functions that have been reported to induce CD4* Ty,1
effector cells. These observations may contribute to the
development of efficient vaccine strategies against other virus
infections.
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Abbreviations

7-AAD 7-aminoactinomycin D

APC antigen-presenting cell

B6 C57BL/6

CB6F, (BALB/c X C56BL/6)F,

EDsq dose required to induce 50% of the maximum
response

FBS fetal bovine serum

F-Mulv Friend murine leukemia virus

Fv Friend retrovirus complex

Bom Bo-microglobulin

uMT Ig p-chain membrane exon-targeted

PBBS phosphate-buffered balanced salt solution

PID post-infection day

SFFU spleen focus-forming unit

SFFV spleen focus-forming virus
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Abstract Hyperthermia (HT), in combination with other
conventional therapeutic modalities, has become a
promising approach in cancer therapy. In addition to
heat-induced apoptosis, an augmented immunological
effect is considered to be a benefit of hyperthermic
treatment over chemo- or radiotherapy. Here, we
investigated the effect of regional HT targeting the liver
on immune cells, especially T cells and antigen-present-
ing cells, which are important in recognizing and elimi-
nating tumor cells and pathogens such as viruses. In
healthy volunteers exposed to such regional HT, both
CD4" and CD8* T cells that express an activation
marker CD69 increased transiently at 1 h post-treat-
ment, with a subsequent decrease to base levels at 6 h
after the treatment. At 24 h post-treatment, the per-
centage of CD69-positive cells significantly increased
again but only among CD8" T cells. IFN-y production
from PHA-stimulated peripheral blood mononuclear
cells was gradually and significantly increased in the
2 days following the heating procedure, peaking at 36 h
post-treatment. Furthermore, we found marked in-
creases in plasma levels of IL-1f and IL-6 starting at
24 h post-treatment. With regard to the number of each
leukocyte subpopulation, a transient and dramatic de-
crease in the number of a subset of monocytes, CD14"
CD16™ cells, was observed at 1 h after the hyperthermic
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treatment, suggesting that the regional HT aimed at the
liver may have influenced the extravasation of blood
monocytes. No significant changes in T-cell activities or
monocyte counts were observed in the volunteers ex-
posed to heating of the lungs or the legs. These results
suggest that heating of the liver may efficiently induce
cellular immune responses to liver cancers.

Keywords T cell - Monocyte - Cytokines -
Cellular immunity - Hyperthermia - Liver cancer

Introduction

Hyperthermia (HT) has been used in combination with
chemotherapy and/or radiation therapy of human
malignant disorders and is considered to be a promising
adjuvant therapeutic strategy for the treatment of cer-
tain types of tumors [9, 31, 33]. In parallel to the
encouraging clinical observations, a large number of
investigations have been performed to evaluate the
ability of heat in modulating cell death, tumor blood
flow, and actions of radiation therapy and antineoplastic
drugs (reviewed in [12]). Furthermore, increased body
temperature has been shown to stimulate the immune
system through augmentation of (a) activities of T cells
and NK cells, (b) production of cytokines, (¢) immune
responses to viral infection, and (d) mobility of leuko-
cytes [4, 8, 12, 21, 24, 27].

The number of patients with malignant liver tumors
is increasing in Japan, the vast majority of which are
associated with Hepatitis C virus (HCV)/Hepatitis B
virus (HBV) infection. Regional HT aimed at the liver in
combination with other modalities has produced
promising results in the treatment of hepatocellular
carcinomas [16, 29, 35]. We have recently demonstrated
that, in patients with hepatocellular carcinoma, their
CD4"/CD8™ ratio of T cells and the NK-cell activity
increased following the regional HT treatment [20].
Stimulation of host immune responses is considered to
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be a possible mechanism by which regional HT treat-
ment, as well as systemic HT, exerts its antitumor and
antiviral activities, although clear evidence is still lack-
ing. To maximize the potential clinical benefits of the
HT treatment, it is now necessary to understand thor-
oughly the presumed immunological effects of the re-
gional HT. Therefore, we have focused our attention
here on the effects of heating of the liver on T cells and
monocytes that are involved in cellular immune re-
sponses. Our findings include a drastic decrease in blood
CDI14" CD16 inflammatory monocytes soon after the
HT treatment, along with the activation of T cells. This
is the first report indicating the effect of regional HT on
changes in the populations of peripheral monocytes.

Materials and methods
Volunteer blood donors

Eleven healthy volunteers, five males and six females
aged between 29 and 65 (average: 34.2+3.4) were en-
rolled in the regional HT treatment or the heating of the
legs and feet. All of the volunteers had no signs or
symptoms of fever, infectious diseases, or immune dis-
orders, and their leukocyte counts in peripheral blood
ranged from 4,000 to 8,000 per microliter of blood.
Among our subjects, one had undergone splenectomy
22 years prior to the enrollment. Some volunteers were
treated with both the regional HT procedures aimed at
the liver and at the lungs with an adequate interval in
between. All the volunteers were given thorough expla-
nation of the purpose, procedures, and possible risks of
the experiment through written information, and have
given their consent. The entire experimental procedure
has been examined and approved by the Research
Evaluation Committee of the Wakayama Medical Col-
lege.

Hyperthermic treatment

A radio-frequency capacitive heating device Thermotron
RF-8 (Yamamoto Vinita, Yao, Japan) was used to
achieve regional capacitive heating of the right upper
abdominal region across the liver or of the chest across
the lungs as described [20]. The device has been ap-
proved as a therapeutic instrument for non-invasive HT
treatment of deep-seated malignant tumors by the
Ministry of Health, Labor and Welfare of Japan
(Medical Device Approval No. 59B1728). Applications
of this device are covered by the government’s health
insurance system, being regarded as a routine clinical
modality [28]. Each volunteer’s body was wrapped with
a cooling jacket and placed between two electrodes. The
effective diameter of the electrodes was 18 c¢cm, and each
enrollee received an average continuous radio-frequency
irradiation of 750 W over a duration of 1 h. The esti-
mated temperature of the liver achieved by this heating

procedure was 40°C, based on the data collected by the
actual measurements of tissue temperature during HT
treatment of liver tumors [16]. As an additional control
group, legs and feet of four healthy volunteers were
placed in a water bath and kept at 41°C for 1 h. Axillary
or sublingual temperatures were measured at the end of
each heating procedure in the volunteers of each group:
38.5£0.5°C in the liver-targeted HT, 38.9 +0.3°C in the
lung-targeted HT, and 37.84+0.3°C in the leg-heating
group, without significant differences in the body tem-
perature between the groups. Vital signs including blood
pressure and pulse rate were monitored during and after
the HT treatment. No adverse effect due to the above
heating procedures was reported, except regional irrita-
tion of the skin adjacent to the electrodes and flushing of
the face, which were well tolerated.

Preparation of peripheral blood mononuclear cells
(PBMC)

Blood samples were drawn from each volunteer through
a subcutaneous vein in the forearm just before and soon
aftera 1 h HT treatment, and 1, 2, 6, 24, 36,48, and 72 h
after the end of the heating procedure. Twenty microli-
ters of heparinized peripheral blood was collected at
each time point and kept at room temperature. Within
1 h after blood collection, each peripheral blood sample
was diluted with an equal volume of phosphate-buffered
balanced salt solution (PBBS), and mononuclear cells
were separated by density gradient centrifugation using
Ficoll-Paque PLUS (Amersham Bioscience, Piscateway,
New Jersey). Mononuclear cells were washed twice with
PBBS, counted in a hemocytometer, and resuspended in
RPMI-1640 medium su})plemented with 10% fetal bo-
vine serum (FBS) at 10 cells/ml.

Analyses of cell-surface markers and cell numbers

A total of 10° PBMC were incubated with the following
combinations of fluorescent-labeled antibodies. For
analyses of lymphocyte subsets, we used fluorescein
isothiocyanate (FITC)-labeled anti-human CD4, FITC-
labeled anti-human CD8, phycoerythrin-cyanin 5.1
(PCS)-labeled anti-human CD3, PC5-labeled anti-hu-
man CD16, FITC-labeled anti-human HLA-DR reac-
tive to a monomorphic a-chain epitope, and PC5-labeled
anti-human CD19. For staining of monocyte subsets
and dendritic cells (DCs), we utilized phycoerythrin
(PE)-labeled anti-human CDI14, PC5-labeled anti-hu-
man CD16, FITC or PC5-labeled anti-HLA-DR, and
FITC-labeled mixture of multiple lineage-specific anti-
bodies (Lin 1; Becton-Dickinson Immunocytometry
Systems, San Jose, CA, USA) that contains antibodies
reactive to human CD3, CD14, CD16, CDI19, CD20,
and CD56 to distinguish peripheral blood DCs and
basophils from other leucocytes [19, 30]. To examine the
levels of T-cell activation, PE-labeled anti-human CD69
was used in combination with FITC-labeled anti-CD4 or
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anti-CD8, and PC5-labeled anti-CD3. Isotype-matched
mouse myeloma proteins labeled with the above fluo-
rescent dyes were used as negative control antibodies in
all analyses. All antibodies except Lin 1 cocktail were
purchased from Immunotech Coulter, Marseille,
France. A number of 0.3-3.5x10° cells stained with the
antibodies were analyzed with a Becton-Dickinson
FACSCalibur (Becton-Dickinson) and CellQuest soft-
ware. Dead cells and debris were excluded based on their
forward and side scatter profiles, and percentages of
each leukocyte subpopulation among viable mononu-
clear cells were determined by multi-color staining with
appropriate antibodies. Absolute numbers of each cell
subset were then calculated by multiplying the number
of total mononuclear cells with the corresponding cell
percentage determined. Geometric mean fluorescence
intensity for CD14 expression was obtained from the
appropriate histograms for the CD14" CD16™ subset of
monocytes.

In vitro stimulation of isolated PBMC
and measurements of cytokine production

A number of 8x10° PBMC were cultured in each well of
96-well microculture plates in RPMI-1640 medium
supplemented with 10% FBS and 10 pg/ml (final) PHA
(PHA-P, Sigma Chemical Co., St. Louis, MO). After
48 h of culture at 37°C, supernates were collected, and
the amounts of IFN-y and IL-4 were measured in
duplicate by an enzyme-linked immunosorbent assay
using OptEIA human kits (Pharmingen, San Diego, CA)
according to the manufacturer’s instructions.

Measurements of plasma IL-1f and 1L-6

Plasma were separated from a small aliquot of blood
drawn at the same time when peripheral blood was
collected for the isolation of PBMC. The concentrations
of IL-18 and TL-6 in each plasma sample were measured
by using the Opt EIA human kits as described above.

Statistical analyses

The paired ¢ test for samples exhibiting Gaussian dis-
tribution and the Wilcoxon’s test for samples exhibiting

non-Gaussian distribution were employed to compare
the values at each time-point after the HT treatment
with the pre-treatment values in the same volunteer
group by using the online tools archived in the Multi-
functional Web Calculator established and maintained
by Prof. S. Aoki, Faculty of Social and Information
Studies, Gunma University, Maebashi, Japan (http://
www.aoki2.si.gunma-u.ac.jp/calculator/index.html), and
a software for statistical analysis, JSTAT, which was
developed by M. Sato and downloadable from the fol-
lowing website: http://www.vector.co.jp. P values less
than 0.05 were considered to represent statistically sig-
nificant differences.

Results

Changes in the number of blood mononuclear cells
following the regional HT treatment

To investigate the effects of the regional HT aimed at the
liver on immune cells, we first assessed possible changes
in the numbers of peripheral mononuclear cells that
consist of lymphocytes, monocytes, and DCs in healthy
volunteers exposed to the regional HT treatment. Fol-
lowing a 1 h HT treatment aimed at the liver, the
absolute numbers of mononuclear cells in the peripheral
blood slightly decreased throughout the 48 h of obser-
vation, although significant differences were not found
in comparison with the pre-treatment value (Table 1).
This change in the number of mononuclear cells was
mainly due to the decrease in lymphocytes. On the other
hand, there was a drastic decrease in the number of
monocytes soon after the treatment in four of the six
subjects who received the HT aimed at the liver. The
average number of monocytes per 1 ml of blood signif-
icantly decreased from 8.5x10* at pre-treatment to
4.5x10* at 1 h post-treatment. Due to the decreased
number of monocytes, a reduction in the monocyte/
lymphocyte ratio was also found at 1 h post-treatment.

To evaluate whether the above changes were dis-
tinctive to the heating of the liver, the same parameters
were analyzed in healthy volunteers exposed to a re-
gional HT treatment aimed at the chest, in which the
lungs were the primary target of heating, or in those
received heating of the legs. No significant changes in the

Table 1 Absolute numbers and the percentages of mononuclear cells in volunteers exposed to the regional hyperthermic treatment aimed

at the liver (n=06)

Cell numbers (x10*/ml blood) Percent among mononuclear Ratio
cells

Total mononuclear cells Lymphocytes Monocytes Lymphocytes Monocytes Monocyte/lymphocyte
Pre-HT 184 +31 165.1 +32.1 8.5+0.8 87.2+2.3 54+1.1 64+14
1 hafter HT 158+ 14 142.5+13.5 4.5+1.4* 89.2+1.3 2.8+0.8 324+1.0
6h 148 +15 131.54+13.9 7.6+1.7 88.6+0.5 4.84+0.6 5.440.7
24 h 173429 155.2+27.3 79+£2.0 89.4+1.2 46+1.0 52+1.2
48 h 147 £9 130.4+7.7 7.2+2.1 89.0+1.6 4.7+1.2 54+1.3

*Significant difference (P <0.05) in comparison with the pre-treatment value
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number of monocytes at 1 h post-treatment were ob-
served in any of the subjects who underwent the lung-
targeted HT or the heating of the legs (data not shown),
indicating a specific role of the liver in the HT-induced
decrease in the monocyte numbers.

Changes in the percentages of lymphocyte
subpopulations

We further investigated whether the regional HT treat-
ment affected the percentages of lymphocyte subpopu-
lations. In both groups of the volunteers exposed to the
HT treatment aimed at the liver and that aimed at the
lungs, the number of CD4 " T cells decreased, while that
of CD8" T cells was unchanged (Table 2). The CD4*/
CD8 " ratio at 1 h post-treatment was reduced in five of
the six subjects who received the liver-targeted HT and
in all who received the lung-targeted HT treatment;
however, significant differences were observed only in
those whose chest was heated. Only in the volunteers
exposed to the regional HT aimed at the liver, the
numbers of B cells were slightly decreased at all time-
points following the treatment, although the changes in
comparison with the pre-treatment value were not sta-
tistically significant, and no significant changes in NK
cell numbers were observed. No significant changes were
observed in the subjects whose legs were heated (data
not shown).

Enhancement in the activation of peripheral T cells

To examine whether T-cell functions were influenced by
the regional HT treatment, we next analyzed the
expression of the early activation antigen CD69 on
blood T cells. Figure 1a shows representative patterns of
CD69 expression in T-cell subsets before and at different
time-points after the HT treatment aimed at the liver.
The frequency of CD69-expressing cells in both CD4™*
and CD8" populations of T cells was significantly ele-
vated at 1 h after the treatment in all subjects: the mean

percentages of CD69-expressing cells among CD4 ™" and
CD8" T cells increased by 1.7- and 1.5-fold, respec-
tively, compared to the corresponding percentages at
pre-treatment (Fig. 1b). They returned to basal levels at
6 h after the treatment, but again increased in both T-
cell subsets at 24 h post-treatment, although only the
changes in CD8" T cells were significant. The CD69-
expressing cells in both T-cell subsets showed a tendency
to increase in the subjects whose lungs were heated, al-
though there were no significant differences in compar-
ison with the pre-treatment values. No changes in CD69
expression were found in the subjects who received the
heating of the legs.

Changes in IFN-y production from PBMC

To further evaluate the possible effect of the regional HT
treatment on T-cell activation, cytokine productions
from PBMC were also analyzed. PBMC collected before
and at different time-points after the treatment were
stimulated with PHA, and the accumulation of inter-
feron (IFN)-y and interleukin (IL)-4 in the medium
during 48 h of cell culturing was measured. In the vol-
unteers who received the liver-targeted HT, the amount
of IFN-y produced gradually and significantly increased
in the 2 days following the heating procedure, peaking
at 36 h after the end of the HT treatment (Fig. 2a). In
the subjects exposed to heating of the lungs or the legs,
there were no significant changes in the PHA-induced
production of IFN-y. On the other hand, the amount of
IL-4 produced after PHA stimulation showed no change
at all during the 3 days of observation in all groups
(Fig. 2b).

Elevation of plasma cytokine levels

Plasma levels of proinflammatory cytokines, IL-18 and
IL-6 were measured before and following the regional
HT. In subjects who underwent HT aimed at the liver,
both cytokines showed no significant change immedi-

Table 2 Absolute numbers (x10%/ml blood) of lymphocyte subsets in volunteers exposed to the regional hyperthermic treatment

CD4"' T CD8"T CD4"/CD8* B (CDI19%) NK (CD16" HLA-DR")

Liver-targeted HT (n=6)

Pre-HT 71.8+20.0 28.3+3.8 24404 20.6+6.8 16.5+4.0
1 h after HT 55.6+6.8 28.8+4.9 2.1£04 14.9+2.2 17.2£3.0
6h 520468 243+3.0 22403 15.1+2.6 16.8+4.4
24 h 65.9+17.3 28.5+4.2 23404 15.6+2.5 17.843.7
48 h 49.7+5.0 244439 24+0.5 16.4£2.0 16.9+3.2
Lung-targeted HT (n=15)

Pre-HT 63.5+9.8 27.8+53 2.6+0.6 154432 16.1+1.2
1 h after HT 54.6+8.8 299+7.4 2.1£0.4* 15.9+3.7 155423
6h 60.2+12.2 24.9+6.1 27406 14.7+4.9 11.6+2.4
24 h 58.0+11.4 26.2+4.6 24405 18.6+5.6 16.4+1.7
48 h 504+7.9 244+3.8 22+04 09.1+2.8 13.8+2.9

*Significant difference (P <0.05) in comparison with the pre-treatment value
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Fig. 1 Effects of regional hyperthermic treatment aimed at the liver
on peripheral T-cell activation. PBMC were prepared before and at
the indicated time-points after the 1 h HT treatment aimed either at
the liver or at the lungs, or after | h heating of the legs, and CD69
expression on CD4" and CD8™ T cells was monitored by flow
cytometry. a Histograms showing CD69 expression on each T-cell
subset in a representative volunteer who received the liver-targeted
HT treatment. Numbers indicate the percentage of CD69-positive

ately after the treatment, but continued to increase
gradually towards the end of the observation period,
exhibiting significant differences at 24 and 48 h post-

cells. b Time course of CD69 induction on CD4 " (closed circles),
and CD8" (open circles) T cells after the HT treatment aimed at the
liver (left panel) or at the lungs (middle panel), or heating of the legs
(right panel). Bach circle and bar show a mean + SEM calculated
from the data obtained from four to six volunteers. *Significantly
different from the mean value observed before the HT treatment,
P<0.05; **significantly different from the same pre-treatment
value, P<0.01

treatment (Fig. 3). Again, no changes in the plasma
cytokine levels were found in the volunteers who
underwent heating of the lungs or the legs.
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Fig. 2 Changes in PHA-induced cytokine production from cul-
tured PBMC after the 1 h regional HT aimed either at the liver
(closed circles) or at the lungs (open circles), or after 1 h heating of
the legs (closed triangles). PBMC prepared from each subject at
each indicated time-point were stimulated with PHA, and the
concentrations of IFN-y (a) and IL-4 (b) produced into culture

Changes in the numbers of monocyte subsets

Recently, functional heterogeneity of human blood
monocytes has been demonstrated based on the
expression levels of the lipopolysaccharide (LPS) recep-
tor CD14 and the Fcy receptor III (CD16) [10]: CD14*
CD16™ cells that correspond to classical inflammatory
monocytes and CD14'° CDI16" cells that have been
characterized as resident monocytes (Fig. 4a). As shown
in Table 1, a marked reduction in the number of the
whole monocyte population in the peripheral blood was
observed following the HT treatment aimed at the liver.
In order to examine which subset among the monocytes
was affected by the treatment, we further analyzed both
frequencies and absolute numbers of the above mono-
cyte subsets as well as those of DCs which also exist
within the blood monocyte population defined by con-
ventional gating based on the forward and side scatter
profiles (Fig. 4b). The DC population was distinguished
in the present study by their expression of HLA-DR and
the lack of the expression of CD3, CD14, CD16, CD19,
CD20, and CD56. At 1 h after the liver-targeted HT, the
frequency of CDI14™ CDI16™ cells among the gated
monocyte population was markedly reduced in five of
the six volunteers, the mean values of which were
87.0+1.4% at pre-treatment and significantly lower
76.24+4.2% at 1 h after the HT treatment. A remarkable
reduction in the absolute number of CDI14% CDI16~
monocytes was also observed at 1 h post-treatment. In
contrast to the sharp decrease in the percentage of
CD14* CD16™ monocytes, CD14"° CDI16" monocytes
increased significantly in their percentage at 1 h after the

medium were measured after 2 days of incubation. Each symbol
and bar show mean + SEM calculated from the data obtained
from 4 to 11 volunteers. * Significantly different from the mean
value observed before the HT treatment, P <0.02; **significantly
different from the same pre-treatment value, P <0.01

liver-targeted HT treatment. However, due to the de-
crease in the total number of peripheral monocytes
(Table 1), their absolute numbers were unchanged. With
respect to DCs, their number tended to decrease soon
after the HT treatment, and remained low throughout
the 48 h of observation following the heating of the li-
ver. There were no significant changes in the frequencies
and absolute numbers of monocyte subsets in volunteers
exposed to the lung-targeted HT. In addition, cell sur-
face expression of CDI14 molecules on the CD14"
CD16™ monocytes increased starting from 6 h following
the heating procedure, exhibiting significant differences
(P<0.05) at 6 and 24 h post-treatment in the liver-tar-
geted HT, and at 6 h post-treatment in the lung-targeted
HT group (Fig. 4c). No significant changes in the
monocyte-counts or the CD14 expression were observed
in the volunteers exposed to the heating of the legs (data
not shown).

Discussion

The findings described herein provide evidence that the
regional HT treatment aimed at the liver induces acti-
vation of peripheral T cells, production of proinflam-
matory cytokines, and changes in the number of blood
monocyte subpopulations and their CD14 expression.
To heat the liver selectively in the present study, we
placed a pair of electrodes on the front and back of the
subject’s right upper abdominal region; however, it is
also conceivable that other lymphoid organs that lie
adjacent to the liver might have been heated. With
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Fig. 3 Average plasma concentrations of IL-1f (a) and IL-6 (b)
after the | h regional HT aimed either at the liver (closed circles) or
the lungs (open circles), or after 1 h heating of the legs (closed
triangles). Each symbol and bar represent mean + SEM calculated
from the data obtained from 4 to 11 volunteers. *Significantly
different from the mean value observed before the HT treatment,
P<0.01

respect to the spleen, however, there happened to be a
volunteer who had undergone splenectomy among our
subjects. Importantly, we observed the same changes in
the above immunological parameters in the splenec-
tomized volunteer following the HT aimed at the liver,
ruling out the possibility that the effects of the. right
upper abdominal heating depend on the presence of the
spleen. When administering HT to the chest, in which
the lungs were supposed to be the primary target organs,
the subject’s body temperatures reached levels as high as
those measured in the volunteers treated with the liver-
targeted HT; however, the lung-targeted treatment re-
sulted in no significant activation of T cells (Figs. 1 and
2) or changes in the numbers of blood monocyte subsets
(Fig. 4). Thus, it is highly conceivable that the changes
observed following the heating of the right upper
abdominal region can be mainly attributed to the heat-
ing of the liver.

Immunological changes in humans who received
systemic hyperthermic treatment have been described,
most of which refer to its effect on the composition of
lymphocyte subpopulations, the concentration of serum
cytokines, and the NK cell activity (reviewed in [12]). On

the other hand, there are very few reports describing the
effect of regional HT on the host’s immune system.
Regarding the changes in lymphocyte subpopulations,
we observed a slight decrease in the peripheral CD4 "/
CDS8" ratio following the HT treatment aimed at the
liver and lungs, which was statistically significant in the
latter case. The decrease in CD4™ /JCD8™ ratio is mainly
accounted for by the reduction in the number of CD4*
T cells, rather than an increase in CD8 " T-cell counts, in
the both experimental groups. In line with this result, a
decrease in CD4 "' /CD8 " ratio has been shown in pa-
tients with hepatocellular carcinoma immediately after
the regional HT at the upper abdominal region [20], as
well as in the persons who underwent whole-body
hyperthermia (WBH) [1, 7]. By way of experiment with
mice, WBH has been shown to enhance the homing of
antigen-specific T cells to the inflammatory site; how-
ever, differences in sensitivity to this treatment of each
T-cell subset have not been described [21]. As a possi-
bility, chemotaxis of CD4™" T cells into tissues might be
more quickly and markedly affected by heat than that of
CD8™" T cells, thus resulting in the sharp decrease in
CD4"/CD8™ ratio we observed.

In the present study, T-cell activation was assessed by
the expression of the activation marker CD69 and by the
generation of cytokines after the stimulation with PHA.
CD69 molecule is a phosphorylated and disulfide-linked
27/33 kD homodimeric protein [26], and signals trig-
gered by anti-CD69 antibodies result in the synthesis of
different cytokines and their receptors, and the
enhancement of T cell proliferation [5, 17]. The expres-
sion of CD69 on human T cells is induced in vitro by a
wide variety of stimuli: an increase in CD69 expression is
observed at as early as 1-4 h after stimulation with anti-
CD3 antibody or polyclonal mitogens including phorbol
ester 12-myristate 13-acetate (PMA), an activator of
intracellular protein kinase C (PKC), whereas it takes
24-72 h after an in vitro stimulation through antigen—T-
cell receptor interactions for the induction of CD69
expression [5, 11]. In the volunteers exposed to the HT
treatment aimed at the liver, we observed the increase in
the fraction of CD69-expressing cells in both CD4 " and
CD8™ populations of T cells in two waves (Fig. 1). The
first elevation, accompanied by the nearly twofold in-
crease in PHA-induced IFN-y production (Fig. 2a), was
found at 1 h after the liver-targeted HT treatment.
Based on the above knowledge, this “early phase” of T-
cell activation, as demonstrated by the CD69 expression,
is not attributable to an antigen-dependent reaction. Our
observation is rather consistent with a report demon-
strating that the expression of CD69 molecule on the
surface of resting human T cells was induced at as early
as 1 h after an incubation at 44°C for 30 min, which
subsided 3 h later, due to a rapid translocation of the
molecules already present in the cell cytoplasm [23]. In
addition, fever-range (39.5°C) WBH has been shown to
result in a rapid increase in PKC activity within T cells
[32]. Thus, the liver-targeted HT treatment may have
caused the very early induction of CD69 molecules to
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the cell surface via yet undescribed PKC signal trans-
duction pathways, which in turn lead to the observed T-
cell activation and the resultant increase in IFN-y pro-

duction. Of note, an extreme WBH of 41.8-42.2°C has

led to a reversible and transient immune impairment in
the patients with metastatic cancers during or immedi-
ately after the heating procedure [1, 4]. The regional
heating aimed at the liver may have an advantage in that
no intense immune impairment is induced during the
treatment.

On the other hand, the “late phase” of CD69
induction was observed at 24 h post-HT treatment
aimed at the liver. At the same time-point, a more than
threefold increase in IFN-y production from the PHA-
stimulated PBMC was observed as compared to the pre-
treatment value, suggesting that the peripheral T cells
were fully activated at 24 h after the HT treatment of the
liver. Furthermore, the plasma concentrations of IL-1
and IL-6, which are known to be secreted predominantly
from vascular endothelial cells and professional phago-
cytes and act on the activation of lymphocytes [2, 6],
were also elevated in our volunteers at this time-point,
while there were no significant elevations in the early
phase. In contrast, the plasma IL-6 increased during or
just after the heating treatment in patients treated with
an extreme WBH of 41.8°C, and returned to basal levels
at 24-h post-treatment [4, 25]. The rapid increase in
plasma IL-6 may be attributable to an augmentation in
IL-6 release from the circulating monocytes or T cells. In
fact, the TNF-a release from PBMC has been shown to
increase immediately after the WBH [36]. On the other
hand, the increase in plasma TL-6 was observed only in
the subject who received the liver-targeted HT, but not
in those receiving the heating of the lungs or legs, at the
late phase. Liver cells can secrete a variety of cytokines
including IL-1, IL-6 and TNF-« [2]. Among these, TNF-
o is a potent inducer of IL-1 and IL-6 expression [2, 14].
Interestingly, the HT treatment has been shown to en-
hance TNF-a release from Kupffer cells in LPS-chal-
lenged mice [13]. It is possible, therefore, that the TNF-a
locally produced by the HT-treated hepatic tissue may
have, in turn, stimulated IL-1 and IL-6 release from the
liver cells, which resulted in the observed late-phase in-
creases in the plasma cytokines.

Unprecedented heterogeneity in their surface marker
phenotypes and functions of blood monocytes has been
demonstrated only recently: classical CD14" CD16~
monocytes that migrate into the sites of inflammation,
where they differentiate into macrophages and DCs, and
CD14"° CD16" monocytes that extravasate into tissues,
where they serve as specific resident myeloid cells such as
Kupffer cells, alveolar macrophages, or Langerhans cells
[10, 37]. Interestingly, our study revealed a remarkable
decrease in only the CD14™ CD16~ monocyte subset in
the peripheral blood, but not in the CDI14!° CDI16"
monocytes and circulating DCs, at | h after the HT
treatment. So far, there have been no reports demon-
strating the decrease in the number of monocytes by HT
treatment, whereas an increased number of total

monocytes has been shown in the peripheral blood of
healthy volunteers at 6 h after a fever-range WBH
treatment [36]. Our observation raises two possibilities
for the action of the heating of the liver: (1) apoptotic
loss of the peripheral CD14" CD16~ monocytes may
have been selectively induced, or (2) the entrance of
CDI14" CD16™ monocytes into tissues such as the liver
may have been facilitated, resulting in their disappear-
ance from the peripheral blood. Regarding the heat-in-
duced apoptosis, a number of experiments both in vitro
and in vivo have shown that HT treatments influence
cell viability in various types of tumors [3, 34]. Exposing
monocytes to 41°C for 1 h, however, had only a minor
effect on their viability [22]. We also observed no effect
of an in vitro treatment at 40°C for I h on the viability
of blood monocytes (S. Kinoshita et al. unpublished
observation). Taken together, it is not likely that the
decrease in blood monocytes at 1 h post-HT treatment is
due to a heat-induced apoptosis. With respect to the
other hypothesis concerning the trafficking of CD14*
CD16™ monocytes, chemokines produced locally in the
liver should be taken into consideration. It has recently
been reported in fulminant hepatic failure that the
expression of intrahepatic chemokines, MCP-1, MIP-1a,
MIP-1p, and RANTES, which are produced from Ku-
pfler cells, sinusoidal endothelial cells, and hepatocytes,
was closely correlated with the extent of infiltration by
macrophages or monocytes and T cells into the liver {15].
Moreover, mRNAs of these intrahepatic chemokines
have started to be expressed at as early as 1 h after an
administration of toxins which elicit liver damage in
mouse models of fulminant hepatic failure {15]. Of note,
inflammatory chemokine receptors, CCR1, CCR2, and
CCRS5, which bind to MCP-1, MIP-1«, MIP-18, and
RANTES, are expressed on human CDI14" CDI16
monocytes at much higher levels than on CDI14%°
CD16" monocytes [10]. Collectively, the heat-exposed
liver may produce the above-described inflammatory
chemokines immediately after an HT treatment, result-
ing in the entrance into the liver of blood CD14%
CD16™ monocytes. Further, upregulation of the CD14
expression levels on the CD14" CD16™ monocytes in
the blood was found at as early as 6 h following the
liver-targeted HT treatment, and this increase lasted at
least until 24 h post-HT (Fig. 4). In contrast to the
above result, a short-lasting increase in the CDI14
expression on monocytes was observed in healthy vol-
unteers exposed to fever-range WBH [36] and in our
volunteers treated with the lung-targeted HT. The CD14
expression level on the monocytes was associated with
an ability to release TNF-a following the stimulation
with LPS [36]. Taken together, the possible early
migration of CD14™ CD16~ monocytes into the heated
liver may have contributed to the observed long-lasting
activation of peripheral monocytes after the HT treat-
ment and the observed increase in plasma levels of IL-18
and IL-6.

As there is still no enough evidence demonstrating
substantial direct anticancer effect of regional HT when
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