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Maintenance of normal core body temperature is vigorously defended by long conserved, neurovascular
homeostatic mechanisms that assist in heat dissipation during prolonged, heat generating exercise or exposure
to warm environments. Moreover, during febrile episodes, body temperature can be significantly elevated for at
least several hours at a time. Thus, as blood cells circulate throughout the body, physiologically relevant
variations in surrounding tissue temperature can occur; moreover, shifts in core temperature occur during daily
circadian cycles. This study has addressed the fundamental question of whether the threshold of stimulation
needed to activate lymphocytes is influenced by temperature increases associated with physiologically relevant
increases in temperature. We report that the need for co-stimulation of CD4+ T cells via CD28 ligation for the
production of IL-2 is significantly reduced when cells are exposed to fever-range temperature. Moreover, even in
the presence of sufficient CD28 ligation, provision of extra heat further increases IL-2 production. Additional
in vivo and in vitro data (using both thermal and chemical modulation of membrane fluidity) support the
hypothesis that the mechanism by which temperature modulates co-stimulation is linked to increases in
membrane fluidity and membrane macromolecular clustering in the plasma membrane. Thermally-regulated
changes in plasma membrane organization in response to physiological increases in temperature may assist in
the geographical control of lymphocyte activation, i.e., stimulating activation in lymph nodes rather than in
cooler surface regions, and further, may temporarily and reversibly enable CD4+ T cells to become more quickly
and easily activated during times of infection during fever.

Introduction

The activation and subsequent proliferation of T lympho-
cytes is tightly controlled by ligation of separate receptors on
the cell surface, including the antigen receptor and also co-
stimulatory receptors, which are usually triggered by antigen
presenting cells. These receptors, and others, collectively gen-
erate both positive and negative second signals that precisely
regulate T cell function. Activation of T lymphocytes without

the proper amount of co-stimulatory signals can lead to T
cell deletion or anergy.'™ One of the best understood costi-
mulatory receptors on T cells is CD28 and its function
appears to be dependent on specific macromolecular organiza-
tion of the plasma membrane.’

From the earliest investigations which experimentally
defined requirements for activation of lymphocytes,® investiga-
tors have utilized an in vitro culture temperature of precisely

37°C to mimic blood or body temperature. However, several
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observations suggest that temperature should be evaluated
more completely as a variable which may modulate basic
requirements for lymphocyte activation. For example, the core
temperature of mice and humans normally undergoes a signifi-
cant daily circadian flux (for mice the temperature shift is
approximately 1.7°Celsius, ranging from 36.9 to 38.6°C).”*
Further,
5 degree increase in core body temperature for hours at a

infection and inflammation can stimulate a 1-

time.”'! Thus, during fever, most lymphocytes will experience
higher than normal temperatures for a sustained period of
time prior to or during contact with antigen presenting cells
which specifically engage T cell receptor (TCR) as well as
CD28 receptors. There is intriguing evidence that sustained
increases in temperature associated with fever result in signifi-
cant survival benefits following infection in multiple vertebrate
species,'” including humans.'*"> Therefore, thermal shifts
which exist during the early stages of infection, when optimal
co-stimulatory signals may not yet be generated, might help to
improve, or speed, the host immune response. While previous
research on the relationship between physiological temperature
shifts and specific T cell receptors during activation is sparse,
several studies using non-specific activators point strongly to
the hypothesis that thermal signals may help to calibrate the
requirements for activation. For example, very early studies on
Con A-treated spleen cells incubated at fever-range tempera-
ture shows that their proliferation is increased compared to
those maintained at 37°C,'®'® while other studies show that
the clonal expansion and proliferation of lymphocytes is
enhanced.'” More recently, Meinander et al. proposed that
mild hyperthermia associated with fever could help to promote
the elimination of excess T lymphocytes through promoting
enhanced apoptosis.'® In terms of antigen-specific effects of
thermal stress, our lab has recently demonstrated that the acti-
vation and differentiation of antigen-specific CD8+ T cells
into effector cells is enhanced by physiological range hyper-
thermia and accompanying this effect, we observed that mild
heating of CD8 T cells resulted in the reversible clustering of
GM1 CD-microdomains in the plasma membrane.'”*" As a
result of these data, it seems plausible that a physiologically-
relevant temperature flux could affect the threshold of activa-
tion for T cells.

To test this hypothesis, we used several well-characterized
CD4+ T cell systems, combined with their production of IL-2
as a functional read-out, since this is one of the most well char-
acterized measures of activation. Using three different, well
characterized cellular models for CD4+ T cell activation (cells
isolated from human peripheral blood, Jurkat T cells grown in
culture, and T cells isolated from CD28-deficient and Ova-spe-
cific transgenic mice), we obtained data which support the
hypothesis that mild, fever-range heating significantly reduces
the requirement for co-stimulation via CD28. Thus these new
data suggest that fever, or mild hyperthermia could assist in
generating a temporary state of heightened immune sensitivity
during immune challenge, or during situations when optimal
levels of co-stimulation for CD4+ T cell activity may not be
immediately available.
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Results

Mild heating augments IL-2 production by CD4+ T cells
and reduces the requirement for CD28-mediated co-
stimulation

Activation of T cells is initiated by the engagement of the
TCR with antigen peptide-bound major histocompatibility com-
plexes (pMHCs) on the surface of antigen presenting cells
(APCs).*> And although a weak T cell response can occur by
strong, repeated TCR stimulation with high doses of antigen
alone,** optimal T cell activation requires a co-stimulatory signal.
To investigate the effect of mild heating on subsequent activation
requirements for IL-2 production, freshly isolated human CD4+
cells were pre-incubated at 37 or 39.5°C for 6 hours and then
stimulated at 37°C for 24 hours with serial dilutions of anti-
CD3 antibodies (to mimic TCR-mediated signaling) and anti-
CD28 antibodies (to mimic the co-stimulatory signal).6 The
results reveal that anti-CD28 ligation alone, in the absence of
anti-CD3, is insufficient for IL-2 production at both tempera-
tures (Fig. 1A). But, even when a very small amount of anti-
CD3 (0.02 pg/ml) is provided in the presence of anti-CD28,
(concentrations which result in minimal amounts of IL-2 when
cells are kept at 37°C) IL-2 production by the heat-pretreated
cells is significantly increased (Fig. 1A and B) and this increase is
also seen with higher concentrations of anti-CD3. Surprisingly,
even when no co-stimulation via anti-CD28 was provided, heat
pretreatment was still associated with some IL-2 production
(Fig. 1B), suggesting that mild heating is able to compensate, at
least to some extent, for lack of CD28 mediated co-stimulation
in human CD4+ T cells. Indeed, when we compared the
amount of anti-CD28 needed to achieve comparable amounts of
IL-2 production at 37°C vs. 39°C, we saw a significant differ-
ence. For example, at 37°C, 0.05 pg/mL of anti-CD28 was nec-
essary to produce the same amount of IL-2 that was produced
using only 0.001 pg/mL of anti-CD28 at 39.5°C even though
0.01 pg/mL of anti-CD3 was used in both cases (Fig. 1B).
Therefore, we conclude that treating CD4+4 T cells with mild
heat treatment lowers the requirement of CD28 mediated co-
stimulation to produce IL-2.

The CD4+ human T cell line Jurkat has long been used as a
model system to define the requirements for T cell activation.”®
To determine whether this cell line responds to mild increases in
temperature in a manner similar to that of freshly isolated human
CD4+ T cells, Jurkat cells were stimulated with 3pg/ml of anti-
CD3 and a range of anti-CD28. Results demonstrated that cells
pre-exposed to 39.5°C require less anti-CD28 than cells pre-
incubated at 37°C in order to achieve the same IL-2 output
(Fig. 1C). We also tested how mild hyperthermia affected IL-2
output following stimulation by serial dilutions of anti-CD3
along with a constant amount of anti-CD28. Once again, the
results of this experiment revealed that pre-heating cells cannot
compensate for a lack of TCR stimulation (anti-CD3) (Fig. 1D).
Therefore, just as with freshly isolated human blood CD4+ T
cells, mild heating significantly increases IL-2 production by
Jurkat T cells following stimulation with anti-CD3 alone
(Fig. 1C), but not when using anti-CD28 alone (Fig. 1D).

2341



A 500- - B so0 i

‘:én 1 B39.5°C @ 600 H39.5°C

= 300 b

= 5 %

8 * % 400 %

= 200 4 =

H : %

o 100 & 200 % J

- [

s P | i

0 = = i - . = e2y 0 T al
aCD3 pg/ml: 0 0.0001 0.005 0.02 0.1 aCD3 pg/ml:  0.01 0.01 0.01 0.01 0.01
aCD28 pg/ml: 1.0 1.0 1.0 1.0 1.0 aCD28 pg/ml: 0 0.001 0.05 0.2 1.0
C 200 D 300 E 400,
| @37.0°C * [37.0°C % 037.0°C

= o ~ 250 20 5o = :

g 160 W395°C = B39.5°C E 390 | H39.5°C

= ' 2 200 &

= 1204 T -]

£ g 2

5 | % i 150 é 200 |

=2 804

o = Q

& _ 2 100 g

[ ] o4

o el I . ell e

aCD3 pg/ml: 3 3 3 aCD3 pg/ml: 0 0.25 1 media A20 A20+
aCD28 pg/ml: 0 0.05 0.01 aCD28 pg/ml: 2 2 2 OVA;;

Figure 1. Mild heating augments IL-2 production by CD4+ T cells and reduces the requirement for CD28-mediated co-stimulation. (A, B) Human periph-
eral blood (HPB) CD4+ T cells were pre-incubated at 37°C (gray bars) or 39.5°C (black bars) for up to 6 hours prior to activation with stimulating Abs.
HPB CD4-+ T cells were stimulated with anti-CD3 Ab in combination with increasing concentrations of anti-CD28 Ab (A), or anti-CD28 Ab in combination
with increasing concentrations of anti-CD3 Ab (B). After 24 hrs at 37°C IL-2 production was measured by ELISA assay. (C) Jurkat T cells were pre-incu-
bated at 37, and 39.5°C for 6 hours and stimulated using 3p.g/ml of plate-bound anti-CD3 in combination with 0, 0.05, and 0.1.g/ml of soluble anti-
CD28 for 24 hours at 37°C. Spent media was collected and the level of IL-2 cytokine in the supernatant was detected by an ELISA. (D) Jurkat T cells were
pre-incubated at 37, and 39.5°C for 6 hours and stimulated using 2g/ml of soluble anti-CD28 in combination with 0, 0.25, and 1ug/ml of plate-bound
anti-CD28 for 24 hours at 37°C. Spent media was collected and the level of IL-2 cytokine in the supernatant was detected by an ELISA. (E) OVA-specific
CD4+ T cells isolated by negative selection from the spleens of DO11.10 transgenic mice were incubated at 37 (gray bars) and 39.5°C (black bars) as
above and stimulated with OVA pulsed A20 cells at 37°C for 24 hrs before the amount of IL-2 in the supernatant was determined by ELISA. *p < 0.05,
when comparing the data at 37 vs. 39.5°C using an unpaired Student’s t-test. The results are expressed as the mean =+s.d. and are representative of 3 or

more independent experiments

Collectively, these data demonstrate that a mild, sustained
increase in temperature can support and enhance IL-2 produc-
tion by T cells stimulated with anti-CD3, even with very low, or
even no co-stimulation by anti-CD28. In addition, these data
emphasize the specificity of this effect since mild heating cannot
replace the need for signaling through the TCR, nor does it result
in any non-specific IL-2 release. However, while the use of anti-
bodies specific for signaling receptors is useful for quantifying the
contribution of temperature to activation requirements, it is also
important to determine whether antigen-induced activation of
CD4+ T cells can be affected by mild heating. To address this,
we isolated CD4+ T cells from the spleens of DO11.10 trans-
genic mice whose T cell receptors are specific for OVA3,3.339
peptide (OVA;).% The cells were incubated at either 39.5 or
37°C for 6 hours before being stimulated with A20 B cells pulsed
with OVA. The production of IL-2 was again monitored by an
ELISA and the results clearly demonstrate that cytokine produc-
tion is significantly greater when T cells are pre-heated. In con-
trast, OVA-specific CD4+ T cells stimulated with un-pulsed

2342

Cell Cycle

A20 cells produced no IL-2 when maintained at either tempera-
ture (Fig. 1E) again supporting the fact the mild heating does
not induce IL-2 release in the absence of appropriate antigen
receptor-induced triggering,.

Mild heating enhances IL-2 mRNA production in CD4+ T
cells

To determine whether transcription of IL-2 is affected by mild
heating, we assessed the levels of IL-2 mRNA in Jurkat T cells
following pre-incubation at either 37 or 39.5°C and subsequent
activation by anti-CD3 =+ anti-CD28. The fold changes in IL-2
mRNA production were monitored using quantitative real-time
reverse transcriptase QRT-PCR (Fig. 2A and B). We found that
IL-2 mRNA increased more than 7-fold in cells pre-incubated at
39.5°C starting 1 hour after stimulation with anti-CD3 alone
and remained elevated until at least 12 hours following stimula-
tion (Fig. 2A). Mild heating also increased the level of IL-2 mes-
sage in cells stimulated with both anti-CD3 and anti-CD28
starting 0.5 hour following stimulation, with a dramatic increase

Volume 14 Issue 14
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Figure 2. Mild heating enhances IL-2 and IL-2 mRNA production in Jurkat T cells. Following pre-incubation at 37°C or 39.5°C for 6 hours, Jurkat T cells
were then stimulated with anti-CD3 Ab alone (0.1 pwg/ml) (A) or anti-CD3 Ab in combination with anti-CD28 Ab ( both at 0.1 wg/ml) (B) at 37°C for differ-
ent times as shown. The level of IL-2 mRNA was measured by quantitative real time RT-PCR (A and B) as described in supplemental methods. GAPDH
was used as loading control for both experiments. Ct values were first normalized to GAPDH, then normalized to the Ct value of the 37°C group at the 0
time point. (C) CD4+ T cells isolated from human peripheral blood were incubated at 37 (gray bars) and 39.5°C (black bars) in the presence of cyclohexa-
mide (striped bars) for 6 hours. Cyclohexamide was removed from the culture media and cells were stimulated using different stimuli at 37°C for
24 hours before IL-2 production was measured by ELISA. *p < 0.05, when comparing the data at 37 vs. 39.5°C using an unpaired Student’s t-test. The
results are expressed as the mean = s.d. and are representative of 3 or more independent experiments.

of greater than 100 fold beginning at 1 hour (Fig. 2B). Mild
heating not only increases early production of IL-2, but also pro-
longs transcription of this gene. These results along with data
showing that mild heating alone does not result in any non-spe-
cific IL-2 release suggest that hyperthermia exerts its effect at the
level of IL-2 gene activation rather than simply causing an
increased release of pre-formed IL-2.

To determine whether new protein synthesis occurring during
the heating period is necessary for thermally enhanced IL-2 pro-
duction, human peripheral blood CD4+ T cells were treated
with cyclohexamide to inhibit protein synthesis for the duration
of heat treatment. Cyclohexamide was then removed in order to
permit protein synthesis following activation at 37°C for
24 hour. Cells pre-treated with heat prior to activation again pro-
duced significantly more IL-2 than cells maintained at 37°C.
Enhanced IL-2 was observed when both anti-CD3 and anti-
CD28 were used for stimulation, and also when anti-CD3 was
given alone (Fig. 2C). Therefore, use of cycloheximide during
the thermal treatment did not interfere with enhanced IL-2
production that occurred after stimulation with ant-CD3 =+
anti-CD28. This evidence in combination with results that dem-
onstrate there is no enhancement of CD3 and CD28 on heated
and control cell surfaces (data not shown), indicates that new
protein synthesis during the heating is not critical for enhanced
IL-2 production in response to mild hyperthermia.

Mild heating enables IL-2 production by anti-CD3
stimulated CD4+ T cells isolated from CD28-deficient mice

If mild heating can replace or reduce the need for CD28 co-
stimulation, then it should be possible to see IL-2 production
using anti-CD3 with heated CD4+ T cells obtained from a
CD28-deficient mouse. For this purpose, we acquired CD28
knockout mice. Consistent with previous reports employing
these mice,** the development their CD4+ T cells was normal,
as we found that greater than 60% of splenocytes from both
wild-type and CD28™'~ mice were positive for both CD3 and
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CD4 (data not shown). In addition, we also verified the absence
of CD28 on CD4+ T cells using immunofluorescent staining
with anti-CD28 antibody (data not shown). We then investi-
gated whether pre-treating these cells with mild hyperthermia
(39.5°C) affected IL-2 production following stimulation by anti-
CD3 = anti-CD28. As expected, CD4+ T cells from wild-type
C57BL/6 mice maintained at 37°C produced very low levels of
IL-2 in response to CD3 stimulation alone, and high levels in
response to a combination of anti-CD3 and anti-CD28
(Fig. 3A). Furthermore, heat pre-treatment enhanced IL-2 pro-
duction in each circumstance. Results from identical experiments
conducted using CD44 T cells from CD28-deficient mice also
demonstrated the value of mild hyperthermia to the T cell
response. Following pre-treatment with (39.5°C) and stimula-
tion by anti-CD3 alone, CD4+ T cells from CD28-deficient
mice, produced significantly higher levels of IL-2, compared to
the amounts produced by cells maintained at 37°C throughout
(Fig. 3B). Since these cells do not express CD28, the amount of
IL-2 measured was not further increased when cells were acti-
vated with the combination of anti-CD3 and anti-CD28, and
stimulating these cells with anti-CD28 alone did not result in
any IL-2 production at either incubation temperature. Moreover,
mild heating did not increase IL-2 production when CD4+
CD287'~ T cells were stimulated with the mitogenic combina-
tion of PMA and ionomycin (Fig. 3C), a treatment protocol
which bypasses proximal TCR signaling events and, at the con-
centrations used, provides a maximal stimulus. Overall, these
data suggest that a mild elevation in temperature can partially
overcome the lack of CD28 receptors in cells isolated from the
CD28-deficient mouse.

Mild heating alters T cell plasma membrane fluidity in a
manner comparable to co-stimulation

As mentioned above, previous publications have suggested
that a primary signal in the cellular perception of a change in
temperature is a change in the fluidity of plasma membrane
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Figure 3. Mild heating enhances IL-2 production in CD4-+ T cells isolated from CD28 deficient mice and is associated with an increase in membrane fluid-
ity that is similar to the increase induced by various stimulants. CD4+ T cells from (A) wild type and (B) CD28/~ mice were incubated at 37°C (gray bars)
and 39.5°C (black bars) for 6 hrs and stimulated with anti-CD3 Ab (5 wg/ml), anti-CD28 Ab (2 pg/ml) or the combination of both Abs at 37°C for 24 hrs
before the amount of IL-2 in the supernatant was determined by ELISA. (C) Jurkat T cells were incubated at 37 (gray bars) and 39.5°C (black bars) for
6 hrs. Cells were stimulated with PMA (10ng/ml) and ionomycin (1 ng/ml) at 37°C for 24 hours and the number of IL-2 producing cells was determined
by ELISA. (D) Effect of physiologically relevant temperature shifts on T cell membrane fluidity. T cells (freshly isolated human CD4+ T cells or Jurkat T
cells) were resuspended in PBS and incubated at the indicated temperatures for 5 minutes. The plasma membrane fluidity of the cells was then moni-
tored by measuring the fluorescence anisotropy of the membrane probe TMA-DPH, as described in the methods section. (E) A comparison of various
treatments on T cell membrane fluidity. Jurkat T cells were stimulated with antibodies (3.g/ml anti-CD3 alone, 2j.g/ml anti-CD28 alone, or 3.g/ml anti-
CD3 + 2pg/ml anti-CD28) for 6 hours, briefly exposed to 39.5°C, briefly exposed to 0.05% EtOH, or simultaneously exposed to a combination of these
treatments (as indicated). The cells were then resuspended in PBS, incubated at 37°C (unless otherwise indicated) for 5 minutes, and labeled with the
fluorescent membrane probe, TMA-DPH. The plasma membrane fluidity of the cells was then monitored by measuring the TMA-DPH anisotropy, as
described in the methods section. *, p < 0.05, when comparing the data at 37 vs. 39.5°C using an unpaired Student’s t-test. Data presented is representa-

tive of at least 3 independent experiments.
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lipids.””*> We investigated whether mild heat could affect the
plasma membrane fluidity of T cells by measuring the steady-
state fluorescence anisotropy of trimethylammonium diphenyl-
hexatriene (TMA-DPH) in both Jurkat T cells and T lympho-
cytes freshly isolated from human donors. We found that
increased temperatures correlate with significantly lower TMA-
DPH anisotropy values, which represent a measure of the mem-
brane order, and are in turn inversely proportional to plasma
membrane fluidity (Fig. 3D). Therefore, our data demonstrates
that higher physiological temperatures correspond to increased
plasma membrane fluidity in T cells. We then asked how the
effects of mild heating on membrane order compared to that
induced by a commonly used membrane fluidizer, ethanol
(EtOH). For this purpose, the TMA-DPH anisotropy was mea-
sured as Jurkat T cells were exposed to different concentrations
of EtOH. By doing so, we found that a concentration of 0.05%
EtOH resulted in a fluidity increase comparable to that induced
by mild heating (data not shown).

Calder et al. have previously shown that activation of freshly
isolated T cells is accompanied by an increase in membrane fluid-
ity.>* Therefore, we compared thermally- and EtOH-induced
changes in T cell membrane fluidity to that following stimulation
through TCR and CD28 using Jurkat cells. To verify that Jurkat
cells would undergo a change in membrane fluidity following
activation similar to what was previously reported for freshly iso-
lated lymphocytes,®® we co- stimulated Jurkat T cells with
anti-CD3 and anti-CD28 before measuring the TMA-DPH
anisotropy of their plasma membranes. As expected, Jurkat T
cells stimulated in this manner also displayed an increase in
plasma membrane fluidity. (Fig. 3E) Next, we examined how
the ligation of each receptor separately contributed to the
observed increase in plasma membrane fluidity by stimulating
Jurkat T cells with either anti-CD3 alone or anti-CD28 alone.
We found that that stimulating with anti-CD28 alone led to a
significant increase in plasma membrane fluidity, while stimulat-
ing with anti-CD3 alone had no effect (Fig. 3E). Interestingly,
when we directly compared the effects of 39.5°C or 0.05%
EtOH on plasma membrane fluidity and those induced by anti-
CD28 alone, or by anti-CD3/anti-CD28, we noted that the
magnitude of the effects were comparable. (Fig. 3E). This led us
to investigate whether 39.5°C or 0.05% EtOH could increase
the T cell plasma membrane fluidity of cells stimulated with
anti-CD3 alone, to a level similar to that seen after stimulation
with both anti-CD3 and anti-CD28. For this purpose, Jurkat T
cells were stimulated with anti-CD3 alone before being exposed
to 39.5°C or 0.05% EtOH. The data in Figure 3D reveals that
exposing Jurkat T cells to 39.5°C results in the same membrane
fluidity changes as does treatment with 0.05% EtOH and is simi-
lar to the increase in membrane fluidity similar to that induced
by activation with both anti-CD3 and anti-CD28.

To further explore the similarity between the effects of alcohol
and CD28 effects on membrane fluidity, we examined whether
the increase in membrane fluidity seen upon treatment with mild
heat was associated with the changes we observed in the require-
ments for CD28 ligation in CD4+ T cell activation. Briefly,
Jurkat T cells were cultured at 37 or 39.5°C in the presence or

www.tandfonline.com

Cell Cycle

absence of 0.05% EtOH. Following this incubation period, the
cells were stimulated with plate-bound anti-CD3 for 24 hours.
The supernatants were collected and IL-2 production was mea-
sured by an ELISA. Treating the cell pre-incubated at 37°C s
with 0.05% EtOH enhanced IL-2 production to a level similar
to what was observed after pre-incubation at 39.5°C (without
EtOH). However, there was no EtOH-induced change in IL-2
production by cells pre-incubated at 39.5°C (Fig. 4A). There-
fore, we conclude that the increase in plasma membrane fluidity
that is seen following exposure to 39.5°C or exposue to 0.05%
EtOH is associated with the observed increase in cytokine pro-
duction by CD4+ T cells upon stimulation.

Thermally-induced increase in membrane fluidity is
associated with altered T cell membrane organization

Since we established that the thermally-induced increase in IL-
2 production does not require new protein synthesis during the
heating phase, and is not accompanied by an increase in the sur-
face expression of CD3 or CD28, we next examined whether
mild heating affected the macromolecular organization at the
plasma membrane. Our rationale was that sustained heating
seems to be able to replace at least some of the function of co-
stimulation through CD28, which is known to be mediated
through cholesterol-dependant nanodomain reorganization at
the cell surface.®® In addition, Brameshuber et al. demonstrated
that fever-range heat induced raft-destabilization/reorganization
in living cells.’® Could the co-stimulatory cues (e.g. a modest
increase in fluidity) provided by mild heating induce nanodo-
main reorganization? The fact that even mild temperature shifts
can significantly impact plasma membrane lipid organization
233738 strongly suggests this possibility.

To explore this question, we investigated whether exposing
Jurkat T cells to mild hyperthermia led to clustering of choles-
terol dependent nano-domains. Jurkat T cells were cultured for
6 hours at various conditions: 37°C without EtOH, 37°C with
0.05% EtOH, or 39.5°C without EtOH. Micro-clusters of cho-
lesterol dependent nano-domains were then visualized by staining
with fluorescently labeled Choleratoxin B subunit (CTxB), which
recognizes the ganglioside, GM1, a molecule known to be
enriched in cholesterol dependent nano-domains. The percent of
cells displaying GM1 clusters was assessed using epi-fluorescent
microscopy. Representative images of diffuse and clustered GM1
staining patterns are displayed in Figure 4B. Approximately 20%
of the ells cultured at 37°C without EtOH displayed GM1 clus-
ters. This value increased to almost 60% when cells were exposed
to 0.05% EtOH at 37°C and 65% when cells were cultured at
39.5°C without EtOH (Fig. 4C). Therefore, we see that treat-
ments associated with a modest increase in T cell membrane flu-
idity resulted in reorganization of signaling domains at the
plasma membrane. We then investigated the kinetics of this ther-
mally-induced rearrangement by exposing Jurkat T cells to
39.5°C and assessing GM1 distribution at various time points.
Our results show that after 2 hours of heating, there is a signifi-
cant increase in the percentage of Jurkat T cells with distinct
GM1 clustering compared to control cells incubated at 37°C.
This trend continues until the percentage of cells displaying
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Figure 4. Mild membrane fluidizers promote lipid raft reorganization in vitro, and disruption of lipid rafts with MBCD eliminates thermally enhanced IL-2
production. (A) Effects of thermal and chemical fluidizers on IL-2 production in T cells stimulated through the TCR. Jurkat T cells were pre-incubated at
37, or 39.5°C in the presence or absence of 0.05% EtOH for 6 hours. The cells were then washed and stimulated with 3pg/ml of plate-bound anti-CD3
for 24 hours at 37°C. Spent media was collected and the level of IL-2 cytokine in the supernatant was detected by an ELISA. (B, C) Effects of thermal and
chemical fluidizers on lipid raft organization in Jurkat T cells. Jurkat T cells were incubated at 37°C in the presence or absence of 0.05% EtOH, or at
39.5°C (no EtOH) for 6 hours. The cells were then fixed, and surface-labeled with Choleratoxin-B subunit to stain the lipid raft marker, GM1. Cells display-
ing GM1 clustering (B) were counted as positive cells, and the percentage of positive cells was determined and graphed (C). (D) Jurkat T cells were incu-
bated at 39.5°C for different time periods, stained with FITC-CTxB, examined by fluorescence microscopy and the percentage of clustered GM1 cells was
quantified. Asterisks denote a significant increase in GM1 clustering compared to untreated cells. (E) Cells were incubated at 39.5°C for 6 hrs and then
returned to 37°C. At various time points cells were removed, stained with FITC-CTxB, examined by fluorescence microscopy and GM1 clustered cells
were quantified. Asterisks denote a significant increase in GM1 clustering compared to untreated cells. (F) Jurkat T cells were incubated at 37 (gray bars)
and 39.5°C (black bars) for 6 hrs with MBCD (10 mM) added during the last 30 min. Cells were stimulated with anti-CD3 Ab alone at 37°C for 24 hrs and
the number of IL-2 producing cells was determined by ELISA. Data are representative of 3 independent experiments. *: p < 0.05, when comparing the
data using an unpaired Student’s t-test. The results are expressed as the mean =+ s.d. from three independent experiments.
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clusters reaches its maximum value (80%) by 6-hours (Fig. 4D).
Extending the duration of hyperthermia beyond 6 hours did not
further enhance the number of cells with GM1 clustering. We
also demonstrated that this phenomenon is reversible; when cells
were returned to 37°C following 6 hours of heating, the observed
percentage of cells with GM1 clustering returned to baseline level
2 hours post-heating (Fig. 4E).

Treatment with MBCD eliminates the effects of mild
hyperthermia on T cell activation

To assess further the link between thermally-induced nanodo-
main clustering and enhanced IL-2 production, we asked
whether disruption of cholesterol-dependant nanodomains could
minimize or eliminate the effect of mild heating on IL-2 produc-
tion. For this experiment, we used the drug methyl- cyclodex-
trin (MBCD) which causes cholesterol to effuse from the
membrane and is known to disrupt the formation of cholesterol-
dependant nanodomains. >>** While overall cell survival was not
affected by this treatment (data not shown), we observed a loss of
thermal enhancement of IL-2 production when Jurkat T cells
were treated with MBCD prior to activation with anti-CD3
(Fig. 4F). However, MBCD treatment did not affect IL-2 pro-
duction when using PMA and ionomycin to activate cells (data
not shown). This is presumably due to the fact that these mito-
gens stimulate T cells downstream of the TCR/CD3-mediated
signaling complex and do not depend upon nanodomain redistri-
bution. These results further support the notion that mild heat-
ing affects CD4+4 T cell activation through modulation of
membrane domain organization.

Thermally induced effects on T cell plasma membrane
fluidity are correlated with the reorganization of various
cytoskeletal systems

Various cytoskeletal elements, including spectrin, ankyrin,
and actin are known to act as barriers to lateral diffusion of lipids
and proteins within the plasma membrane.*'*> Furthermore,
the formation of membrane domains, such as those which consti-
tute the immune synapse following activation, is known to
require cytoskeletal remodeling.***> Therefore, we examined if
mild heating induced similar changes in the subcellular distribu-
tion of various cytoskeletal proteins. For this purpose, Jurkat T
cells were cultured under various conditions (listed on the x-axis
in Fig. 5B) for 6 hours, and the distributions of spectrin and
ankyrin were analyzed by immunofluorescent staining. Results
show that the majority of untreated (37°C) Jurkat T cells display
a diffuse staining pattern for spectrin and ankyrin, while the
majority of cells stimulated with anti-CD3 and anti-CD28 con-
tain aggregates of these molecules. Representative examples of
diffuse and aggregated staining patterns are shown in Figure 5A.
Exposure of the T cells to 39.5°C for 6 hours induced aggregate
formation in almost 20% of the cells for each of the proteins.
Likewise, culturing Jurkat cells at 37°C in the presence of 0.05%
EtOH for 6 hours also resulted in the formation of aggregates in
almost 20% of the cells (Fig. 5B). Furthermore, when Jurkat T
cells were stimulated by anti-CD28 alone, spectrin and ankyrin
were rearranged to form aggregates in about 40% of Jurkat T
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cells, however, the response to stimulation by anti-CD3 alone
was minimal (~3% of cells). Thus, each treatment associated
with a modest increase in membrane fluidity significantly altered
the distribution of these cytoskeletal molecules, while the effect
of anti-CD3 was minimal. Interestingly, if Jurkat T cells were
pre-incubated at 39.5°C or at 37°C with 0.05% EtOH for
6 hours before being stimulated with anti-CD3 alone, the per-
centage of cells displaying cytoskeletal remodeling rose to over
30%, suggesting that a modest membrane fluidizer may act in a
synergistic manner with TCR stimulaion to induce cytoskeletal
redistribution. This provides additional evidence that thermally
induced increases in plasma membrane fluidicy may function in
co-stimulation.

We also investigated whether actin polymerization was neces-
sary to achieve the increase in cytokine production seen following
exposure of T cells to mild heating. Here, we conducted an
ELISA using a protocol similar to that used in Figure 1, with
one major change: we applied a potent inhibitor of actin poly-
merization, Latrunculin A (LA), either before or after the thermal
incubation period. The data revealed that when actin polymeriza-
tion is inhibited by LA prior to mild heat treatment, the
enhanced IL-2 production is lost. However, if actin polymeriza-
tion is inhibited after mild hyperthermia treatment, enhancement
of IL-2 production is still apparent (Fig. 5C). Therefore, the
altered activation requirements and increased IL-2 production
seen following pre-incubation at 39.5°C are dependent upon
actin polymerization.

Exposing mice to mild hyperthermia results in membrane
nanodomain clustering and cytoskeletal redistribution in
lymphocytes

All of the experiments above were conducted 77 vitro. There-
fore, we asked the critical question of whether these phenomena
occurred in lymphocytes in vivo. This was accomplished by rais-
ing the core body temperature of mice into the fever-range by
placing the mice in a warm air environment (as described in
Materials and Methods and prior publications).*® To determine
the specific effects of heat on membrane nanodomain organiza-
tion, CD4+ T cells purified from murine splenocytes of heated
mice were stained with CTxB conjugated to FITC. An Image-
stream flow cytometer, which provides a quantifiable means to
assess morphological as well as phenotypical changes, was then
employed to quantify the percentage of the CD4+ T cell popula-
tion with a particular distribution of surface GM1. Representa-
tive images of cells collected by Imagestream with diffuse GM1
staining versus a clustered GM1 staining are shown in Figure 6A.
By comparing the bright detail intensity feature to aspect ratio,
we found that raising the core temperature of mice to a fever
range for several hours resulted in significantly increased percent-
age of CD4+ T cells with aggregated nanodomains compared to
mice maintained at 37°C (Figs. 6B and 6C). These results are
nearly identical to the results obtained 77 vitro using Imagestream
flow cytometry on heated Jurkat T cells (data not shown).

In addition to domain redistribution, we also investigated
whether mild hyperthermia could alter plasma membrane and
cytoskeletal organization in vive. For this purpose, mice were
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experiments.

again subjected to whole-body hyperthermia (WBH) for
6 hours, increasing their body temperature to 39.3%.1°C.
The mice were then sacrificed and lymph node were removed
and imprinted onto coverslips for in situ co-localization of
the ganglioside, GM1, and the cytoskeletal protein, ankyrin.
In lymph nodes isolated from control (37°C) BALB/c mice
GMI1 and ankyrin exhibited overlapping diffuse staining pat-
terns around the cell surface, while lymph nodes isolated
from mice exposed to WBH displayed subcellular aggregation
of ankyrin (arrows), as well as clustering of GM1 on the cell
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surface (arrowheads) (Fig. 7). It should be noted that the
imprint images are representative of a single focal plane and
that each focal plane from imprints of mice treated with
WBH displayed ankyrin aggregates and GM1 clusters in a
subset of cells. Overall, these results demonstrate that eleva-
tion of the core temperature of mice can induce changes in
plasma membrane and cytoskeletal organization of lympho-
cytes similar to those seen by mild in vitro heating and that
these changes may be associated with more efficient cell
signaling.47
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Discussion

We found that a mild, sus-
tained increase in temperature
not only enhances IL-2 produc-
tion by CD4+4 T cells receiving
the canonical 2 activation signals,
but it also enhances IL-2 produc-
tion under conditions of insuffi-
cient co-stimulation of CD28
that would, if conducted at
37°C, result in greatly reduced
IL-2 production. Even with no
provision of anti-CD28, IL-2
production could still be mea-
sured at 39.5°C, but not at
37°C. Since co-stimulation via
CD28 is considered necessary for
full activation and IL-2 produc-
tion at 37°C, these data suggest
that mild hyperthermia may be
able to mimic at least some of
the responses elicited by CD28-
mediated co-stimulation. How-
ever, the fact that mild heating
could not replace the require-
ment for ligation of the antigen
receptor (Figs. 1A and B) may
represent a very important con-
trol mechanism ensuring that

2349



lymphocyte activation and release of potent cytokines does not
occur during situations in which no antigen is present, e.g., dur-
ing body warming exercise or normal circaidian shifts. Moreover,
the fact that we did not begin to see significant enhancement of
IL-2 production until several hours of heating further reduces the
possibility that routine fluxes in body temperature could signifi-
cantly affect activation requirements.

What are the possible molecular mechanisms by which ambi-
ent temperature influences T cell activation? Numerous studies
show that optimal T cell activation involves reorganization of the
plasma membrane, both in the order of membrane lipids and
membrane cortex associated proteins, such as actin, spectrin, and
vimentin.**>° Moreover, prior studies demonstrate that more
severe hyperthermia (i.e., above 41°C) could also increase mem-
brane fluidy (reviewed in Grimm et al.).**>" Here we provide
evidence that reversible changes in fluidity occur immediately
after exposing cells to mild hyperthermia and we were able to
duplicate these effects using a known membrane fluidizer, 0.5%
ethanol. We also demonstrated that co-stimulation through
CD28 affects membrane fluidization in an identical manner,
which is consistent with earlier publications that used various
other cell types to show that signaling induced changes in plasma
membrane fluidity correlate with that induced by temperature or
solvents and vice-versa.”” > Collectively, these data suggest the
intriguing possibility that heat can replace or mimic CD28
through its ability to alter membrane fluidity.

The observed effects of fever-range hyperthermia on T-cell
stimulation persist over hours indicating that the changes in
lipid fluidity likely modulate the macromolecular order in the
membrane and membrane cortex. Under resting conditions,
distinct macromolecular domains occur in the plasma mem-
brane of T cells, but generally, these individual membrane
domains are only a few nanometers in diameter and difficult
to distinguish by microscopy.”> However, when T cells are
activated using TCR/CD28-receptors at 37°C, distinct mem-
brane domains appear to cluster into larger aggregates that
can be visualized using microscopic methods.””>® Further-
more, it has been previously noted that the geographical
organization and specific composition of membrane microdo-
mains may also be a critical target in the transduction of
thermal signals to the cell.>*>® We observed that CD4+ T
lymphocytes exposed to a mild heating alone exhibit signifi-
cant, yet reversible, clustering of plasma membrane macromo-
lecular complexes (Fig. 4). Very importantly, this effect was
also demonstrated to occur 77 vivo using CD4+ T cells iso-
lated from animals receiving mild whole body hyperthermia
(Fig. 6). Similarly, it has previously been shown that CD28
enhances the clustering of macromolecular signaling platforms
in the plasma membrane, and that CD28s function is actu-
ally dependent on this membrane reorganization. In this way,
perhaps mild hyperthermia and CD28 can each lower the T
cell activation threshold. Whether mild heating acts as a
co-stimulator itself, or through the enhancement of a signal-
ing pathway downstream of CD28 signaling is an important
question resulting from our observations. Our data shows
that the greatest amount of IL-2 is produced when both heat
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and CD28 co-stimulation are used (Fig. 1), suggesting that
there may be some non-overlapping or additive effects of
heat and CD28 ligation in addition to observed similarities.
Previous work by our group has revealed that treatment of
natural killer cells and CD8 T cells with mild hyperthermia
results in a similar clustering of membrane domains and acti-
vating receptors, which may assist with improved cytotoxicity
of tumor cell targets."”>*>° Thus, there is a distinct possibil-
ity that several cell types use a similar strategy to respond to
environmental temperature cues thatinfluence immune cell
functions.

Further, earlier results from our group revealed a significant
increase in the percentage of lymphocytes in spleens and lymph
nodes with clustered cytoskeletal proteins (including vimentin,
spectrin and actin) following systemic mild hyperthermia. >"-%®
Here, using CD4+4 T cells, we demonstrated that mild heating
and ethanol (both of which increased membrane fluidity) caused
an identical rearrangement of ankyrin and spectrin (Fig. 5B). In
addition to the spectrin and ankyrin cyoskeletal systems, actin
polymerization has also been shown to play a prominent role in
cholesterol dependent signal domain aggregation and synapse
formation during T cell activation. > In turn, we looked at
whether blockade of actin polymerization influenced the activat-
ing effects of mild heating and ethanol, and found that in both
cases actin polymerization was necessary for enhancement of IL-2
production (Fig. 5C). These data provide additional support for
the hypothesis that thermal signals influence cytoskeletal reorga-
nization in order to lower the threshold for T-cell activation.

While we have only focused here on the production of IL-2 as
an important and well defined functional endpoint of ligation of
CD3 and CD28, recent research shows that multiple indepen-
dent signals are initiated upon CD28 ligation, including those
involved in T cell metabolism, proliferation, survival, and toler-
ance. Moreover, there are several distinct members of the CD28
family, including those which can inhibit activation such as
CTLA-4 and PD-1.* Determining whether mild heating differ-
entially affects signaling pathways of these various CD28 family
members will be necessary for achieving a more complete under-
standing of how the physiological microenvironment can impact
lymphocyte function.

Finally, the possibility that a sustained increase in temper-
ature could reduce the activation threshold of T lymphocytes
may help to explain multiple studies that demonstrate a sig-
nificant survival benefit associated with fever following infec-
tion in multple vertebrates, including fish, amphibians,
reptiles and mammals'? (e.g., including humans)."® However,
it is very important to point out that hyperthermia (as used
here) differs in several important ways from an actual fever
and that further study is needed to establish how activation
thresholds are influenced during actual infections or tissue
damage in which inflammatory signals may alter the signals
that lymphocytes and other immune cells receive. Further
study may lead to new strategies by which mild heating could
be used therapeutically to improve pathologies, such as
immunosenescence, that are linked to deficiencies in CD28
expression.64
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Methods

Cells, reagents and antibodies

Jurkat T cells (Clone E6-1) and A20 B cell line (ATCC) were
maintained in RPMI1640 with 2 mM L-glutamine, 1.5 g/L
sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, and
10 mM sodium pyruvate, 10% FBS at 37°C with 5% CO,.
Human CD4+ T cells were purified from peripheral blood of
healthy donors and murine CD4+ T cells were purified from the
spleens of CD287'~ mice, and DO11.10 transgenic mice (Jack-
son Labs) by negative selection using Macs isolation kit following
manufacturer’s instructions (Miltenyi Biotech). All procedures
using mice were done with JACUC approval. MBCD (Sigma
Aldrich) and Latrunculin A (Molecular Probes) were used as
described. FITC-conjugated CTxB (Sigma Aldrich), anti-CD3
(Zymed), anti-CD28, anti-spectrin all, and anti-ankyrin G
(Santa Cruz Biotechnology) Alexa Fluor 568 and 488 - F
(ab’), goat anti-mouse IgG (Molecular Probes), FITC-conjugated
anti-CD3, PE-conjugated anti-CD4 (BD PharMingen), PE-con-
jugated anti-CD28 and anti-CD86 (eBioscience) were used for
immunofluorescent staining and flow cytometry.

In vitro heating protocol

Various human and murine CD4+ T cells were incubated at
37°C or 39.5°C by placing culture flasks in incubators main-
tained at the appropriate temperature with 5% CO,. Incubator
temperatures were calibrated and accuracy routinely maintained
by use of a digital thermometer (resolution = 0.1°C; accuracy +
0.3°C). Specific incubation times are described in detail in sup-
plemental materials and in figure legends.

In vivo heating protocol

Whole body hyperthermia (WBH) was administered to mice
to raise core body temperature to 39.5°C. Mice were injected i.p.
with 1.0mL sterile, non-pyrogenic 0.9% saline before WBH to
prevent dehydration. Mice were then placed in preheated cages
without access to water (to circumvent the possibility of water-
induced cooling) and transferred to an environmental chamber
(Memmert model BE500, East Troy, WI), the temperature of
which is adjusted to maintain the animals average core body tem-
perature at 39.5 — 40°C for 6 hours. Body temperatures were
monitored using a microchip transponder (BMDS, Seaford, DE)
implanted subcutaneously into the dorsal thoracic area one week

prior to WBH.

IL-2 ELISA assay

For pre-activation thermal treatments, Jurkat T cells, CD4+ T
cells isolated from HPB, or CD4-+ T cells isolated from CD28/~
mice were incubated at 37°C or 39.5°C for times indicated up to
6 hours then activated by plate-bound anti-CD3 Ab with or with-
out soluble ant-CD28 Ab for 24 hrs at 37°C. Supernatant was
collected and IL-2 cytokine was measured by ELISA as described
above. For cyclohexamide treatment, cyclohexamide (10 wM) was
added to the culture media for the duration of the 6 hour pre-acti-
vation thermal treatment. Cyclohexamide was removed by washing
3 times with pre-warmed media before cells were stimulated and
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IL-2 cytokine was measured by ELISA. CD4+ T cells (5 x 10°)
from the spleens of DO11.10 transgenic mice were incubated as
above and activated by (5 x 10°) A20 cells which had been pulsed
for 1 hour at 37°C with 2 pg/ml OVA323 peptide. After
24 hours at 37°C IL-2 cytokine was measured in the supernatant
as above. For Latrunculin A (LA) treatment, LA was added to the
culture media before and during the 6-hour pre-activation thermal
treatment or for the final hour of the thermal incubation period.
LA was then removed by washing the cells 3 times with pre-
warmed media before cells were stimulated and IL-2 cytokine was
measured by ELISA.

RNA isolation and RT-PCR/qRT-PCR assays

After heat treatment, Jurkat T cells were stimulated with solu-
ble anti-CD3 Ab (0.1 pg/ml) alone or in combination with solu-
ble anti-CD28 Ab (0.1 pg/ml) for various time periods. Total
RNA was isolated with an RNA isolation kit according to the
manufacturer’s instructions (Qiagen). Reverse transcriptase poly-
merase chain reaction (RT-PCR) was performed as follows: 1 pg
RNA was incubated with 500 ng poly(dT) and a mixture of
dNTPs at 65°C for 10 min. Samples were then mixed with
40 U RNaseOUT, 200 U Superscript II reverse transcriptase,
0.02 mmol DTT (Invitrogen). First-strand cDNA synthesis reac-
tions were incubated at 42°C for 50 min and inactivated at 70°C
for 10 min. Samples were stored at —80°C until use. PCR was
carried out in 1x PCR buffer, 75 pmol MgCl,, dNTP mix,
10 pmol of each specific primer, 1 U Taq polymerase (Invitro-
gen), 5% DMSO and 2 wl cDNA with the following specifica-
tions: 35 cycles of denaturation at 94°C for 5 min, annealing at
60°C for 1 min, and elongation at 72°C for 1 min. The primers
(Integrated DNA Technologies Inc.) used were IL-2 sense:
5'-ATG TAC AGG ATG CAA CTC TCT T-3’; IL-2 anti-sense:
5'-GTC AGT GTT GAG ATG ATG CTT TGA C-3'; GAPDH
sense: 5'-CCA CCC ATG GCA AAT TCC ATG GCA-3/;
GAPDH anti-sense: 5'-TCT AGA CGG CAG GTC AGG TCC
ACC-3'. PCR products were separated in a 2% agarose gel in
40 mM Tris, pH 8.1 containing 0.5 pg/ml ethidium bromide
and visualized using the BioDoc-It™ system (UVP Inc.).

Quantitative RT-PCR (qPCR) using Fast Start Universal
SYBR Green Master Mix (Invitrogen) was used to quantify IL-2
mRNA expression, as well as expression of the housekeeping
gene GAPDH. Primer sequences were as follows: IL-2 sense: 5'-
GAA TGG AAT TAA TAA TTA CAA GAA TCC C-3' and IL-
2 antisense: 5'-GAC ACT GAA GAT GTT TCA GTT CTG
T-3'; GAPDH sense: 5'-GTT CGA CAG TCA GCC GCA TC-
3" and GAPDH antisense: 5'-GGA ATT TGC CAT GGG
TGG A-3; (Molecular Probes). Each qPCR reaction was carried
out in a total volume of 25 pl containing 12.5 pl Fast Start Uni-
versal SYBR Green Master Mix (Invitrogen), and the gene-spe-
cific primer set. One g cDNA was added to each reaction well.
qRT-PCR was performed in duplicate using a 7900HT qPCR
thermocycler (Applied Biosystems). The thermal profile con-
sisted of 1 cycle of 90°C for 10 minutes followed by 40 cycles of
95°C for 15 seconds and 60°C for 60 seconds and a dissociation
step of 95°C for 15 seconds and 60°C for 15 seconds. This was
followed by a final hold at 25°C. 7900 HT optics was
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programmed to collect the fluorescence signal from the 60°C pla-
teau. Threshold cycle values were determined from the exponen-
tial phase of amplification using SDS2.3 software (Applied
Biosystems).

Fluorescence Anisotropy Measurements

T cell membrane fluidity was monitored by measuring the
steady-state fluorescence anisotropy of TMA-DPH (Molecular
Probes) following previous recommendations. 21,22

Jurkat T cells were suspended at a concentration of 1-10°cells/
ml of PBS. A cuvette containing 3ml of cell suspension was incu-
bated at the desired temperature. After the cell suspension
reached thermal equilibrium, 5 pl of 1-107> M TMA-DPH was
added to the cuvette. The measurements were performed using a
PTT spectrofluorometer equipped with emission and excitation
polarizers, as well as a thermally regulated sample chamber. The
TMA-DPH anisotropy was calculated from its polarization value
obtained with the excitation and emission wavelengths of 360
and 430, respectively.

When conducting these measurements in stimulated T cells,
the cells were incubated in the presence of antibodies for 6 hours
prior to the measurements. However, temperature and EtOH
concentration altered before  the

were immediately

measurements.

Intercellular Inmunofluorescent Staining

After treating the cells as indicated for 6 hours, they were
adhered to Alcian blue coated coverslips for 10 min, fixed in 2%
formalin for 15 min. For internal staining, cells were fixed, per-
meabilized with 0.2% Triton-X 100 for 5-10 min and blocked
with 4% BSA for 1 hr. Primary antibodies were applied for
1 hour, followed by 30 minutes with the secondary antibodies.
For GMI staining, adhered cells were incubated with 5pg/ml
FITC-CTxB for 30 min at room temperature and mounted onto
slides with mounting media containing DAPI (Vector laborato-
ries). Coverslips were then mounted onto slides with mounting
media containing DAPI (Vector laboratories). The slides were
examined using a Zeiss Axiosktop2 microscope, and the images
were acquired using the manufacture’s software.

ImageStream data acquisition and analysis

Splenocytes were isolated from C57BL/6 mice immediately
following WBH, fixed with 2% PFA, and stained with
FITC-CTxB. Cell images were acquired using an ImageStream
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flow cytometer (Amnis, Seattle, WA) by excitation with a 488-
nm laser, and a time delay integration (TDI) CCD camera.
Ten,000 images were analyzed using ImageStream Data Explora-
tion and Analysis Software (IDEAS). Spectral compensation was
digitally performed on a pixel-by-pixel basis prior to data analy-
sis. In-focus cells were evaluated after gating on live, single cells
based on an aspect ratio near 1 and a low area of the bright field.
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Lymph Node Imprints

Freshly isolated lymph nodes from BALB/c mice were
removed and imprinted on coverslips. Coverslips were fixed, per-
meabilized and immunofluorescently stained for GM1 and
ankyrin as described above. The slides were examined using a
Zeiss Axiosktop2 microscope, and the images were acquired
using the manufacture’s software.

Statistical analysis

Results are expressed as mean and standard deviation.
Student’s two-tailed t test was used for comparing experimental
groups, unless otherwise stated, with p value < 0.05 considered
significant.
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