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Fever is a conserved and prominent response to infection. Yet, the
issue of how CD4 T cell responses are modulated if they occur at
fever temperatures remains poorly addressed. We have examined
the priming of naive CD4 T cells in vitro at fever temperatures, and
we report notable fever-mediated modulation of their cytokine
commitment. When naive CD4 T cells were primed by plate-
bound anti-CD3 and anti-CD28 monoclonal antibodies at moderate
fever temperature (39 °C), they enhanced commitment to IL4/5/13
(Th2) and away from IFNg (Th1). This was accompanied by up-
regulation of the Th2-relevant transcription factor GATA3 and re-
duction in the Th1-relevant transcription factor Tbet. Fever sensing
by CD4 T cells involved transient receptor potential vanilloid cation
channels (TRPVs) since TRPV1/TRPV4 antagonism blocked the fe-
brile Th2 switch, while TRPV1 agonists mediated a Th2 switch at
37 °C. The febrile Th2 switch was IL4 independent, but a
γ-secretase inhibitor abrogated it, and it was not found in
Notch1-null CD4 T cells, identifying the Notch pathway as a major
mediator. However, when naive CD4 T cells were primed via anti-
gen and dendritic cells (DCs) at fever temperatures, the Th2 switch
was abrogated via increased production of IL12 from DCs at fever
temperatures. Thus, immune cells directly sense fever tempera-
tures with likely complex physiological consequences.
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Fever is a hallmark response linking infection, immunity, and
inflammation. Fever induction and maintenance in homeo-

therms involves coordinated interplay among microbial recognition
by the innate immune system, signaling in the hypothalamus via
microbial ligands and/or cytokines, and, subsequent, hypothalamic
signals to the periphery regulating heat generation (1, 2). The fever
response probably provides a survival advantage; even poikilo-
therms show induction of ‘"behavioral fever" (3), and antipyretic
drug usage correlates with greater morbidity in infections (4).
Fever pleiotropically modulates infection outcomes. It reduces

virus replication in cells (5) and increases bacterial susceptibility
to complement-mediated lysis (6). However, uncontrolled fever
is detrimental as in sepsis where lowering core temperature is
beneficial (7). In innate immune cells, fever-range temperatures
increase respiratory burst and bacteriolytic capacities in neu-
trophils and their recruitment (8, 9), the phagocytic abilities of
DCs (10–12) and natural killer cell recruitment, and cytotoxicity
(13). Hyperthermia causes HSP70-dependent enhancement of
lipopolysaccharide (LPS)-mediated NF-κB activation (14).
However, there are fewer studies of the effects of elevated tem-
peratures on adaptive immunity and on innate-adaptive crosstalk.
Fever-range temperatures augment lymphocyte trafficking through
effects on binding activities of both L-selectin and α4β7-integrin
(15–17) and enhance CD8 T cell effector differentiation (18) and
Th17 differentiation (19).

Transient receptor potential channels, particularly, the TRPVs
TRPVs1–4, are known to function as cellular thermosensors (20)
and are expressed in many tissues (21). TRPV1 is a critical
regulator of physiological body temperature and fever outside
the central nervous system (22) and is expressed on cells of the
immune system (21) with functional significance in CD4 T cells
(23), macrophages, and DCs (24). However, the relationship
between temperature and TRPVs in modulating immune cell
functions is unclear.
On this background, we have examined the effects of fever

temperatures on innate-adaptive immune crosstalk. We report
that elevated temperature modulates antigen-presenting cell
(APC)-free activation-induced naive CD4 T cell differentia-
tion by enhancing expression of the transcription factor GATA3.
This switch is dependent on TRPV1 and on enhanced Notch
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Since fever is frequently a response to infection, immune re-
sponses likely occur commonly at fever temperatures. Are fe-
ver temperatures detected by immune cells, what molecular
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cytes detect moderate fever temperature. A TRPV channel-
mediated pathway involving Notch activation leads to a Th2
skewing of the effector T cell response. However, the antigen
presenting dendritic cells that stimulate CD4 T cells, in turn,
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pathways and the functional consequences of this complex
regulatory loop in specific infectious circumstances are, thus,
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activation. However, we find that DCs show TRPV/Notch-in-
dependent enhanced IL12 production at fever temperatures. As
a result, APC-mediated CD4 T cell activation at elevated tem-
peratures does not lead to Th2 differentiation except under IL12
deficit. Thus, immune cells directly sense fever temperatures via
TRPV1 with subsequent complex crosstalk.

Results
Fever-Range Temperatures Shift the Th1/Th2 Balance toward the Th2
Phenotype in Naive CD4 T Cells Differentiating In Vitro. We exam-
ined the effect of mild (38 °C), moderate (39 °C), and severe (40
°C) febrile temperatures on differentiation of naive CD4 T cells
stimulated in vitro. To ensure cell-intrinsic temperature detec-
tion, we used purified mouse naive CD4 T cells (CD4+CD44-
CD25-CD62L+; NCD4T cells; SI Appendix, Fig. S1) responding
in vitro to plate-coated anti-CD3+anti-CD28 monoclonal anti-
bodies (mAbs) without any further differentiation-skewing
modulation of the cultures. Cells primed for 72 h at various
temperatures were rested for 24 h at 37 °C in IL2, restimulated
with plate-coated anti-CD3+anti-CD28 at 37 °C, and cytokine
levels in 24-h culture supernatants measured (SI Appendix, Fig.
S2), ensuring that fever effects were limited to the priming
phase. IFN-γ (IFNg) was measured as a Th1 cytokine, and
interleukin-4 (IL4) and IL13 as Th2 cytokines. Priming at 38 °C
did not alter cytokine commitment, but moderate (39 °C) and
severe (40 °C) fever temperatures significantly enhanced Th2
commitment (Fig. 1 A and B) and reduction in Th1 commitment
(Fig. 1C). Thus, responding NCD4T cells switched commitment
to Th2 between 38 °C and 39 °C.
While in culture, viable cell frequencies were unaffected at

39 °C, but they were modestly reduced at 40 °C (Fig. 1D).
Therefore, subsequent comparisons were between 37 °C and 39
°C priming temperatures.
We confirmed that responding CD4 T cell activation and

proliferation was unchanged between 37 °C and 39 °C. Induction
CD69 and CD25, estimated by qRT-PCR 6-h postpriming, was
comparable at 37 °C and 39 °C (SI Appendix, Fig. S3 A and B).
Cell-surface CD25 expression at 24 h of priming also remained
comparable (SI Appendix, Figs. S3C and S4) as did cell viability
even up to 72 h (SI Appendix, Fig. S3 D and E), IL2 production

by responding CD4 T cells at 24 h (SI Appendix, Fig. S3F), and
the extent of proliferation at 72 h in CFSE-labeled NCD4T cells
(SI Appendix, Fig. S3G).
We also examined if this effect of fever led to effector T cells

expressing both Th1 and Th2 cytokines. After priming as above
at 37 °C or 39 °C and a 24-h rest in IL2 at 37 °C, cells were
challenged with phorbol myristate acetate (PMA)+ionomycin
for 6 h at 37 °C in the presence of brefeldin A and were stained
for intracellular Th1 (IFNg) versus Th2 (IL4+IL5+IL13) cyto-
kines. While IFNg-expressing cells went down and IL4/5/13-
expressing cells went up in frequency upon priming at 39 °C,
there was no increase in Th1+Th2 cells (SI Appendix, Figs. S5 A
and B and S6).
We tested if human NCD4T cells showed a similar fever ef-

fect. Human NCD4T cells purified from healthy volunteer pe-
ripheral blood mononuclear cells (PBMCs; CD4+CD25-
CD45RO) were primed at 37 °C or 39 °C using plate-bound anti-
CD3+anti-CD28 mAbs, followed by a 24-h rest at 37 °C in IL2,
were restimulated with plate-bound anti-CD3+anti-CD28 at
37 °C, and cytokine levels measured in 24-h culture supernatants.
Consistently, human CD4 T cells showed a Th2 switch when
primed at 39 °C with lower IFNg production and higher IL13
production on recall (SI Appendix, Fig. S5C).
Thus, both mouse and human naive CD4 T cells showed Th2-

skewed differentiation when primed in vitro at moderate fever
temperature without any alterations in activation, proliferation,
or cell survival.

Altered Expression Levels of Tbet and GATA3 Transcription Factors
during CD4 T Cell Priming at Fever Temperature. Since the tran-
scription factors Tbet (Tbx21) and GATA3, respectively, regu-
late Th1 and Th2 differentiation trajectories of responding CD4
T cells (25), we examined the effect of fever temperature on the
expression of these factors. Mouse NCD4T cells were stimulated
with plate-coated anti-CD3+anti-CD28 at 37 °C or 39 °C, and
intracellular GATA3 and Tbet protein levels were estimated at
72 h by flow cytometry. GATA3 protein levels were higher and
Tbet levels lower in CD4 T cells primed at 39 °C (SI Appendix,
Fig. S7 and Fig. 2 A and B).

Fig. 1. Effect of fever-range temperatures on effector cytokine programming of naive CD4 T cells (A–C). Levels of IL4 (A), IL13 (B), and IFNg (C) in culture
supernatants of primed and restimulated NCD4T cells at indicated recall concentrations of anti-CD3. NCD4 cells were primed with anti-CD3+anti-CD28 at
indicated temperatures for 3 d, rested at 37 °C for one day, and restimulated at 37 °C for 24 h. Data representative of three independent experiments. Data
shown as mean ± SE unstimulated (unst): cells unstimulated during priming culture and recall. (D) Viable cell proportions after 3 d of activation at tem-
peratures shown. Data representative of three independent experiments. Data shown as mean ± SE. ns, not significant, **P < 0.001, ***P < 0.0001.
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We also measured Gata3 and Tbx21 transcript levels by qRT-
PCR at varying time points during priming. Their transcript
levels showed different trajectories over the 72-h priming period
(Fig. 2 C and D), and fever temperature caused enhanced Gata3
and reduced Tbx21 expression (Fig. 2 C and D).
Since time courses of Tbet and GATA3 induction in responding

CD4 T cells were distinct, we next asked what priming time period
was sufficient for eliciting the temperature-mediated Th2 switch.
Mouse NCD4 T cells were primed with plate-coated anti-
CD3+anti-CD28 at 37 °C or 39 °C for 1 or 2 d and then switched to
the other temperature for the remainder of the 3-d priming period,
while control groups of cells were also primed at 37 °C or 39 °C for
the entire 3-d period (priming scheme shown in SI Appendix, Fig.
S8). After the 3-d priming, cells were rested for a day in IL2 at
37 °C, restimulated with plate-bound anti-CD3+anti-CD28 for 24
h, and cytokine levels determined in culture supernatants
(Fig. 2 E–G). Fever temperature for the first priming day alone was
insufficient for either reduction in IFNg commitment or increased
IL4/IL13 commitment. An additional priming day at 39 °C was,
however, sufficient to mediate a shift to IL4/IL13 commitment.

Nonetheless, fever temperature on the first priming day was es-
sential, although not sufficient for Th2 switching, since shifting cells
to 39 °C after a first day at 37 °C did not lead to any Th2 increase.
However, such a fever exposure after the first day was, indeed,
sufficient to decrease IFNg commitment (Fig. 2 E–G). These
findings were consistent with the early induction of GATA3 and the
relatively later induction of Tbet in these priming cultures.
We also tested if these fever consequences were applicable to

γ/δ T cells by inducing the proliferation and differentiation of γ/δ
T cells from human PBMCs at 37 °C or 39 °C using a specific
ligand for human γ/δ T cells 1-hydroxy-2-methyl-2-buten-4-yl
4-diphosphate (HDMAPP) along with IL2. After 12 d, the cul-
tures were predominantly (>90%) γ/δ T cells, and 39 °C cultures
showed higher messenger RNA (mRNA) levels of GATA3 and
IL13 and lower levels of Tbet and IFNg than 37 °C cultures (SI
Appendix, Fig. S9).

Role of TRPV Channels in Fever Sensing by Responding CD4 T Cells.
We next asked if TRPV channels were involved in thermosensing
during CD4 T cell differentiation. We tested two different
TRPV1 agonists for the ability to phenocopy fever temperature
in Th1/Th2 balance alteration in responding CD4 T cells, capsaicin
(Caps) (26) and a more TRPV1-specific agonist, the double knot
toxin (DkTx) from the earth tiger tarantula (27). When NCD4T
cells were primed using plate-coated anti-CD3+anti-CD28 in the
presence or absence of Caps or DkTx at 37 °C, there was significant
enhancement of IL4 and IL13 commitments and reduction in IFNg
commitment, comparable to that in cells primed at 39 °C
(Fig. 3 A–F). Furthermore, when NCD4T cells were activated at
37 °C for 6 h in the presence or absence of Caps or DkTx, Gata3
expression levels were increased to a similar degree as in cells
primed at 39 °C (Fig. 3 G and H). Thus, TRPV1 agonism phe-
nocopied fever temperature in altering the Th1/Th2 balance of
responding CD4 T cells.
We next asked if TRPV members were actually involved in

fever sensing by responding CD4 T cells. NCD4 T cells were
subjected to activation for 6 h with anti-CD3+anti-CD28 at 37 °C
or 39 °C in the presence or absence of various TRPV inhibitors, and
Gata3 transcript levels were measured. None of the TRPV inhibi-
tors used substantially modified Gata3 expression at 37 °C
(Fig. 4A). However, a pan-TRPV inhibitor, ruthenium red, inhibi-
ted Gata3 up-regulation at 39 °C as did a TRPV1-specific inhibitor
and a TRPV4-specific inhibitor, although a TRPV2-specific inhib-
itor did not do so (Fig. 4A), indicating that TRPV1 and TRPV4
were involved in fever sensing by responding CD4 T cells.
Furthermore, when NCD4 T cells were primed with anti-

CD3+anti-CD28 at 37 °C or 39 °C in the presence or absence of
various TRPV inhibitors for 3 d and their Th1/Th2 commitment
determined, neither TRPV1 or TRPV4 inhibition during prim-
ing altered the Th1/Th2 balance at 37 °C (Fig. 4 B and C), but
inhibition of either TRPV1 or TRPV4 during priming substan-
tially blocked the fever-induced Th2 switch in commitment
(Fig. 4 B and C).
We tested if this involvement of TRPV channels involved fe-

ver temperature-mediated modulation of their expression. When
Trpv1, Trpv2, Trpv3, and Trpv4 gene transcript levels were esti-
mated by qRT-PCR in RNA from unstimulated naive T cells as
well as cells activated at either 37 °C or 39 °C for 3 h, none of the
Trpv genes showed any modulation either by T cell activation or
between 37 °C and 39 °C (SI Appendix, Fig. S10). Thus, fever
temperature sensing in responding CD4 T cells required signal-
ing via TRPV1 and TRPV4.

Role of Notch Signaling in Fever Temperature-Mediated Th2 Switch.
The signaling pathway/s modulated by fever temperature for the
Th2 switch in responding CD4 T cells were of interest. Early low-
level production of IL4 from responding CD4 T cells is signifi-
cant for Th2 commitment (28). Therefore, NCD4T cells from

Fig. 2. Alterations in GATA-3 and T-bet expression levels and cytokine levels
during NCD4 T cell priming at fever temperature (A and B). MFI levels for
GATA3 (A) and T-bet (B) in NCD4 cells primed at indicated temperatures for
3 d, permeabilized and stained. Uns, unstimulated NCD4 cells. Mean ± SE,
n = 4. (C and D) Time kinetics of Gata3 (C) and Tbx21 (D) mRNA up-
regulation at indicated temperatures in NCD4 T cells stimulated with anti-
CD3+anti-CD28. Fold increases over unstimulated NCD4 T cells at 37 °C
shown. Mean ± SE, n = 3–5 for different time points. (E–G) Mouse NCD4 cells
were primed at 37 °C/39 °C for 1 or 2 d before switching to 39 °C/37 °C, rested
for one day, and restimulated. Control groups were primed for 3 d at 37 °C
or 39 °C. Culture superntant concentrations of IL13 (E), IL4 (F), and IFNg (G)
shown. Mean ± SE, n = 4. **P < 0.001; ***P < 0.0001.
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WT and IL4-null mice were primed with plate-bound anti-
CD3+anti-CD28 at 37 °C or 39 °C. At 6 h of activation, fever
temperature led to hyperinduction of Gata3 mRNA expression
in IL4-deficient CD4 T cells as well, albeit at lower levels
(Fig. 5A). When these CD4 T cells were primed for 3 d, the fever
temperature-mediated Th2 cytokine switch also persisted despite
the absence of IL4 (Fig. 5 B and C).
An IL4-independent mechanism mediating Gata3 expression,

the Notch signaling pathway, which induces Gata3 transcription
in CD4 T cells from an upstream start site (29), was next tested
for its involvement in fever-mediated Th2 switching. When
NCD4T cells were primed with plate-bound anti-CD3+anti-
CD28 at 37 °C or 39 °C, RNA extracted 6 h later and various
transcript levels quantified, it was evident that fever temperature
led to hyperinduction of not only Gata3, but also of, at least, one
Notch-target gene Hes1 (30) (Fig. 5D), although the levels of
another Notch-target gene Hey1 were not increased to the same
extent (Fig. 5D), suggesting increased Notch signaling at fever
temperature in responding CD4 T cells.
Notch cleavage by γ-secretase is crucial for activation, and

γ-secretase inhibitors, such as N-[N-(3,5-difluorophenacetyl)-
L-alanyl]-S-phenylglycine t-butyl ester (DAPT) are used to block
Notch signaling (31). We tested if DAPT could block the fever-
mediated Th2 switch in CD4 T cells by priming NCD4T cells
with plate-bound anti-CD3+anti-CD28 at 37 °C or 39 °C in the
presence or absence of DAPT. At 6-h postactivation, DAPT did

not alter Gata3 levels at 37 °C, but, at 39 °C, it significantly
suppressed the hyperinduction of Gata3 as well as of Hes1
(Fig. 5E). When these CD4 T cells were primed for 3 d and

Fig. 3. TRPV activation phenocopies fever-mediated Th2-skewed pro-
gramming of responding NCD4 T cells (A–F). Levels of secreted IL13 (A and
B), IL4 (C and D), or IFNg (E and F) by NCD4 cells primed at 37 °C or 39 °C in
the presence or absence of Caps, panels (A, C, and E) or DkTx (panels [B, D,
and F] and recalled with indicated concentrations of anti-CD3. uns, unsti-
mulated NCD4 cells. Mean ± SE, n = 3. (G and H) Fold increase in gata3mRNA
levels induced by fever temperature, Caps, or DkTx in CD4 T cells activated
for 6 h with plate-bound anti-CD3+anti-CD28. Data normalized to signals
from cells activated at 37 °C. Mean ± SE, n = 3. ***P < 0.0001.

Fig. 4. TRPV1 and TRPV4 are critical for fever-mediated Th2-skewed
reprogramming of responding NCD4 T cells (A). Fold change in Gata3
mRNA levels in the presence or absence of TRPV inhibitors as indicated at 37
°C or 39 °C. NCD4 cells were stimulated for 6 h with plate-bound anti-
CD3+anti-CD28. Fold increases in levels above those in cells activated at 37 °C
without any TRPV agonists are shown. Unt, untreated with any TRPV ago-
nist. Mean ± SE, n = 3. (B and C) Levels of secreted IL13 (B) and IFNg (C) in
24-h culture supertatants after restimulation of NCD4 cells primed at 37 °C or
39 °C in the presence or absence of TRPV1 or TRPV4 inhibitors (Inhb) for 3 d.
Mean ± SE, n = 3. **P < 0.001; ***P < 0.0001.
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functionally tested, it was again apparent that, while DAPT did not
alter the Th1/Th2 balance of commitment at 37 °C, it substantially
suppressed the fever-mediated Th2 switch (Fig. 5 F and G).

We next tested the role of the Notch1 molecule in these events
by priming NCD4T cells from WT or Notch1-deficient mice with
plate-coated anti-CD3+anti-CD28 at 37 °C or 39 °C with or

Fig. 5. Fever-mediated Th2-skewing of activated CD4 T cell programming is IL4 independent but Notch dependent (A). Up-regulation of Gata3 in wild-type (WT)
and IL4−/− NCD4 cells activated at 37 °C or 39 °C with anti-CD3+anti-CD28 for 6 h. Mean ± SE; n = 3. UNS: unstimulated. (B and C) IL13 (B) and IFNg (C) levels in
culture supernatants during recall response of NCD4 T cells from IL4−/− mice primed at 37 °C or 39 °C. Mean ± SE; n = 3. unst: unstimulated. (D) Change in Gata3,
Hes1, and Hey1 mRNA levels of NCD4 T cells activated at 37 °C or 39 °C for 6 h. uns, unstimulated NCD4 T cells. Mean ± SE; n = 3. (E) Change in gata3 and Hes1
mRNA levels of NCD4 T cells activated at 37 °C or 39 °C in the presence or absence of Notch inhibitor DAPT for 6 h. unst, unstimulated NCD4 T cells. Mean± SE; n = 3.
(F and G) IL13 (F) and IFNg (G) levels in culture supernatants during recall response of NCD4 T cells activated at 37 °C or 39 °C in the presence or absence of DAPT.
Mean ± SE; n = 3. (H and I). Change in Gata3 (H) and Hes1 (I) mRNA levels of NCD4 T cells fromWT and Notch1−/− (knockout; KO) mice activated at 37 °C or 39 °C in
the presence or absence of Caps for 6 h. uns, unstimulated NCD4 T cells. Mean ± SE; n = 3. ns, not significant, *P < 0.05; **P < 0.001; ***P < 0.0001.
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without Caps for 6 h, and various transcript levels were quanti-
fied. Notch1-deficient CD4 T cells showed abrogation in the
hyperinduction of both Gata3 and Hes1 mediated by either fever
temperature or by Caps (Fig. 5 H and I).
We also tested if Notch pathway involvement involved fever

temperature-mediated modulation of Notch and/or Notch ligand
gene expression. Transcript levels of various Notch and Notch
ligand genes were measured by qRT-PCR in unstimulated naive
T cells as well as cells activated for 3 h at either 37 °C or 39 °C.
None of these genes showed any substantial modulation either by
T cell activation or between 37 °C and 39 °C with the exception
of Dll1 which was induced by T cell activation but showed no
effect of fever temperature (SI Appendix, Fig. S11).
Together, these data showed that the fever temperature-

induced TRPV1-mediated Th2 switch in CD4 T cells was de-
pendent on activation of Notch1 signaling.

Transcriptional Analysis of Naive CD4 T Cells Stimulated at 37 °C or
39 °C. Since fever temperatures initiated early signaling events
culminating in Gata3 hyperexpression, we also undertook global
gene expression analysis at a very early time point, 3-h post-
activation, using RNA from unstimulated naive T cells as well as
cells activated at either 37 °C or 39 °C (32). While several
thousand genes were differentially expressed in activated cells (at
either temperature) compared to naive T cells (8,350 at 39 °C
and 7,711 at 37 °C; SI Appendix, Fig. S12 and Table S1), the
transcriptomes of activated cells at 37 °C and 39 °C were very
similar (SI Appendix, Fig. S13) with only 445 genes differentially
expressed. Gene set enrichment analysis showed that, as expec-
ted, the major gene ontology term enriched in the fever group
consisted mainly of heat shock-induced chaperones (SI Appendix,
Fig. S13B). The heatmap for normalized read counts for heat
shock proteins (SI Appendix, Fig. S13C) as well as the enrich-
ment plot (SI Appendix, Fig. S13D) showed enrichment of sev-
eral heat shock proteins in the fever group. On the other hand,
several distinct functional terms were down-regulated at 39 °C,
most notably, terms associated with ribosome function and as-
sembly, with membrane targeting of proteins, and with mito-
chondrial oxidative phosphorylation (SI Appendix, Fig. S13 B–E).
When we analyzed the up-regulated and down-regulated genes
separately using the g:profiler tool (33), chaperone-mediated
protein folding was again enriched in the fever group (SI Ap-
pendix, Fig. S13G). Additionally, cell signaling pathways, such as
the mitogen-activated protein kinase, NF-κB, and IL17 signaling
pathways were enriched in the fever group (SI Appendix, Fig.
S13G), some of which have been associated with Th2 differen-
tiation (34, 35). Genes associated with the p53 pathway were
enriched among the genes significantly down-regulated at 39 °C
(SI Appendix, Fig. S13H).

IL12-Dependent Blockade of Fever Temperature-Mediated Th2
Skewing during DC-Mediated T-Cell Priming. Our experiments so
far used APC-free NCD4T cell stimulation via plate-coated anti-
CD3+anti-CD28. However, physiological T cell activation in-
volves APCs, particularly, DCs. Fever temperatures modify DC
behavior, and LPS-activated DCs produce larger amounts of
IL12 at fever temperatures (36). We next examined the possi-
bility of interestingly complex fever-mediated modulation of T
cell-APC cross talk.
Using T cell receptor (TCR)-transgenic mice expressing the

OTII TCR recognizing a chicken ovalbumin peptide (OVA323-
329; Ova2) with major histocompatibility complex class II (H2-
Ab), OTII NCD4T cells were either primed with plate-bound
anti-CD3+anti-CD28 at 37 °C or 39 °C without APCs or with
congeneic C57BL/6 bone marrow-derived DCs (BMDCs) in
coculture along with Ova2 peptide at 37 °C or 39 °C for 3 d.
Responding CD4 T cells were then separated, rested for a day in
IL2, and restimulated with homologous stimuli either plate-

bound anti-CD3+anti-CD28 or DCs pulsed with titrating dose
of Ova2 peptide (SI Appendix, Fig. S2) at 37 °C for 24 h to
measure cytokines in culture supernatants. OTII CD4 T cells
primed with DCs+Ova2 peptide at 37 °C and 39 °C showed
equivalent levels of IL13 commitment (Fig. 6A), indicating no
fever-induced Th2 switch. Instead, they showed modest en-
hancement of IFNg commitment at fever temperature (Fig. 6B).
We next tested a role for IL12 in this situation. OTII

NCD4T cells were activated with DCs and Ova2 peptide at 37 °C
or 39 °C for 6 h, T cells and DCs separated by sorting, and rel-
ative IL12p40 mRNA expression levels assessed using qRT-
PCR. IL12p40 mRNA expression was found only in DCs and
not in T cells, and IL12p40 levels in DCs were significantly
higher at 39 °C than at 37 °C (Fig. 6C).
It was, thus, likely that more IL12 from fever-exposed DCs

blocked fever-induced Th2 switching in responding T cells.
Recombinant IL12 (rIL12), added to NCD4T cells primed with
plate-bound anti-CD3+anti-CD28 at 37 °C or 39 °C without
APCs, blocked the fever-mediated Th2 switch (Fig. 6 D and E).
Furthermore, neutralizing anti-IL12 monoclonal antibody,
added in the OTII NCD4T cell+DC+Ova2 priming cultures at
37 °C or 39 °C, showed little effect on the Th1/Th2 balance
achieved at 37 °C but led to substantial Th2 shift at 39 °C even in
DC-driven T cell activation (Fig. 6 F and G).
We also examined outcomes of priming CD4 T cells using non-

IL12-producing APCs other than DCs by using LPS-activated B cell
blasts or DCs as APCs to prime OTII NCD4T cells with Ova-2
peptide at 37 °C or 39 °C. When culture supernatants from these
3-d cultures were tested for IL12, it was observed that IL12 was
detectable only in DC-containing cultures, and fever temperature
led to enhanced IL12 production (Fig. 6H). When the responding
CD4T cells from these cultures were rested in IL2 for 24 h and
restimulated at 37 °C with DCs and Ova-2 peptide, the fever-
associated enhancement of IL13 commitment was evident in
primed T cells from LPS-B cell blast-driven cultures but not as
expected in those from DC-driven cultures (Fig. 6 I and J).
These results showed that the fever-mediated Th2 switch was

abrogated in the presence of IL12-producing APCs, suggesting
that fever temperatures can induce a number of interacting ef-
fects on different cell types, leading to complex emergent out-
comes depending on the precise local circumstances involved.
The complexity of these interactions would depend on whether
or not the same signaling pathways were involved in fever sensing
in T cells versus APCs. We, therefore, tested if Caps as a TRPV
agonist could mimic the effects of fever temperature on IL12
expression from activated DCs and if the γ-secretase inhibitor
DAPT could modify these effects. While LPS-mediated DC ac-
tivation led to enhanced IL12 production at 39 °C compared to
37 °C, Caps did not show such an effect nor did DAPT affect the
enhanced IL12 response of LPS-activated DCs at fever tem-
perature (SI Appendix, Fig. S14), indicating that fever sensing by
DCs was unlikely to involve the TRPV or Notch pathways.

Modulation of Th1/Th2 Balance in CD4 T Cell Responses In Vivo. Thus,
CD4 T cells sensed fever via TRPVs with resultant Th2 differ-
entiation, while DCs sensed fever independent of TRPVs and
modified Th2 differentiation direction via IL12. We next exam-
ined if fever could modulate the direction of CD4 T cell re-
sponses upon in vivo immunization. Most pyrogenic triggers
(such as LPS) alter priming microenvironments in fever-
independent ways, making interpretation difficult. Therefore,
we used two separate interventions in vivo. First, we used Caps
treatment along with immunization to examine TRPV-mediated
modulation. Second, since fever responses in vivo require pros-
taglandin E2 binding to hypothalamic neuronal EP3 receptors
(37), we used sulprostone, a strong and relatively specific EP3
agonist (albeit with weak EP1 agonism) (38) in vivo along with
immunization to look for any alteration of the resultant Th1/Th2
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balance. Mice were immunized subcutaneously (s.c.) with Ova
with alum as the adjuvant, so as to minimize the role of IL12
(39). Seven days later, draining lymph node cells were restimu-
lated with Ova, and IL13 and IFNg levels in culture supernatants
determined. In preliminary experiments, while IL13 levels
remained unchanged, IFNg levels showed a trend to decline in

mice treated with either Caps or sulprostone with an increase in
the IL13/IFNg ratio as the Th2/Th1 balance (SI Appendix, Fig.
S15), although only the sulprostone group showed statistically
significant changes. These data validated, to some extent, the
physiological significance of the findings in vitro.

Discussion
Since fever responses to infection are ubiquitous (40), it appears
plausible that there would be immunological consequences of
fever. Yet, most studies of fever-mediated modulation of im-
mune responses address innate immune cells, although there has
been recent work on T cells (18, 19). Our data now show that
moderate fever substantially modifies naive CD4 T cell re-
sponses via TRPV family members, such as TRPV1 and TRPV4,
and that Notch signaling is a major pathway downstream of
thermosensing driving the change in differentiation. Thus, CD4
T cell responses generated during fever would be expected to
show a Th2 shift as, indeed, they can do in vivo. However, our
data with APC-mediated priming complicate this scenario since
fever also induces increased IL12 production from APCs, leading
to Th2 skewing blockade consistent with previously reported
findings in vivo (36). In effect, the extent of fever and the relative
availability of IL12-making APCs would together constitute a
complex matrix determining a number of possible outcomes,
providing flexibility.
It is notable that fever temperatures compatible with organ-

ismal viability do not change gross parameters of CD4 T cell
responses; neither activation nor proliferation are significantly
affected, and cell viability is only marginally affected at severe
fever levels. Thus, the fever response of responding CD4 T cells
is a highly specific modulation. It is interesting to speculate on
the selection pressure for the evolution of a fever-responsive
TRPV-Notch pathway in T cells.
Our data showing that responding CD4 T cells distinguish

between 38 °C and 39 °C for triggering this pathway generate
another dimension of this evolutionary question. Both species we
have tested, mouse and human, have approximately similar
normal body temperatures. Do other homeotherms show such
responses, and are they finely calibrated to detect the distinctions
between the normal versus the fever temperatures for each
species? In fact, does the much wider temperature tolerance of
poikilothermic animals and their propensity to "behavioral fever"
(3) lead to any differences in the fever behavior of their T cells?
Central to these issues is the question of the identity of the
molecular sensors that initiate this response. It is surprising that,
even in the extensive studies addressing innate immune function
modification by fever temperatures, this question has not been
rigorously addressed.
Our data strongly suggest that TRPV family members, par-

ticularly, TRPV1 and TRPV4, are involved in CD4 T cell ther-
mosensing. In addition to Caps, the DkTx toxin, widely
acknowledged to be TRPV1-specific, phenocopies the effects of
fever temperature, and a TRPV1 antagonist blocks the effects of
fever temperature, although this issue remains to be formally
proven with genetically Trpv1-deficient T cells. This effect likely
does not involve modulation of TRPV expression levels since
those are unaltered by either T cell activation or by fever tem-
perature. The involvement of both TRPV1 and TRPV4 may be
significant. Current understanding of TRPV1-mediated ther-
mosensing involves detection of somewhat higher temperatures
from 41 °C (41), while the thermal threshold of TRPV4 is ∼30 °C
(42, 43). How do TRPV1 and TRPV4 detect and respond to
39 °C, and what is the structural basis of such detection? TRPVs
function as calcium channels (44), calcium signaling is important
for Th2 commitment (45), and both TRPV1 and TRPV4 have
been shown to function in CD4 T cells to modify TCR-mediated
signaling (23). The ion channel TRPV1 regulates the activation
and proinflammatory properties of CD4(+) T cells (23, 46–48).

Fig. 6. Fever-mediated Th2-skewed programming of responding CD4 T cells is
blocked by fever-mediated IL12 production from APCs (A and B) IL13 (A) and
IFNg (B) levels in culture supernatants during recall response of OT-II NCD4
T cells when activated at 37 °C or 39 °C in the presence of BMDCs and Ova2
peptide. Mean ± SE; n = 3. (C) Change in IL12p40 mRNA levels of different cell
types either cultured alone or purified from cocultures as indicated after acti-
vation at 37 °C or 39 °C for 6 h. mRNA levels for DCs were normalized to
unstimulated BMDCs cultured at 37 °C whereas those for T cells were nor-
malized to unstimulated NCD4 T cells. Mean ± SE; n = 3. (D and E) IL13 (D) and
IFNg (E) levels in culture supernatants during recall response of OT-II NCD4
T cells when activated at 37 °C or 39 °C with plate-bound anti-CD3+anti-CD28
with or without added rIL12 during priming. Mean ± SE; n = 3. (F and G) IL13 (F)
and IFNg (G) levels in culture supernatants during recall response of OT-II NCD4
T cells when activated at 37 °C or 39 °C in the presence of BMDCs and Ova2
peptide with or without anti-IL12 added during priming. Mean ± SE; n = 3. (H)
IL12 levels in culture supernatants during recall response of OT-II NCD4 T cells
when activated at 37 °C or 39 °C in the presence of either BMDCs or LPS-
activated B cells as APCs and Ova2 peptide during priming. Mean ± SE; n =
3. (I and J) IL13 (I) and IFNg (J) levels in culture supernatants during recall re-
sponse of OT-II NCD4 T cells when activated at 37 °C or 39 °C in the presence of
either BMDCs or LPS-activated B cells as APCs and Ova2 peptide during priming
cultures. Mean ± SE; n = 3. **P < 0.001; ***P < 0.0001.
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There is also evidence from other cell lineages that TRPV1 and
TRPV4 can function in tandem with each other whether via
heterodimerization or by mutual regulation of expression and/or
signaling (49, 50). Since the TRPVs are involved, our data also
bring up an interesting dimension of TRPV evolution so as to
enable appropriate fever responses in species with different
normal and fever temperatures.
Our data indicate that fever-induced TRPV-Notch-mediated

modulation of GATA3 expression is a specific and major path-
way for Th2 switching of CD4 T cell responses. However, this is
not the only fever-mediated modulation to be detected in
responding CD4 T cells. While it is tempting to ascribe the
down-modulation of Tbet to the known reciprocal regulation by
enhanced GATA3 levels (25), our time-course data showing that
shifting responding CD4 T cell from 37 °C to 39 °C on the
second day of priming reduces IFNg commitment without en-
hancing IL13 commitment suggest that there may be yet more
subtle fever-mediated modulations that remain to be found,
possibly, as a consequence of the early global transcriptomic
differences that we have observed.
The Notch signaling pathway can induce Gata3 transcription

in CD4 T cells independent of IL4 (25). Our data using a
γ-secretase inhibitor as well as CD4 T cells from Notch1-
deficient mice clearly show that Notch1 signaling is crucial for
fever- and TRPV1-mediated hyperinduction of Gata3 expression
and Th2 skewing, although formal demonstration of Notch1
activation by detection of its active component as well as detailed
examination of the activation, proliferation, and differentiation
of Notch1-deficient T cells at fever temperature remain to be
performed. Notch activation, at least, as measured by Hes1 ex-
pression is not really notable at 37 °C yet is prominent at 39 °C.
The obvious question brought up by these data is the basis for
Notch1 activation at fever temperature especially since these are
homotypic responding CD4 T cell cultures with no other cell
type involved. So, are Notch ligands and/or Notch1 itself
expressed at higher levels at fever temperatures on T cells? This
is unlikely since fever temperature did not modulate transcript
levels for any of them. Notch pathway activation upon TCR-
mediated stimulation has been extensively shown in homoge-
nous T cell populations with debate about whether this is initiated
by ligand-dependent or ligand-independent Notch activation (51,
52). Thus, it is possible that fever- and TRPV-mediated signals
may induce Notch1 activation, possibly, dependent on alteration
of its trafficking during endocytotic recycling, a phenomenon
recently reported in a number of situations (53–55) especially
since TRPV channels are known to be regulators of endocytotic
trafficking (56).
Our RNA-sequencing (RNA-seq) analysis at 3 h of activation

provides a more global snapshot of fever-induced modulation of
the gene expression landscape. Clearly, heat shock protein
mRNAs were major transcripts prominent in fever. A recent
study found fever-mediated enhancement of polarized Th17
differentiation (19) and suggested heat shock protein involve-
ment in this effect. Interestingly, our pathway analysis also finds
up-regulation of the Th17 signaling pathway at febrile temper-
ature even in our unpolarized priming conditions. The roles heat
shock proteins might play in the Th2 differentiation we observe
remain to be investigated. Another interesting class of mRNAs
that show relatively lower levels at febrile temperature are those
of mitochondrial proteins, and mitochondrial function is im-
portant for the activation and fate determination of T cells (57).
Furthermore, T cell activation is associated with immediate up-
regulation of ribosomal proteins with increased ribosome bio-
genesis and translation potential (58). While ribosome biogen-
esis does increase at febrile temperature when compared to
unstimulated naive T cells, these levels are significantly lower
than at 37 °C, although it is unclear if such changes in ribosome
biogenesis play any role in T cell fate determination.

LPS-activated DCs have been shown to produce higher levels
of IL12 at fever temperatures (36), IL12 is a contributory signal
for Th1 commitment (59), and, in fact, it has been reported that
CD4 T cell responses in vivo at fever temperatures tend to show
a Th1 bias (10, 60), in contrast to our data with APC-free
priming of CD4 T cells in vitro. Our data using APC-based
CD4 T cell priming in vitro confirmed this since fever temper-
ature did not induce a Th2 switch during DC-mediated priming;
instead, there was a modest enhancement of IFNg commitment.
Our data also show that when DCs and responding CD4 T cells
interact, DCs produce substantial amounts of IL12, and this IL12
induction is further enhanced by fever as previously shown (10).
However, IL12 blockade or use of non-IL12-producing APCs
was sufficient for fever-mediated Th2 switching to occur even in
APC-based priming.
Together, these data indicate that fever temperatures in vivo

are likely to induce a Th2 switch in responding CD4 T cells, but
this outcome is likely to be modulated further by the presence
and concentration of IL12 in the microenvironment. A major
question is as follows: How relevant are these in vitro phenom-
ena in vivo, especially given the likely complexity indicated by
our finding that, while CD4 T cells sense fever via TRPV1 and
shift their commitment toward GATA3 using the Notch path-
way, while DCs sense fever independent of TRPV1 and Notch
and redirect responding CD4 T cells away from GATA3 via
IL12? We used immunization in vivo with alum as an adjuvant
using the reported finding that alum tends to antagonize IL12
production from DCs (39) so as to minimize the role of IL12 in
the immunization. Under these circumstances, both Caps and
sulprostone, an EP3 agonist with nonimmune pyrogenic effects,
tended to shift the resultant T cell responses in vivo toward Th2
commitment, although, in our experiments, so far only the
sulprostone-mediated modulation was statistically significant.
Thus, it is entirely plausible that our findings have functional

significance in vivo. Clearly, a quantitative balance in the CD4 T
cell-intrinsic versus DC-mediated fever effects would be expec-
ted to give rise to a tuning of the Th1/Th2 balance generated
in vivo under febrile conditions. The fact that the fever-sensing
pathways in CD4 T cells and DCs are different would contribute
to a complex matrix of potential interactions and outcomes.
Furthermore, our findings of a Th2 shift in CD4 T cells primed
by B cell APCs at fever temperature raises even more complex
possibilities in vivo. While B cells do not commonly function as
priming APCs in vivo for CD4 T cells, they have, indeed, been
reported to do so in a number of specific situations, such as with
a nanoparticle-mediated immunogen (61), as well as in infectious
situations in which febrile responses would be expected, such as
in the priming of follicular helper T (Tfh) cells in lymphocytic
choriomeningitis virus (62) and malarial infections (63). This
raises interesting possibilities of fever-driven modulatory inter-
actions shifting resultant Th1/Th2 balances with consequences
for infection outcomes. Clearly, the evolutionary genesis, mo-
lecular mechanisms, and functional consequences of these
complex pathways of fever temperature sensing in CD4 T cells
differentiating in response to immune activation in specific in-
fectious circumstances are likely to be of great interest.

Materials and Methods
Mice. All mouse strains (details in the SI Appendix) used were from the
Jackson Laboratory, Bar Harbor, ME, USA, and maintained in the Small
Animal Facility of the National Institute of Immunology. Mice of either sex
aged 6–10 wk were used for all experiments. Mice were euthanized by
cervical dislocation when indicated. All experiments used three to six mice
per group.

Mice were maintained and used in accordance with the guidelines and
with the prior approval of the duly constituted Institutional Animal Ethics
Committee of the National Institute of Immunology.
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Mouse Immunization and Restimulation Assays.Mice were immunized s.c. with
OVA in alumwith daily sulprostone, Caps, or vehicle as indicated. On day 7, cells
from draining lymph nodeswere OVA stimulated in vitro, and levels of IL13 and
IFNg in the culture supernatants were assayed (details in the SI Appendix).

PBMCs. PBMCs were separated by density gradient centrifugation from ve-
nous blood collected from healthy young adult volunteers of either sex (age
range 23–30 y) after consent.

All human experiments were carried out in accordance with the guidelines
andwith the prior approval of the duly constituted Institutional Human Ethics
Committee of the National Institute of Immunology, New Delhi, or the Indian
Institute of Science Education and Research (IISER) Ethics Committee for
Human Research (IECHR) of the IISER, Pune.

Flow Cytometric Purification of Naive CD4 T Cells.Mouse naive CD4 T cells were
sorted as CD4+CD44-CD62L+CD25-, while naive human CD4 T cells were sorted
as CD4+CD45RO-CD25 under sterile conditions (details in the SI Appendix) (BD
FACSAria III; BD Biosciences, CA). Sorted populations showed >95% purity.

Priming and/or Restimulation of CD4 T Cells In Vitro. These assays were per-
formed as previously described (details in the SI Appendix). Briefly, naive CD4
T cells were activated by plate-coated anti-CD3 and anti-CD28 for 72 h at
temperatures as mentioned. Cells were then harvested, rested in IL2 for 24 h
at 37 °C, and used for subsequent recall assays at 37 °C. For detection of
intracellular cytokines and transcription factors, cells were treated with
phorbol myristate acetate and ionomycin for 6 h and brefeldin A for the last
3 h before permeabilization and staining with anti-cytokine and anti-TF
antibodies. For analyzing secreted cytokines, cells were restimulated as in-
dicated for 24 h, and cytokines were assayed in culture supernatants.

Human naive CD4 T cells were similarly primed, using 50 international
units/mL IL2 during the rest period.

For experiments to test γ/δ T cells, an earlier published protocol (details in the
SI Appendix) was used with further optimization. PBMCs were incubated with IL2
and HDMAPP in 24-well plates. Cells were supplemented with IL2 every third
day, subcultured on day 6, and harvested on day 12 and processed for qRT-PCR.

For priming TCR-transgenic OTII naive CD4 T cells, Ova2 peptide and
syngeneic BMDCs prepared as described below were used as alternative to
anti-CD3 and anti-CD28 as above both for priming and for restimulation.

RNA-Seq Analysis of Activated CD4 T Cells. Naive CD4 T cells were purified as
above from C57BL/6 mice, activated with plate-bound anti-CD3+anti-CD28 as
above at 37 °C or 39 °C for 3 h, and subjected to RNA-seq analysis (details in
the SI Appendix).

Generation of BMDCs and LPS-Activated B Cell Blasts. Mouse BM cells were
cultured with granulocyte/macrophage colony-stimulating factor to obtain
BMDCs (details in the SI Appendix), which were either used in T cell priming
assays as above or were stimulated with LPS and supernatants tested for IL12
secretion.

Spleen cells were stimulatedwith LPS for 60 h, live cells isolated, confirmed
to be >90% B cells, and used as APCs where indicated.

Enzyme-Linked Immunosorbent Assays for Cytokines. As described previously,
secreted cytokines were detected by commercially available cytokine de-
tection kits (eBiosciences; details in the SI Appendix).

Flow Cytometric Staining and Data Analysis. Staining and data analysis were
performed as described previously (details in the SI Appendix). Flow cyto-
metric data were collected (FACSVerse; BD Biosciences) and analyzed with
FlowJo software (Treestar, Ashland, OR).

qRT-PCR Assays. The qRT-PCR reactions were performed (Eppendorf Mas-
tercycler or Bio-Rad CFX96) for a total of 30–40 cycles as described previously
(details in the SI Appendix). Cycle threshold (Ct) values obtained were nor-
malized with L7/GAPDH (mouse)/18S (human) values, and ΔΔCt values were
calculated (details in the SI Appendix) and plotted to show enhancement in
the signal above unstimulated T cell values.

Statistical Methodology. For statistical analysis, Student’s t test or two-way
ANOVA test were used as indicated. Values of P < 0.05 were considered
statistically significant.

Data Availability. The RNA-seq data generated and analyzed in the paper
have been made available by submission to the Gene Expression Omnibus
(GEO) database, https://www.ncbi.nlm.nih.gov/ (accession no. GSE152757).
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