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T cell help in humoral immunity includes interactions of B cells
with activated extrafollicular CD4+ and follicular T helper (Tfh)
cells. Each can promote antibody responses but Tfh cells play crit-
ical roles during germinal center (GC) reactions. After restimulation of
their antigen receptor (TCR) by B cells, helper T cells act on B cells via
CD40 ligand and secreted cytokines that guide Ig class switching.
Hypoxia is a normal feature of GC, raising questions about molecular
mechanisms governing the relationship between hypoxia response
mechanisms and T cell help to antibody responses. Hypoxia-
inducible factors (HIF) are prominent among mechanisms that medi-
ate cellular responses to limited oxygen but also are induced by lym-
phocyte activation. We now show that loss of HIF-1α or of both
HIF-1α and HIF-2α in CD4+ T cells compromised essential functions
in help during antibody responses. HIF-1α depletion from CD4+

T cells reduced frequencies of antigen-specific GC B cells, Tfh cells,
and overall antigen-specific Ab after immunization with sheep red
blood cells. Compound deficiency of HIF-1α and HIF-2α led to humoral
defects after hapten-carrier immunization. Further, HIF promoted
CD40L expression while restraining the FoxP3-positive CD4+ cells in
the CXCR5+ follicular regulatory population. Glycolysis increases T
helper cytokine expression, and HIF promoted glycolysis in T helper
cells via TCR or cytokine stimulation, as well as their production of
cytokines that direct antibody class switching. Indeed, IFN-γ elabora-
tion by HIF-deficient in vivo-generated Tfh cells was impaired. Collec-
tively, the results indicate that HIF transcription factors are vital
components of the mechanisms of help during humoral responses.
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During humoral immune responses, some antigen (Ag)-
activated CD4+ T cells partner with proliferating B cells

and provide help to the B cell that directs Ab class switching and
guides differentiation of Ab-secreting plasma cells as well as the
properties of the B cell Ag receptor (1, 2). Activated T cells may
interact with B cells in an extrafollicular environment or enter
germinal centers (GCs) (2–4). Differentiation of effector T cell
subsets is regulated in part by specific cytokines (5, 6), leading to
production of cytokines that then direct Ab class switching to spe-
cific isotypes. In addition, after T cell activation via the Ag receptor
(TCR), follicular T helper (Tfh) cells can form functionally distinct
subsets that migrate deep into B cell follicles and occupy specialized
niches in secondary lymphoid organs. Among helpers, sustained
interactions of an activated CD4+ T cell with a compatible B cell,
along with costimulation via inducible costimulator (ICOS) (4) and
cytokines such as IL-6 and IL-21 (7–9) can stably induce and
maintain Tfh cells and high levels of the transcription factor BCL6,
which directs follicular helper (Tfh) and GC Tfh programs (10–12).
To heighten Ab affinity and improve the yield of long-lived plasma
cells after immunization, GC B cells undergo iterative cycles of

proliferation in the GC dark zone and selection via competition for
restimulation by a limiting pool of specialized GC Tfh cells in the
light zone (LZ) (2, 13). This process promotes further diversification
of Ab specificities through somatic hypermutation (SHM). GC B cells
either die or differentiate into memory B cells or short- or long-lived
Ab-secreting plasma cells, of which the latter sustain Ag-specific Ig
concentrations in the serum (14, 15). However, although increasing
SHM can potentiate the affinity of the B cell receptor for the Ag, at
the same time it enhances the risk of self-reactivity (16, 17). Since Ab
stemming from extrafollicular responses can influence Ag in the GC
(18), precisely balanced regulation of both extrafollicular help and
Tfh cell function in GC is an important feature of optimal humoral
responses. Thus, excesses in Tfh cells unleashed by molecular per-
turbations intrinsic to the T cell lineage can cause sustained breaches
of tolerance and IgG2c-dependent, auto-Ab–mediated pathologies
(17, 19–21).
Consistent with the importance of modulating help to B cells,

another aspect of follicular CD4 T cells is that both helper and
suppressive or inhibitory cells exert influences on Ab output (21–
24). GC Tfh cells are defined by particularly high expression of
the transcription factor BCL6, and all Tfh express PD1, CXCR5,
and ICOS at their plasma membrane (2). Following restim-
ulation of their Ag receptor, helper T cells display CD154, a
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stimulatory ligand for CD40 on the GC B cells (25). Several
cytokines also influence the nature of T cell help and the GC,
although papers with different approaches have yielded varied
degrees of requirement or potential functional redundancy.
Impaired formation and persistence of Tfh in T cell-specific IL-
21R–deficient mice along with other findings suggest that an
initial capacity to produce IL-21 can lead to an autocrine loop
that stabilizes high BCL6 and the Tfh phenotype (7, 9, 26). Al-
ternatively, IL-21 and IL-6 may be functionally redundant in
some settings (8). At the same time, functional help to B cells
appears to be restrained by T follicular regulatory (Tfr) cells,
subsets of FoxP3+ regulatory T cells (Treg) that express CXCR5
(21–24). While the output data support inhibitory functions of
regulatory cells, it is less clear whether GC can expand further in
their absence (27, 28). Moreover, although IL-21 and/or IL-6
may promote follicular help, at least later after an immune
challenge IL-2 restrains Tfh via STAT5 (29–31).
The activation of PI3K by ICOS is required for follicular help

(32), whereas strong PI3K signaling is thought to inhibit Treg
(33). Multiprotein complexes containing the serine/threonine
(S/T) kinase mechanistic target of rapamycin (mTOR) are crucial
effectors downstream from PI3K (34). IL-2–induced PI3K can
act through mTOR complex 2 (mTORC2) and its S/T kinase
target AKT to inhibit regulatory cells (34, 35). Using inactivation
of Rictor in postselection T cells we showed that this essential
component of mTORC2 is required for optimal Ab responses
(35); this effect has been shown to involve Tfh defects (36–38).
In parallel, IL-2–induced mTORC1 activity inhibited follicular
help (38), whereas complete loss of function for Raptor in T cells
decreased Tfh (36). The impact of this signaling branch on T cell
help and on the GC is further complicated by findings indicating
that mTORC1 promotes the generation and function of Tfr (39)
and evidence that in some settings Tfr enhance aspects of GC
function (27). As such, each of the mTOR signaling branches
downstream from PI3K is well established as an important me-
diator of follicular help but aspects of the signaling effectors
downstream from mTOR, as well as regulators of Tfh–Tfr bal-
ance, remain to be elucidated.
Intravital labeling recently revealed that most GCs have an

area with hypoxic B cells that localized predominantly to the
CD35+ LZ of the GC (40, 41). Pathological states commonly
create hypoxia (42, 43), which also can arise during normal
physiology and is a central regulator of erythroid mass (44).
Accordingly, cells draw on several molecular programs to re-
spond to localized decreases in oxygen availability, among which
the hypoxia-inducible factors (HIF) 1 and 2 are prominent and
implicated in mitigating risks of excessive inflammation (42, 43,
45). Both HIF-1 and -2 are heterodimeric transcription factors
composed of an oxygen-dependent α subunit and a constitutively
expressed β subunit (45–47). Under hypoxic conditions, the α
subunit accumulates due to a decrease in the rate of proteolytic
degradation, and the resulting heterodimerization of α and β
subunits promotes transactivation. Of the two HIF α isoforms,
HIF-1α and HIF-2α, HIF-1α is ubiquitously expressed whereas
HIF-2α is more tissue- and cell type-specific and is especially
expressed in lymphocytes and macrophages (47, 48). Importantly,
while HIFs were discovered along with the canonical mechanism of
their induction through regulation of gene transcription, mRNA
translation, and oxygen-sensitive posttranslational stability, it is now
recognized that they can be induced and function in oxygen-
sufficient conditions—including in lymphocytes (49). Accordingly,
we tested if the capacity of activated CD4 T cells to express HIF
proteins impacts help to responding B cells and the ultimate qual-
ities of Ab in humoral immunity. These analyses identified effects
attributable to HIF-2 as well as HIF-1. As outlined above, it is well
established that metabolic flux influences mTOR and thereby im-
pacts the differentiation and function of cytokine-secreting CD4+

T cells, Tfh, and Tfr. Moreover, at least in CD8 T cells HIF-1α and

hypoxia each influence IFN-γ production (49). Inasmuch as loss-of-
function findings reported herein showed that absence of HIF al-
tered Ab responses we further explored three issues. First, we tested
if either HIF might be downstream from mTORC1 or mTORC2
(i.e., could loss of Raptor or Rictor influence steady-state HIF
α-subunit stabilization in activated CD4 T cells?). Second, we in-
vestigated the relationship among HIF, hypoxia, and metabolism in
responding to stimuli. Since T cell help to B cells—andGC biology—
involve TCR stimulation we tested if the absence of HIFs altered
metabolic output of CD4 T cells and also investigated the effects of
cytokines that promote (IL-6 and IL-21) or restrain (IL-2) Tfh.
Finally, based on our findings about the alterations in class-switched
Ab, we tested how HIFs and hypoxia impacted output of the cy-
tokines that regulate isotype choice by B cells.

Results
mTOR Dependence of HIF Levels in Activated CD4 T Cells. Tfh and Tfr
cells are regulated by mTOR complexes 1 and 2 (36, 37, 39),
which are downstream from TCR signaling complexes as well as
costimulatory molecules such as ICOS, whose capacity to in-
crease PI3K activity is essential for GC reactions (32). Based on
evidence that mTORC1 can increase the level of Hif1a mRNA
(50), we tested first whether the T cell and mTOR activation that
are central to helping B cells might impact HIF transcription
factors even in nonhypoxic conditions. To do so, we quantified
how loss of Raptor or Rictor, essential subunits of mTORC1 and
mTORC2, respectively, from CD4 T cells impacted each HIF
α-subunit–encoding mRNA by qPCR. This analysis indicated
that Hif1a and Epas1 mRNAs were regulated by mTORC1 and 2
(Fig. 1A). HIF may be induced principally via translation effi-
ciency or posttranslational stabilization, so we tested if either
mTOR complex regulates steady-state levels of HIF-1α or HIF-
2α protein after activation of CD4+ T cells. Immunoblotting of
Rictor- or Raptor-deficient CD4 T cells showed that each of
these complexes regulates the level of HIF-1α protein induced by
TCR and costimulation of these primary lymphocytes (Fig. 1 B
and C). In addition, HIF-2α also was reduced in Rictor-deficient
CD4 T cells compared with WT controls (Fig. 1B) but was un-
affected by lack of mTORC1 (Fig. 1C).
GCs typically have a hypoxic microenvironment, predominantly

though not exclusively in the LZ, and Tfh restimulation via display
of cognate peptides in MHC-II on GC B cells is an important
mechanism in Ab responses. Consistent with the observation that
GC B cells have stabilized HIF-1α, intracellular staining with
immunized WT mice revealed substantial signal in Tfh cells that
was lower in Raptor- and Rictor-depleted samples (Fig. 1D and SI
Appendix, Fig. S1 A and B). Intracellular staining of the population
of CD44hi CD4+ T cells that lacked Tfh markers suggested that
they include cells with HIF-1 stabilized, albeit at a lower level than
the Tfh counterparts (SI Appendix, Fig. S1A). Although there were
no, or very modest, decreases in Hif1a mRNA between WT and
Rictor Δ/Δ Tfh cells, half the level of Epas1mRNA encoding HIF-
2α was detected in Rictor Δ/Δ Tfh (Fig. 1E). Together, these re-
sults indicate that HIF stabilization occurs in Tfh cells in vivo, with
HIF levels controlled in part by mTORC1- and mTORC2-
dependent mechanisms. The finding that Hif1a mRNA was not
substantially reduced by Rictor depletion (Fig. 1E) despite a
substantial decrease in steady-state protein (Fig. 1D) suggests that
the posttranslational (and/or translational) mechanisms may con-
trol HIF-1 in Tfh-phenotype cells in vivo. As major components of
the response to hypoxia, HIF transcription factors modulate the
metabolic programs in a variety of cells (47). As a general rule,
hypoxia increases glycolysis though not necessarily rates of extra-
cellular acidification, and HIF-1 appears important for glycolysis
in T cells (47, 49–52). The data noted above show that HIF-1 and
-2 alpha subunits are stabilized due to activation of CD4+ T cells
even at 21% pO2, and TCR stimulation of helper cells is impor-
tant both in extrafollicular and GC help to B cells. Accordingly, we
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Fig. 1. mTOR-dependent regulation of HIF-1α and HIF-2α in CD4 T cells. (A) CD4+ T cells (WT, RictorΔ/Δ, and HIF-1αΔ/Δ; HIF-2αΔ/Δ) purified from spleens of
transgenic mice activated (anti-CD3 and anti-C28) and cultured 24 h at 21% pO2 were analyzed by qPCR of their total RNA. Signals for Hif1a (HIF-1α,
Left) and Epas1 (HIF-2α, Right) were first normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT), and values for the activated samples
in an experiment were then expressed relative to measurements for resting CD4+ T cells (set as relative level of 1). Shown are the mean (± SEM) values
for Hif1a and Epas1 for each genotype from three independent replicate samples. (B) As in A, but extracts of CD4+ T cells (WT, RictorΔ/Δ, and HIF-1αΔ/Δ;
HIF-2αΔ/Δ) analyzed by immunoblotting with antibodies directed against HIF-1α, HIF-2α, and actin as internal loading control. One result representative
of three replicates is shown. The bar graph below shows mean (± SEM) expression of HIF1-α and HIF-2α protein (relative to TCR-activated Rictor+/+ CD4
T cells) of quantified data from three independent experiments. (C ) Immunoblots probed for HIF-1α, HIF-2α, and actin after activation of WT and Raptor-
deficient CD4+ T cells as in B, with quantified data in the bar graph showing mean (± SEM) expression of HIF1-α and HIF-2α protein (relative to TCR-
activated Raptor+/+ CD4 T cells) in three independent experiments. (D) PD1+ CXCR5+ CD4+ Tfh cells (WT, RptorΔ/Δ, or RictorΔ/Δ as indicated) were sub-
jected to intracellular staining for HIF-1α or IgG negative control 1 wk after SRBC immunization. A result from one of three independent replicate
experiments is shown. Inset numbers indicate mean (± SEM) geometric MFI of HIF-1α from three independent replicate experiments. Additional data
from separate experiments are in SI Appendix, Fig. S1A. (E ) Levels of mRNA encoded by the Hif1a1 and Epas1 genes were measured by qRT2-PCR after
preparation of total RNA from Tfh cells (WT and RictorΔ/Δ) flow-purified 1 wk after SRBC-immunization. Bar graphs show mean (± SEM) expression
(relative to HPRT in the sample) measured in three independent replicate preparations. (F ) HIF-dependent regulation of glycolysis in CD4 T cells after
TCR stimulation. Purified CD4+ T cells (WT, Hif1aΔ/Δ, and Hif1aΔ/Δ;Epas1Δ/Δ, as indicated) were cultured (2 d) after activation with αCD3 and αCD28, di-
vided between 21% and 1% pO2, then rinsed, and replated at equal numbers at the original oxygen tensions (21% vs. 1% pO2) in the presence of soluble
αCD3 (0.5 μg/mL). After 20 h, equal numbers of viable CD4+ T cells were then replated and assayed in a metabolic flux analyzer as detailed in SI Ap-
pendix, Materials and Methods. Shown for each analysis point across the time course (1.2 h in 6-min intervals, with injections after three samplings) are
the mean (± SD) data for TCR-restimulated cells, as determined in biologically independent experiments, each of whose values was the mean of
technical triplicates. *P < 0.05 between WT and HIF-deficient CD4 T cells. Parallel samples cultured at 21% pO2 and analyzed without TCR restimulation
confirmed substantial TCR-induced increases in ECAR (SI Appendix, Fig. S1C).
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used both conventional (21%) oxygenation and hypoxic (1% pO2)
conditions to culture CD4+ T cells of WT, HIF-1α–deficient, and
combined HIF loss-of-function mice and perform metabolic flux
analyses (Fig. 1F; also see SI Appendix, Fig. S1C). Consistent with
a hypoxia-induced increase in the glycolytic program in these ac-
tivated cells, the magnitude of glucose-stimulated rate of extra-
cellular acidification (ECAR) after TCR restimulation was greater
for WT CD4+ T cells in hypoxic conditions (Fig. 1F, Upper
compared with Fig. 1F, Lower). The results further showed that
HIF-1α alone could account for the capacity of activated CD4+

T cells to increase their ECAR after TCR restimulation (Fig.
1F), but before that restimulation the defect was more severe
with compound depletion of HIF-1 and 2 than with loss only of
HIF-1α (SI Appendix, Fig. S1C). Collectively, these results in-
dicate that glucose-stimulated lactate generation after TCR
restimulation was HIF-dependent and further induced during
hypoxic exposure.

HIF Promotes Germinal Centers and Regulates Ag-Specific Ab Production.
The GC hypoxia, evidence of HIF stabilization in Tfh cells, and
HIF-1 dependence of TCR-stimulated metabolism prompted
testing of the effect of HIF on Ab responses after immunizations.
We first analyzed Ab responses after deletion of Hif1af/f and
Epas1f/f conditional alleles using tamoxifen-induced activation of
Rosa26-CreERT2, which drives deletion in most hematopoietic
cells and is especially potent in lymphocytes. HIF-1α Δ/Δ and
HIF-1α Δ/Δ, HIF-2α Δ/Δ mice were compared with controls after
immunizing and boosting with hapten-conjugated ovalbumin (NP-
OVA) (Fig. 2A). With widespread expression of Cre, the steady-
state populations of B and CD4+ T cells B cells after immuniza-
tion were halved after short-term loss of function for HIF-1α;
additional HIF-2α loss either had no additional or a modest
compensatory effect (SI Appendix, Fig. S1 D and E). However, the
frequency of GC-phenotype B cells (GL7+ CD95+ IgDneg B220+),
which depends on the effectiveness of follicular help and on in-
trinsic programming, was substantially reduced by the loss of HIF-
1α compared with WT controls (Fig. 2B). Bystander B cells can be
recruited into GC reactions, but analyses of Ag-binding cells of
GC phenotype reinforced the finding that absence of HIF from B
and T cells caused a substantial reduction in Ag-specific GC
function (Fig. 2C). Ab levels are a key functional endpoint in
humoral immunity. Recent work in an adoptive transfer model
showed that persistent HIF stabilization in B cells led to differ-
ential impacts on switched isotypes (IgG2c more repressed by HIF
stabilization than IgG1) while IgM was spared (40). Notably, Ag-
specific IgM levels were about fourfold lower due to depletion of
both HIF-1α and HIF-2α (Fig. 2D) even though loss of HIF-1α
from hematopoietic cells (including B and T lymphocytes) yielded
increases in hapten-specific IgM in sera after the boost (Fig. 2D).
Analyses of GC visualized in the spleens of immunized mice (WT
and HIF-depleted) using immunofluorescence and the Rosa26-
CreERT2 system revealed that the sizes and activation marker
(GL7) intensity were dramatically lower in the absence of HIF-
1 and -2 (Fig. 2E and SI Appendix, Fig. S1F). Consistent with data
on persistent B cell-intrinsic HIF stabilization (40), Ag-specific
IgG2c was increased after impairment of both HIF-1 and
-2 while IgG1 was little affected (SI Appendix, Fig. S2). This ap-
proach mimicking inhibition of HIF throughout the system does
not pinpoint the contributions attributable to expression in CD4+

T cells, but collectively the results indicate that HIF plays a critical
role in regulating Ag-specific Ab production and GC responses.

CD4+ Cell-Intrinsic HIF in GC and Ag-Specific Ab Responses. Although
the findings in Fig. 2 established that HIF regulates the prop-
erties of humoral immunity, the results could not be imputed
specifically to an impact on T cell help. Accordingly, we used
adoptive transfers to test for CD4+ T cell-intrinsic effects of HIF
on T-dependent Ab responses. To do so, we transferred WT,

Hif1a Δ/Δ, or Hif1a Δ/Δ, Epas1 Δ/Δ CD4+ T cells into TCRα-
deficient recipients (Fig. 3A and SI Appendix, Fig. S3A). In this
setting, HIF had no effect on recovery of T or B cells overall, but
immunization of the adoptive transfer recipients with sheep red
blood cells (SRBC) yielded far fewer GC-phenotype B cells in
recipients of Hif1a Δ/Δ, Epas1 Δ/Δ ΧΔ4+ T cells than in litter-
mate controls that received WT CD4+ T cells (Fig. 3 B–D and SI
Appendix, Fig. S3 B and C). Of note, the GC B cell population

Fig. 2. HIF in hematopoietic cells regulates GC and Ab responses. (A)
Schema of tamoxifen (TMX)-induced, Cre-mediated inactivation of Hif1a, or
Hif1a and Epas1, followed by immunization of the HIF-1α, HIF-1α, HIF-2α
doubly deficient mice and WT (Rosa26-CreERT2) controls with NP-OVA 11 d
after the first TMX injection. Mice were boosted with NP-OVA 3 wk after the
primary immunization and analyzed (B–D) 1 wk thereafter. (B and C) HIF
required for help yielding Ag-binding GC B cells. (B, Upper) GL7+ CD95+ cells
in the gate for viable lymphoid-sized IgDneg B220+ splenocytes of mice of the
indicated genotypes in one representative experiment of three. Inset num-
bers are the % of events in the indicated gate. (B, Lower) Bar graphs display
mean (± SEM) fractions (percent) and numbers of GC B cells from spleens of
independent samples (n = 9 WT vs. 3 HIF-1α cKO vs. 6 HIF-1α, HIF-2α dKO
mice) after immunizations in the three independent experiments. (C) As in B,
but representative flow plots quantify hapten (NP)-binding cells in the GL7+

CD95+ B cell gate. Additional data are in SI Appendix, Fig. S1 D and E. (D) HIF
regulates Ag-specific Ab production. All-affinity (anti-NP20) IgM in sera of
immunized and boosted mice that were either WT or HIF-deficient, as in-
dicated. Shown in the bar graphs are the mean (± SEM) values across serial
twofold dilutions. Anti-NP IgG1 and IgG2c responses are shown in SI Ap-
pendix, Fig. S2. Welch’s correction of unpaired t tests was used to derive P
values. (E) HIF impact on GC response. After TMX injections, HIF-1α, HIF-2α
doubly deficient mice (Rosa26-CreERT2) and WT controls (Rosa26-CreERT2)
were immunized with SRBC and analyzed 7 d later. Shown are representa-
tive images from immunofluorescence staining of spleens with the indicated
Ab in two independent experiments (6 WT vs. 5 HIF-1α, HIF-2α dKO).
Quantitation of GL7-positive GC size and the intensity of GL7 in GC are
shown in SI Appendix, Fig. S1F.
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was reduced by lack of HIF-1α only (Fig. 3D), without a further
decrease when both HIF-1 and -2 were inactivated. Although we
found ELISA measurements of IgM anti-SRBC antibodies to lack
specificity, levels of several class-switched SRBC-specific antibodies
could be determined reliably. Consistent with a requirement for

HIF in help to B cells, anti-SRBC IgG1 and IgG2c were dramati-
cally reduced as a consequence of deleting either both HIF α sub-
units, or even HIF-1α alone, from CD4+ T cells (Fig. 3E). T cells
are essential for GC formation and the development of high-affinity
Ab via affinity maturation, which is promoted by repeated immu-
nization. Accordingly, we also tested a T cell-dependent anti-hapten
response that allows for determination of the high-affinity compo-
nent via binding to sparse Ag (low valency of hapten in ELISA).
Adoptive transfer recipients were immunized with NP-OVA in
alum, rested for 3 wk, and boosted with NP-OVA in alum (Fig. 3F).
Levels of NP-specific IgG1 and IgG2c Ab in sera from doubly de-
ficient (Hif1a Δ/Δ, Epas1 Δ/Δ) CD4 T cell recipient mice were
lower than those from WT CD4 T cell recipient mice (Fig. 3 G and
H). In striking contrast to results with SRBC as the immunogen,
lack of HIF-1α alone had no effect on IgG1 or IgG2c anti-NP in the
hapten-carrier immunization experiments. Generation of Ab pop-
ulations with heightened affinity for Ag derives from help by Tfh
cells to the B cells before their differentiation to Ab secretion (2,
13). HIF deficiency restricted to CD4+ T cells caused substantially
greater reductions of high-affinity NP-specific IgG1 and IgG2c Abs
captured on low-valency Ag (NP2) than were observed for the total
Ag binding immune globulins (Fig. 3 G and H). Indeed, no high-
affinity anti-NP Ab could be detected for the most proinflammatory
isotype, IgG2c (Fig. 3H), in the setting of prime-boost immunization
with alum adjuvant. These results indicate that, depending on the
nature of the immunization, both HIF-1 and HIF-2 may be required
in CD4+ T cells to help affinity maturation of class-switched Ab
repertoires in normal B cells. This finding also reveals an immune
experience in which HIF-2α played an essential role.

HIF Regulates Tfh Numbers and the Ratio of Tfr to Tfh Cells. The
reductions in GC B cells and affinities of class-switched Ab
when CD4+ T cell help was HIF-depleted prompted us to test
whether HIF regulates acquisition of the Tfh cell phenotype or
the level of Tfr cells. We first investigated if the ineffective help
to B cells was due to a failure to generate Tfh-phenotype cells
using the recipients of WT, Hif1a Δ/Δ, or Hif1a Δ/Δ, Epas1 Δ/Δ
CD4+ T cells after immunization with SRBC. This analysis
showed that the prevalence and numbers of FoxP3neg PD1+

CXCR5+ CD44+ CD4+ Tfh cells were reduced by lack of HIF-
1α only, with a further decrease when both HIFs were inacti-
vated (Fig. 4 A and B). The cells of this phenotype were positive
for ICOS and Bcl6 (SI Appendix, Fig. S3D) at levels higher than
CD44+ that were PD1neg CXCR5neg, even in the case of HIF-
deficient CD4+ T cells, although the loss of both HIFs led to
reproducibly lower Bcl6 levels than those of WT controls.
However, the magnitudes of decreases (Tfh numbers and
Bcl6 levels) were less than the reductions observed for Ab
levels, so additional mechanisms that led to the defects of help
to switched and higher-affinity Ab might also be altered. HIF
transcription factors inhibit the development or stability of
Treg cells in certain microenvironments and conditions (50–
52), and the follicular FoxP3+ CD4 T cell population includes
peripherally differentiated cells as well as thymus-derived Treg
(24, 53) that each can suppress Ab responses. In contrast to Tfh
cells, the frequencies of FoxP3+ PD1+ CXCR5+ CD44+ CD4+

Tfr cells were higher when comparing HIF-1α–depleted or
HIF-1α, HIF-2α doubly null samples to WT controls and the
overall numbers did not decrease (Fig. 4 C and D). The in-
creases, especially for HIF-1α–deficient cells, were not reflec-
tions of the donor cell populations (SI Appendix, Fig. S3A). As
a result, the Tfr to Tfh cell ratio was substantially higher for the
PD1+ CXCR5+ CD44+ CD4+ T cell populations lacking HIF-
1α. This change appeared to be augmented further when both
HIF-1 and HIF-2 were deficient, so that the average ratio of Tfr
to Tfh for donor cells lacking both a subunits was almost double
that of Hif1a Δ/Δ samples (Fig. 4E). Tfh cells help GC B cells
through CD40 engagement and cytokine signals. Thus, interaction

Fig. 3. CD4+ T cell-intrinsic HIF functions in help to B cells. (A) Model of
CD4+ T cell adoptive transfers to assess cell-intrinsic function of HIF in hu-
moral responses. After tamoxifen (TMX) injections, HIF-deficient CD4+ T cells
or HIF-sufficient controls isolated from Rosa26-CreERT2 mice (+/+; Hif1aΔ/Δ; or
Hif1aΔ/Δ, Epas1Δ/Δ as indicated) were transferred into T cell-deficient (Tcra−/−,
i.e., TCRα KO) recipients that were then immunized with SRBC and ana-
lyzed 7 d later (B–E; data on overall cell numbers are shown in SI Ap-
pendix, Fig. S3). (B) HIF-1α, HIF-2α-deficient CD4 T cells provide ineffectual
support to GC-phenotype B cells. Shown are plots of GL7+ CD95+ (GC-
phenotype) B cells in IgDneg B220+ gate from one experiment analyzing
splenocytes from immunized mice (A) as in Fig. 2B [plots from one rep-
resentative experiment of four independent replications, distributing
genotypes (recipients of cells = 22, WT; 17 Hif1aΔ/Δ; 19 Hif1aΔ/Δ, Epas1Δ/Δ

CD4+ T cells) evenly in each replication]. Quantified mean (± SEM) data
from these recipients are shown as percentages (C ) and calculated total
numbers (D) of GC B cells recovered from recipients of CD4+ T cells of the
indicated genotypes. (E ) HIF-1 promotes the isotype-switched anti-SRBC
Ab response. Shown are ELISA results with mean (± SEM) signals at a
linear point on each titration curve, quantitating relative concentrations
of SRBC-specific IgG1 and IgG2c in sera from mice whose CD4 T cells were
WT, HIF-1α-deficient, or HIF-1 α, HIF-2 α doubly deficient in four indepen-
dent experiments (recipients of cells = 11, WT; 9 Hif1aΔ/Δ; 11 Hif1aΔ/Δ, Epas1Δ/Δ

CD4+ T cells). (F) Transfer model for measuring CD4+ T cell-intrinsic HIF effects
on anti-hapten Ab responses. Purified pools of CD4+ T cells (HIF-sufficient and
–deficient as indicated) were transferred into Tcra−/−mice as inA. The recipient
mice were immunized with NP-OVA, boosted with NP-OVA after 3 wk, and
analyzed 1 wk thereafter. (G and H) High- (NP2) and all-affinity (NP20) anti-
hapten IgG1 (G) and IgG2c (H) in sera of immunized and boosted mice that
were either WT or HIF-deficient. Shown are the mean (± SEM) values across
serial twofold dilutions and P values for t tests comparing deficient to control
cells at two different dilutions.
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with CD40 ligand (CD40L) is required for the maintenance of GC
reactions and the formation of memory B cells and plasma cells
(2). Strikingly, analysis of the PD1+ CXCR5+ population com-
pared with CD44+ CD4+ T cells lacking these Tfh markers revealed

lower levels and induction of CD154 (CD40 ligand) on HIF-deficient
cells relative to controls (Fig. 4F).
Ab responses were decreased when distal Lck-iCre was used to

drive loss of T lineage-specific inactivation of Rictor (mTORC2)
after the positive selection of T cells (35). Extending work in-
dicating that Rictor is important for follicular help (36, 37) and
for normal HIF-1α and HIF-2α levels (Fig. 1 and SI Appendix,
Fig. S1 A and B), we found that Rictor-deficient CD4+ T cells
yielded a distortion of the Tfr–Tfh ratio and defect of follicular
help similar to the HIF-deficient setting including reduced Bcl6
and Il21 and increased Prdm1 and Foxp3 mRNA levels (SI Ap-
pendix, Fig. S4). HIF induction and the capacity of T cells to
activate NF-κB depend on mTORC2 (35). Moreover, there are
many intersections of hypoxia, HIF, and NF-κB, including NF-
κB–dependent increases in Hif1a mRNA and cooperation of the
two transcription factors in target gene regulation (54). Ac-
cordingly, we used CD4+ T cells from mice whose T lineage
constitutively blocks both canonical and noncanonical NF-κB/
Rel signaling to test if this pathway affects Tfh and Tfr balance in
a manner similar to loss of Rictor or of HIF. Consistent with
previous work, the recovery of CD4 T cells was dramatically
lower after adoptive transfer of IκBα(DN) transgenic (Tg) CD4+

T cells compared with controls (SI Appendix, Fig. S5A). More-
over, the frequency of GC B cells was lower (SI Appendix, Fig.
S5B), consistent with the known impact of this T cell type-
specific superrepressor transgene on Ab responses (55). How-
ever, the frequencies of FoxP3-negative Tfh and FoxP3-positive
Tfr populations were comparable in immunized recipients of
IκBα(DN) (Tg) vs. WT T cells (SI Appendix, Fig. S5 C and D).
These results indicate that unlike loss of mTORC2 or HIF,
blockade of NF-κB in CD4+ T cells had little effect on the dif-
ferentiation or recruitment of follicular T cells. Collectively, al-
though the results indicate that Rictor and HIF in CD4+ T cells
promote the GC response by coordinately regulating Tfh cell
number, Tfr/Tfh balance, and CD154 expression on Tfh cells,
they suggest that these effects are largely by a pathway separate
from NF-κB/Rel.

Differential Requirements for HIF in Cytokine-Induced Metabolic
Programming. Cytokines are major determinants of T helper
and Treg cell development and function. IL-2 can function as a
negative regulator, whereas substantial evidence indicates that
IL-21, likely with some functional redundancy, promotes optimal
Tfh cell differentiation and/or persistence (7, 8, 33, 34, 56).
Moreover, recent work suggests that both mTOR and glycolytic
metabolism are important mediators of Tfh development (36–
38), and that HIF-1 can either promote (57) or restrain (50, 52)
Treg differentiation, in part by effects on glycolysis. In light of
the relationships among HIF, mTORC1 and 2, and follicular
CD4+ T cells revealed by our data, we tested how basic meta-
bolic programming of activated T cells responds to these cyto-
kines, and the impact of hypoxia and HIF on such characteristics.
Notably, ECAR by cells that were not restimulated with cytokine
depended on HIF-1 but not HIF-2 (Fig. 5 A and B). IL-21 was
able to increase glucose-stimulated ECAR of WT activated
CD4+ T cells (e.g., ∼20 mpH/min, from ∼65 to ∼85 mpH/min),
but to a lesser degree than IL-2 (∼35 mpH/min, for ∼65 to ∼100)
(Fig. 5 A and C).
Furthermore, glucose-induced ECAR and oligomycin-induced

maximum extracellular acidification capacity were reduced in IL-
21–treated CD4+ T cells that lacked HIF-1α and decreased even
further with depletion of both HIF-1 and HIF-2 (Fig. 5A). In
contrast to the ECAR, respiration (oxygen consumption) rates
were refractory to IL-21 but almost doubled by IL-2 stimulation
in a HIF-dependent manner (SI Appendix, Fig. S6 A and B).
Moreover, whereas inactivation of HIF-1 had no effect on IL-2-
induced glycolysis, IL-21 required this transcription factor and,
strikingly, was completely unable to induce increased glycolysis

Fig. 4. HIF regulates Tfh and Tfr balance and expression of CD154. WT and
HIF-deficient CD4+ T cells were adoptively transferred into Tcra−/− mice,
which were then immunized and harvested 1 wk later as in Fig. 3A. (A and B)
Decreased Tfh cells in the absence of HIF (-1 α and -2 α). (A) Representative
flow cytometry results for PD1+ CXCR5+ Tfh cells among CD4+ CD44hi-gated
splenocytes in the viable lymphoid gate, taken from one experiment rep-
resentative of five independent replications (total recipients of WT T cells =
15; 9 HIF-1α cKO; 13 HIF-1α, HIF-2α double cKO mice). Inset numbers are the
percentage of events in the indicated gate. (B) Bar graphs display mean
(± SEM) fractions (percent) and numbers of FoxP3neg PD1+ CXCR5+ follicular-
phenotype CD4+ T cells aggregated from all recipients in the five in-
dependent experiments, along with likelihood that each null hypothesis (no
difference between the genotypes being compared) is correct. (C) Repre-
sentative flow plot of FoxP3+ Tfr in CD4+ PD1+ CXCR5+ cells in the experi-
ments of A and B. Inset numbers are the percentage of events in the
indicated gate. (D) Mean (± SEM) frequencies and numbers of Tfr. (E) Mean
ratios of Tfr to Tfh frequencies in the five independent experiments. The
FoxP3+ Tfr/FoxP3neg Tfh ratio among PD1+ CXCR5+ CD4+ CD44hi splenocytes
was calculated for each individual recipient in the five independent exper-
iments, and these results then aggregated. P values provide the likelihood
that each null hypothesis (no difference between the genotypes being
compared) is correct. Additional data are presented in SI Appendix, Figs.
S4 and S5. (F) Representative histograms of surface CD154 on the PD1+

CXCR5+ CD4+ CD44hi (Tfh) gate along with a histogram from CD4+ CD44hi

cells negative for PD1 and CXCR5 (Left). (Right) Bar graph showing increases
of mean (± SEM) geometric MFI for CD154 on the PD1+ CXCR5+ CD4+ CD44hi

(Tfh) gate adjusted for background. Total of nine recipient mice for each
genotype of T cells, distributed equally among three biological replication
experiments.
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in the hypoxic state (Fig. 5 A and C). Although in cancer cells
and other settings, HIF mediates hypoxia-induced increases in
glycolysis (45), in CD8+ T cells hypoxia was recently reported to
decrease ECAR (49). Similar to that report, glucose-stimulated
increases in ECAR by WT CD4+ T cells were modestly attenu-
ated by reduced oxygen (Fig. 5C). Comparing WT and Epas1
Δ/Δ or Hif1a Δ/Δ, Epas1 Δ/Δ cells also revealed that HIF-2 can
contribute to regulation of glycolytic and oxidative performance.
Depending on the experimental system, either IL-6 or IL-21 may
directly impact Tfh cells and their help to Ab (7, 8, 56). Analyses
of IL-6 effects showed again that glucose-stimulated ECAR was
strongly dependent on HIF-1 (SI Appendix, Fig. S6C), but al-
though ECAR increased slightly in hypoxic WT cells, this cyto-
kine had even less effect than IL-21 on the metabolism of

activated T cells. These in vitro findings suggested the possibility
that compared with conventional effectors, activated PD-1hi CD4+

T cells with little IL-2 influence might have lower glucose uptake
even if exposed to IL-6 or IL-21. However, in vitro systems that
can be used for analyses of loss-of-function mutations of T cells
unambiguously developing into functional Tfh are lacking. To
approximate glucose uptake for follicular T cells in vivo compared
with their activated counterparts lacking the Tfh markers, immu-
nized mice received a fluorescent glucose analog, 2-NBDG. In
vivo uptake and labeling with 2-NBDG was lower for Tfh-
phenotype cells than the non-Tfh CD44hi population, most nota-
bly as a lower frequency of 2-NBDGhi cells (SI Appendix, Fig. S7).
Together, these findings show that metabolic changes stimulated
by IL-6 and IL-21 differ profoundly from those driven by IL-2,
and that hypoxia or loss of HIF each reduced the lactate
production but not the oxidative activity of IL-21–stimulated
CD4+ lymphoblasts.

HIF Regulates Production of T Helper Cytokine in Tfh Cells. CD4+

T cell-intrinsic HIF promoted Ag-specific IgG1 and IgG2c Ab
after immunization (Fig. 3). These isotypes are promoted by T
helper cell secretion of the Th2 and Th1 cytokines IL-4 and IFN-
γ, respectively, and deprivation of glucose to reduce glycolytic
flux reduced IFN-γ production after restimulation of differenti-
ated effector T cells (58, 59). Switching is promoted by cytokines
secreted during help before formation of the GC, but Tfh cells
can mimic these subset-specific programs of switch cytokine
production (60, 61). While hypoxia did not alter the efficiency of
Th1 or Th2 differentiation (SI Appendix, Fig. S8), a change to
hypoxic conditions (1% pO2) at the point of restimulation to
elicit IFN-γ or IL-4 substantially reduced production of these
switch cytokines (Fig. 6A). In addition, loss of HIF—which
caused reduced glycolysis—also undermined IFN-γ and IL-
4 elaboration by CD4+ effectors (Fig. 6A and SI Appendix, Fig.
S8). Interestingly, there was a trend in each setting toward lower
secretion of these cytokines when comparing loss of both α
subunits to depletion of HIF-1α alone. Moreover, intracellular
staining of Tfh-phenotype cells ex vivo after immunization
revealed that HIF promoted their IFN-γ production (Fig. 6 B
and C). These findings indicate that in addition to increasing
numbers of Tfh cells, promoting their CD154 expression, and
setting the balance between Tfr-phenotype and helper cells, HIF
transcription factors act in CD4+ T cells to enhance Ig class
switching by activated B cells.

Discussion
Although there are T-independent types of Ab response, T cell
help is crucial for adaptive aspects of humoral immunity. In
addition to extrafollicular generation of Ab-secreting plasma
cells, major aspects of T cell help including affinity maturation
involve the generation, function, and balance of follicular T
lymphocytes after initiation of an immune response by Ag, fol-
lowed after several (∼3.5) days by the organization of GCs in
which Tfh and GC B cells interact. The stimulation of GC B cells
by Tfh cells occurs predominantly in a hypoxic LZ, in which Tfh
cells are restimulated through their surface Ab molecule, the
TCR (2, 13). We have shown here that the one major mechanism
by which cells adjust to hypoxic conditions—the induction of αβ
heterodimers of HIF transcription factors—is essential for nor-
mal Ag-specific Ab responses. The findings indicate that in ad-
dition to HIF-1, HIF-2α can play a substantial role, for example
in a boosted hapten-carrier immunization. Mechanistically, the
data indicated that HIF regulates at least three aspects of the
CD4+ T cell populations: (i) promotion of CD154 expression on
the surface of Tfh cells, which is crucial for stimulation of
CD40 on GCB cells (62), (ii) amounts of switch cytokine se-
creted by differentiated helper cells after restimulation, and (iii)
the metabolic programming of activated T cells, in the basal

Fig. 5. Differential interplay of HIF and hypoxia with cytokine-induced
metabolism of CD4+ T cells. (A) Purified CD4+ T cells (WT, Hif1aΔ/Δ,
Epas1Δ/Δ, and Hif1aΔ/Δ;Epas1Δ/Δ, as indicated) were cultured (2 d) after acti-
vation with αCD3 and αCD28, then rinsed, replated in equal numbers, and
further cultured for 20 h with and without IL-2 or IL-21 at pO2 of 21%
(normoxia) or 1% (hypoxia). Equal numbers of viable CD4+ T cells were then
replated and assayed in a metabolic flux analyzer as detailed in SI Appendix,
Materials and Methods. Shown for each analysis point across the time course
(1.2 h in 6-min intervals, with injections after three samplings) are the mean
(± SEM) data determined from biologically independent experiments, each
of whose values was the mean of technical triplicates. Assays of IL-6–treated
T cells are shown in SI Appendix, Fig. S6C. *P < 0.05 between WT and single
or doubly HIF-deficient CD4+ T cells. “+” indicates P ≤ 0.05 in comparing
Hif1aΔ/Δ (red) and Hif1aΔ/Δ;Epas1Δ/Δ (purple) CD4+ T cells. (B) For the indicated
genotypes and conditions, mean (± SEM) ECAR in glucose-free base medium.
(C) Mean (± SEM) cytokine-stimulated changes in ECAR (Δ ECAR, derived by
subtracting the mean value for technical triplicates of each of the cytokine-
treated samples from the sample’s glucose-stimulated ECAR without added
cytokine, and then averaging across the four independent replicate experi-
ments). Shown are the mean (± SEM) values for the cytokine-stimulated
ECAR and results of testing null hypotheses as in Fig. 4E. Additional data
are given in SI Appendix, Figs. S6 and S7.
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state, or responding to TCR restimulation or cytokines implicated
in GC regulation. This latter analysis highlighted striking distinc-
tions between IL-2–, IL-6–, and IL-21–stimulated metabolism.
The data herein show that hypoxia reduced cytokine pro-

duction upon restimulation of differentiated CD4+ T cells in
parallel with the altered metabolic programming and that HIF
similarly promoted the capacity of activated CD4 T cells to deliver
switch cytokine. Ground-breaking work in Treg cells indicated that
HIF-1 promoted Ifng gene expression in the FoxP3+ subset (51).
Recent work has presented evidence that although isotype-switched
plasmablast production requires CD40–CD40L interaction pro-
vided by cognate T cell help, this interaction can be provided by
more conventional helper subsets in the absence of GC-Tfh (25).
Thus, in our analyses helper cell phenotypes in addition to Tfh cell
may also contribute to the isotype-switched Ab data.
Our findings place HIF protein levels downstream from

mTOR in activated CD4 T cells in vitro and in vivo and include
evidence that TCR-stimulated metabolism is HIF-dependent.
Recent work has highlighted that metabolic flux and activity of

the glycolytic pathway, along with the activity of mTORC1, are
meaningful regulators of Tfh and Tfr (39). Hypoxia can partially
inhibit mTORC1 by a HIF-dependent mechanism, but prior
work on mTORC1 in Tfh biology poses an apparent conundrum.
IL-2–stimulated mTORC1 was implicated as contributing to the
IL-2 inhibition of follicular help in the context of virus infection,
an effect mitigated by reducing the essential structure compo-
nent Raptor (38). Conversely, analyses of homozygous Rptor Δ/Δ
T cells provided evidence of substantial defects of follicular help
when the CD4+ population was completely devoid of mTORC1
(37). The apparent divergence in these reports likely reflects a
complex activity–response relationship for mTORC1 in which a
decrease can either promote or inhibit net follicular help depending
on factors such as the balance between IL-2 and pro-Tfh cytokines in
the local microenvironment. Although there is no means to quan-
titate mTORC1 activity in situ in a way that relates it to the level in
other work, collectively the results suggest the possibility that in-
hibition of this signaling complex by LZ hypoxia may have an effect
overridden by direct HIF requirements in follicular CD4+ T cells.
The generation of class-switched antibodies against the diverse

antigens of SRBC, or the high-affinity anti-NP class-switched
response, was severely impaired when CD4+ T cells lacked HIF-
1α, or both HIF-2α and -1α, respectively. One feature of the
HIF-based branch among cellular hypoxia-response mechanisms
is that stabilization of HIF-1α and -2α can occur despite oxygen
tensions of 140 to 150 Torr (pO2 of 21%, i.e., atmospheric)
around the responding cell. Our data indicate that the impact of
HIF loss in relation to IL-6– or IL-21–induced metabolic pro-
grams differs from the effect on IL-2 (Tfh-inhibitory) metabo-
lism, which was refractory to HIF loss at both oxygen tensions in
vitro. Although the in vitro systems do not lead to functional Tfh-
like T cells, this finding suggests that responses of activated
T cells to key cytokines in situ may be HIF-dependent in both
hypoxia and normoxia. HIF also was notable in regards to the
finding that the prevalence of FoxP3+ follicular T cells (Tfr)
increased in the absence of HIF-1α even as Tfh and CD154 were
decreasing. Moreover, the ratio of Tfr to Tfh cells appeared to
increase even more with depletion of both HIF-1 and HIF-2 than
with inactivation only of Hif1a. Substantial work provided evi-
dence that the balance between Tfh and Tfr cells along with their
actual numbers can modulate GC output, although acting early
but possibly not by changing GC size (27, 63). The selective ex-
pansion of the Tfr population in the presence of a stable Tfh pool
in vitro resulted in greater B cell suppression (63). Conversely, a
Tfh bias over Tfr cells in vivo was associated with a hyperactivity of
autoimmune-associated GCs (64). Recent work using Treg-
specific inactivation of Bcl6 may insert a caveat as there were
conditions in which conversion of Tfr-phenotype cells and Treg-
derived IL-10 could promote the GC reaction (27). Notwith-
standing this latter point, the weight of evidence is that on balance
FoxP3+ CXCR5+ CD4+ T cells reduce GC function and Ab
output, so it is likely that the threefold increase in Tfr relative to
Tfh deriving from HIF-1– and -2–deficient CD4+ T cells con-
tributed to the lower Ab responses and weakened affinity.
This ratio is also pertinent to consideration of the finding that,

in the setting of primary and booster immunization with an alum
adjuvant, the lack of HIF-1 in CD4+ T cells had little or no effect
whereas Ab outputs that included affinity maturation were sub-
stantially decreased by the combined loss of HIF-1 and HIF-2.
At least two mutually compatible models may account for this
evidence of a role for HIF-2. In one model, HIF-1 still has potent
function but cellular programming changed (e.g., different ad-
juvant, longer time, and secondary immunization) so that HIF-
2 is better able to substitute HIF-1. In line with this possibility,
comparisons of HIF-1 loss of function to doubly deficient cells
included an almost twofold change in Tfr/Tfh ratio, lower fre-
quencies of Tfh cells, greater changes in some metabolic char-
acteristics of activated CD4+ T cells, and even modest trends in

Fig. 6. Oxygen and HIF promote T helper cytokine production in Tfh. (A)
WT, Hif1aΔ/Δ, Epas1Δ/Δ, and Hif1aΔ/Δ, Epas1Δ/Δ CD4+ T cells activated with
αCD3 and αCD28 were cultured under Th1 and Th2 differentiating condi-
tions (5 d) at pO2 of 21% (normoxia) or pO2 of 1% (hypoxia). Secreted cy-
tokines in culture supernatants [IFN-γ of Th1 (Left) and IL-4 of Th2 cells
(Right)] were measured after restimulation (16 h) of equal numbers of viable
cells with αCD3 plus αCD28 at either 21% or 1% pO2. Bar graphs show mean
(± SEM) cytokine concentrations from replicates in three independent ex-
periments and results of testing null hypotheses as in Fig. 4E. Data on fre-
quencies of cytokine-expressing CD4+ T cells in each condition are given in SI
Appendix, Fig. S8. (B and C) CD4+ T cells (WT and HIF- deficient, as indicated)
were adoptively transferred into Tcra−/− recipients followed by immuniza-
tion with SRBC, as in Fig. 4, and harvested 1 wk later. Splenocytes were
stained for CD4, CD44, CXCR5, and PD1, restimulated (3 h) with PMA (50 ng/mL)
and ionomycin (1 μg/mL), and subjected to intracellular staining for IFN-γ.
Shown are representative fluorescence profiles for IFN-γ in the CD4+ PD1+

CXCR5+ (Tfh) gate (inset numbers represent the percent IFN-γ+) (B) and the
mean (± SEM) frequencies and numbers of IFNγ-positive Tfh cells (C) in three
independent experiments (recipients of cells = 6 each forWT; Hif1aΔ/Δ; Epas1Δ/Δ;
and Hif1aΔ/Δ, Epas1Δ/Δ CD4+ T cells). Welch’s correction of unpaired t test was
used to calculate P values.

8982 | www.pnas.org/cgi/doi/10.1073/pnas.1811702116 Cho et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811702116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811702116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1811702116


the CD154 and BCL6 of Tfh cells. These observations may not
provide the full explanation in all circumstances, however, and an
alternative model places greater emphasis on HIF-2. Intriguingly,
HIF-2α can be induced or stabilized by IL-4 (47, 65, 66). Alum can
elicit a burst of IL-4 and prime greater type 2 immunity (67). In
addition, there is evidence of a transition from IL-21–producing to
IL-4–producing Tfh cells over time in a GC response (68). In this
model, HIF-1α may be necessary for proper help in the primary and
SRBC immunization, whereas with time and in a secondary immu-
nization model, HIF-2α—perhaps induced by IL-4—may exercise a
major function in high-affinity Ab production. While later analyses
will be needed to test models such as these, the key findings are that
(i) the precise impact of the different HIFs in provision of help to B
cells can depend on the exact nature of the immunization and (ii)
there are settings in which HIF-2 makes a critical contribution to
Ab output.
A cluster of papers investigated how HIF-1 may affect the

induction of Foxp3 gene expression in naïve CD4+ T cells to
generate peripheral Treg (pTreg or iTreg) cells (50, 52). While
reporting that Hif1a deletion either increased or decreased
pTreg induction, a key finding in addressing the apparent para-
dox was that the oxygen tension affected FoxP3 induction, so
that the CD4+ T cell response to HIF-1 depended on the envi-
ronment (50, 52, 57). Moreover, HIF-1α could either enhance
FoxP3 expression through direct binding to the Foxp3 promoter
region or promote the degradation of FoxP3 protein, depending
on the availability of cytokine TGF-β (52). Impacts of persistent
HIF stabilization via Vhl deletion in FoxP3-expressing CD4+

cells have also been investigated. Treg-restricted elimination of
pVHL caused instability of the regulator phenotype and ag-
gressive inflammation by a HIF-1–dependent mechanism, so that
loss of HIF repressed IFN-γ expression and restored the sup-
pressive properties of CD4+ T cells (51). All together, these
published results are consistent with a model in which HIF sta-
bilization by LZ hypoxia would attenuate the suppressive potency
of follicular regulators, so that Hif1a inactivation would reduce
Ag-specific GC B cells and Ab responses, as observed here.
Notably for consideration of our results with ubiquitous versus

CD4 T cell-restricted gene inactivation, loss of function for Vhl in
B cells decreased IgG2c in a HIF-dependent process while sparing
IgM (40). Thus, our results with ubiquitous (Rosa26-CreERT2)
HIF depletion suggest that these transcription factors in B cells
regulate the properties of the Ab response, including the balance
among different isotypes, in a setting where pVHL is present. Our

findings also reveal that hypoxia and the presence or absence of
HIF in CD4+ T cells, including those of Tfh phenotype in situ,
modulate the cytokine production of differentiated T cells. This
effect harmonizes with the observed reductions in IgG1 and IgG2c
Ab response in mice whose CD4+ T cells were HIF-deficient.
Although focusing on FoxP3 and Th17/Treg balance, previous
analyses of T helper subsets had touched on Th1 and Th2 subsets
but only measured the effect of HIF-1 on differentiation (fre-
quency of cytokine-producing cells) but not the amounts of IFN-γ
or IL-4 produced by the cells (50, 52). As such, our findings are in
accord with the previous data but extend the observations by
finding reduced secreted cytokine upon secondary stimulation and
reduced IFN-γ on restimulation of ex vivo Tfh cells. These effects
are similar to those recently reported for CD8+ T cells (49). Since
glucose-stimulated lactate production of IL-21–treated CD4+

T cells required HIF, this latter effect is similar to work showing
that reducing glucose intake lowered the IFN-γ production of
CD4 T cells (58). All together, then, our findings provide evidence
that HIF and hypoxia influence CD4+ T cell provision of effector
cytokines in guidance to class switching, in part through mediation
of cytokine-specific metabolic programs in the T cell help to hu-
moral immunity. It is notable that localized hypoxia in tissues is a
common feature of inflammatory diseases such as atherosclerosis,
rheumatoid arthritis, viral infection, and cancer (69). Accordingly,
the findings may have broader implications for Th1 cytokine
production in pathophysiology.

Materials and Methods
Reagents; sourcing; mouse strains and usage; flow cytometry; measurements
of humoral responses, RNA, and proteins; metabolic flux analyses; and sta-
tistical methods are detailed in SI Appendix, Materials and Methods, and all
are based on previous published work. All conclusions stated in Results are
based on biologically independent replications with appropriate statistical
analyses. All animal experiments were completed according to Vanderbilt
University Medical Center Institutional Animal Care and Use committee.
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