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Regulatory T Cells Control Effector T Cell Inflammation
in Human Prediabetes
Rui Liu,1 Gabriella H. Pugh,2 Erin Tevonian,3 Katherine Thompson,4 Douglas A. Lauffenburger,3

Philip A. Kern,5,6 and Barbara S. Nikolajczyk1,2,6,7

Diabetes 2022;71:264–274 | https://doi.org/10.2337/db21-0659

A disparate array of plasma/serum markers provides evi-
dence for chronic inflammation in human prediabetes, a
condition that is most closely replicated by standard
mouse models of obesity and metaflammation. These
remain largely nonactionable and contrast with our rich
understanding of inflammation in human type 2 diabetes.
New data show that inflammatory profiles produced by
CD4+ T cells define human prediabetes as a unique
inflammatory state. Regulatory T cells (Treg) control
mitochondrial function and cytokine production by CD4+

effector T cells (Teff) in prediabetes and type 2 diabetes
by supporting T helper (Th)17 or Th1 cytokine production,
respectively. These data suggest that Treg control of Teff
metabolism regulates inflammation differentially in predi-
abetes compared with type 2 diabetes. Queries of genes
that impact mitochondrial function or pathways leading
to transcription of lipid metabolism genes identified the
fatty acid importer CD36 as highly expressed in Treg but
not Teff from subjects with prediabetes. Pharmacological
blockade of CD36 in Treg from subjects with prediabetes
decreased Teff production of the Th17 cytokines that dif-
ferentiate overall prediabetes inflammation. We conclude
that Treg control CD4+ T cell cytokine profiles through
mechanisms determined, at least in part, by host meta-
bolic status. Furthermore, Treg CD36 uniquely promotes
Th17 cytokine production by Teff in prediabetes.

Obesity-associated prediabetes is a compromised meta-
bolic state defined mainly by hyperglycemia that falls

short of criteria for type 2 diabetes and is less likely to
perpetuate complications like renal and cardiovascular
diseases. The very large pool of people with prediabetes
are at high risk for type 2 diabetes, although prediabetes
is very reversible through lifestyle changes, while medica-
tions like metformin delay progression to type 2 diabetes
(1). A better understanding of prediabetes is an impor-
tant goal that could prevent a considerable number of
type 2 diabetes cases. A disparate array of plasma/
serum markers provides evidence for chronic inflamma-
tion in prediabetes (2,3) that contrasts with our rich
understanding of cellular sources of inflammation in
human type 2 diabetes and animal models of insulin
resistance (IR) (4).

Myeloid cells dominate inflammation in IR mice, but T
cells also influence obesity-associated inflammation, espe-
cially the systemic inflammation that provokes numerous
obesity comorbidities in people. The T helper (Th)17 sub-
set of CD41 T cells is a prominent source of obesity-asso-
ciated inflammation in many human studies (5–8). We
identified a Th17 cytokine profile that differentiated
peripheral blood mononuclear cells (PBMC) from obese
subjects with and without type 2 diabetes and showed that
B cells support Th17 inflammation through diabetes-asso-
ciated mechanisms (9). These studies focused on more
extreme ends of the metabolic spectrum of obese subjects
rather than prediabetes and concluded that CD41 T cells
were functionally similar in the absence of regulation by
support cells (9,10).
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The CD41 T cell subset is a mix of functionally distinct
cell types including Th1, Th17, and regulatory T cells
(Treg), among others. While Th1 and Th17 along with
other T effector subsets like Th2 and Th9 (Teff) promote
adipose tissue and systemic inflammation in obesity, Treg
counteract inflammation, as demonstrated in IR animals
(11,12). Our previous analyses included a mix of function-
ally contrasting cell types, even within the CD41 subset,
leaving open the possibility that Treg control Teff inflam-
mation during the development of type 2 diabetes.

Treg control Teff, but in turn Treg are controlled
through mechanisms that fundamentally differ from
those of Teff. One example is a difference in the fuels
used to drive effector functions. Although foundational
studies concluded that nonmitochondrial glycolysis or
fatty oxidation preferentially fuels Teff or Treg, respec-
tively, more nuanced work showed roles for fatty acids
and glutamine in Th17 metabolism (13–15) and glycoly-
sis in human Treg function (16,17). Now classical work
showed that PPARg, a transcriptional regulator of many
fat metabolism genes, uniquely controls adipose tissue
Treg (but not Teff) in obese/IR mice (11). These data
raise the possibility that manipulating Treg through the
peculiarities of their metabolic machinery to indirectly
alter Teff function, as was successful in exploitations of
Treg CD36 in cancer to lower Teff suppression (12,18),
will provide new avenues for alleviating systemic inflam-
mation in prediabetes to reverse or delay disease
progression.

Data herein show that inflammatory profiles pro-
duced by purified CD41 T cells define prediabetes as an
inflammatory state that is unique from T cell inflamma-
tion in lean/healthy (herein, “lean”) subjects or obese
subjects/subjects with type 2 diabetes and that this pro-
file is predominantly generated by the Teff subset. Treg
control Teff mitochondrial oxidative phosphorylation
(OXPHOS) in prediabetes and type 2 diabetes samples
and concomitantly support Th1 or Th17/Treg cytokine
production, respectively. These data suggest that Treg-
mediated control of Teff metabolism differentially con-
trols inflammation in prediabetes compared with type 2
diabetes. Queries of a range of genes that impact mito-
chondrial function and/or pathways leading to transcrip-
tion of lipid metabolism genes identified the long-chain
fatty acid importer CD36 as highly expressed in Treg but
not Teff of subjects with prediabetes and type 2 diabetes
relative to lean subjects. Pharmacological blockade of
CD36-mediated long-chain fatty acid import in Treg
from subjects with prediabetes decreased production of
a subset of Teff cytokines that contribute to prediabetes
inflammation. We conclude that Treg control CD41 T
cell cytokine production through multiple mechanisms
that are determined, at least in part, by metabolic status
of the host. Furthermore, Treg CD36 uniquely promotes
Th17 cytokine production by Teff in prediabetes.

RESEARCH DESIGN AND METHODS

Human Subjects
Blood was taken by venipuncture from subjects follow-
ing informed consent under a protocol approved by Uni-
versity of Kentucky Institutional Review Board, in
accordance with the principles in the Declaration of Hel-
sinki. Subject type was defined by American Diabetes
Association criteria, and all were recruited from the Uni-
versity of Kentucky Center for Clinical Translational Sci-
ence. Exclusion criteria included autoimmune disease,
recent (within 2 weeks) bacterial/viral infections, cancer
<5 years prior, current allergy medications, uncontrolled
kidney or cardiovascular disease, insulin >100 units/
day, weight change of >5% in the past 3 months, bariat-
ric surgery within 1 year, abnormal thyroid hormone lev-
els, and pregnancy. Subject characteristics can be found
in Supplementary Table 1.

Isolation and Culture of Human T Cells
PBMC were isolated from blood using Ficoll-Paque (GE)
gradient centrifugation and SepMate tubes (STEMCELL
Technologies). CD251CD41 Treg and CD25�CD41 Teff
were separated from PBMC with a human CD41CD251

Treg isolation kit (Miltenyi Biotec) (Supplementary Fig.
1A) using autoMACS (Miltenyi Biotec). Cells were cryogeni-
cally preserved as previously described (19). Cell purity was
quantified with CD3 V610, CD4 FITC, CD25 allophycocya-
nin (APC), and FOXP3 phycoerythrin (PE) with use of a
CytoFLEX LX (Beckman Coulter) flow cytometer. Teff and
Treg were >90% pure based on CD31CD41CD25�FOXP3�

or CD31CD41CD251FOXP31, respectively, in unstimu-
lated samples. Alternatively, Teff and Treg were isolated
from frozen PBMC by a Sony SY3200 cell sorter using CD4
PE and CD25 APC antibodies and gating on live
CD25�CD41 and CD251CD41 populations, respectively.
Results were indistinguishable from magnetic bead–purified
populations. Teff were cultured either alone or with Treg at
19:1 (95% Teff:5% Treg) or 4:1 (80% Teff:20% Treg) ratios
as previously described (7). Cells from the same donor were
combined for cocultures. All cells were stimulated with
CD3/CD28 Dynabeads (Thermo Fisher Scientific) for 40 h
at a bead:cell ratio of 1:1.

Metabolic Analyses
Seahorse was run as we previously described (19), with
cells seeded at 2.5 × 105 per well. Data from different Sea-
horse XF96 plates were combined by the Python-based
script SeaHORse Explorer (SHORE) program (19), which
uses the median of three or more technical replicate val-
ues for each time point to eliminate outliers without bias.
Lactate was measured with a colorimetric kit (BioVision).
Cell culture supernatants were archived <1 year at
�80�C before analysis and then thawed and diluted 50×
for lactate concentration measurement.
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CD36 Functional Test
Treg were pretreated with 10 mmol/L sulfo-N-succinimidyl
oleate (SSO) (Cayman Chemical) or vehicle (1:1,000 DMSO)
and stimulated for 4 h in fatty acid–free culture medium
(10% fatty acid–free BSA instead of FBS). Treg were washed
and then cultured with or without vehicle-treated Teff and
restimulated for 40 h. For quantification of impacts of SSO
on long-chain fatty acid uptake, cultures restimulated for 40
h were incubated with 1.0 mmol/L BODIPY FL C16 (Thermo
Fisher Scientific) for 15 min in PBS at 37�C. Live cells were
analyzed by CytoFLEX LX (Beckman Coulter). Mean fluores-
cence intensity of BODIPY FL C16 was quantified with
FlowJo v10.7.1. Supernatants were archived for lactate and
cytokine measurements.

Multiplex Cytokine Assay
Cytokines in cell culture supernatants were measured on a
Luminex-based FLEXMAP platform (Bio-Rad Laboratories)
using Th17 MILLIPLEX kits (Millipore) as previously
described (9). Supernatants were diluted 50-fold to stay
within the linear range of standard curves as appropriate.
For SSO experiments, cytokines were quantified with the
HCYTA-60K-04 Human Cytokine/Chemokine/Growth Fac-
tor Panel A (IL-17A, IL-17F, IL-10, and IFN-g; Millipore)

Flow Cytometry
Live cells were identified following staining with either
Zombie NIR or Zombie Aqua. For surface staining, CD3
BV605 and CD4 FITC were added at 1:100; CD25 APC
was added at 1:50 in staining buffer (1xDPBS, 10% BSA,
1% EDTA). For Foxp3 staining, cells were fixed/permeabi-
lized after surface staining and then FOXP3 PE was added
at 1:50 in permeabilization buffer (FOXP3/Transcription
Factor Staining Buffer Set; eBiosciences). To differentiate
IL-6–positive Teff and Treg, we stained Teff with 1 mmol/
L carboxyfluorescein succinimidyl ester (CFSE) and Treg
with 5 mmol/L CellTrace Violet for 20 min at room tem-
perature (RT) and then quenched with a 5× volume of cell
culture medium. Cells were pelleted and resuspended in
prewarmed cell culture medium for 10 min before 40 h
activation. To maximize intracellular cytokine signals,
we restimulated cells with phorbol myristate acetate
(5 ng/mL) and ionomycin (250 ng/mL) during the last 6
h of the culture in the presence of Brefeldin A (3 mg/mL;
Thermo Fisher Scientific). For intracellular staining, cells
were fixed after surface staining and then treated with
permeabilization buffer (Intracellular Fixation & Permea-
bilization Buffer Set kit; eBiosciences), and IL-6 PE was
added at a 1:50 ratio in permeabilization buffer. Stained
samples were fixed with 1% paraformaldehyde in PBS
before analysis by CytoFLEX LX using CytExpert software
(Beckman Coulter). Flow cytometry data were analyzed
with FlowJo v10.7.1.

Gene Expression
Whole cell extract was prepared from 1–2 million cells lysed on
ice for 20 min with use of 25 mL radioimmunoprecipitation

assay buffer/106 cells (Cell Signaling Technologies) supplemented
with protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific) and EDTA. Debris was removed by centrifugation at
13,000 rpm for 20 min. Protein was quantified in a Pierce BCA
Protein Assay kit (Thermo Fisher Scientific). Protein (15 mg:
PPARg, cat. no. 2430S, Cell Signaling Technologies, and CD36,
cat. no. NB400-144, Novus Biologicals; 10 mg: SREBP-1, cat. no.
NB600-582, Novus Biologicals, and CPT-1a, cat. no. 12252S, Cell
Signaling Technologies) was loaded onto precast gels (4–20%;
Bio-Rad Laboratories) and separated at 100 V/20 min and then
140 V/80 min before transfer onto polyvinylidene difluoride
membranes at 100 V, 1 h 15 min. Membranes were blocked in
5% dry milk 1× Tris-buffered 0.1% Tween 20 (TBST) for 1 h at
RT, followed by three washes with 1× TBST, and then probed
with primary antibody (1:1,000 for CD36, SREBP-1, and CPT-1a
and 1:500 for PPARg) overnight at 4�C. After three washes
with 1× TBST, membranes were incubated with horseradish per-
oxidase–conjugated secondary antibody (1:10,000, anti-rabbit or
anti-mouse IgG; Cell Signaling Technologies) for 1 h at RT. Ultra-
sensitive enhanced chemiluminescent (ECL) substrate was used
for protein detection. Blots were imaged using automatic expo-
sure with ChemiDock (Bio-Rad Laboratories). Protein expression
was quantified by ImageJ.

mRNA Analysis
RNA was isolated with RNeasy (QIAGEN) and then quan-
tified by NanoDrop. cDNA was synthesized with the
qScript cDNA Synthesis Kit (Quantabio) before amplifica-
tion by real-time PCR with SYBR Green master mix (QIA-
GEN), with 60�C annealing/extension for 40 cycles. For
quantification we used the DDCT method. Primers for
mRNA quantification can be found in Supplementary
Table 2.

Statistical Analysis
Data are presented as mean ± SD unless otherwise indi-
cated. One-way or two-way ANOVAs were conducted in
GraphPad Prism 8.0 as appropriate. Alternatively, we fit a
mixed model to the log-transformed, normalized values
for each individual cytokine with an unstructured correla-
tion matrix. We used fixed effects for cell or clinical group
and a random effect for subject. Each model was fit with
cell, group, and the statistical interaction between cell and
group. If the interaction effect was not significant, it was
removed from the model. P values <0.05 were deemed
significant for all analyses, and a Tukey adjustment cor-
rected for multiple tests. Cytokine values below the detec-
tion limit were replaced by one-half of the minimum log-
transformed normalized observed value for the cytokine
under consideration. Partial least squares discriminant
analysis (PLSDA) of orthogonalized data was completed
as previously described (14,20) with work done in R to
capture the impact of cytokine interactions that are not
captured by the other analytical approaches.
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Data and Resource Availability
The data sets generated for the current study are available
from the corresponding author upon reasonable request.
No new resources were generated during the study.

RESULTS

CD4+ T Cells From Subjects With Prediabetes Produce
a Unique Inflammatory Profile
To better define inflammation in prediabetes, we first
analyzed T cell (>90% pure based on CD31CD41)
(Supplementary Fig. 1B) cytokine competence using
mixed models that considered each cytokine in isolation.
We found numerous differences in cytokine production
when compared among cell types (Teff, Treg, or Teff-
Treg cocultures) or subject groups (lean or subjects with
obesity plus either prediabetes of type 2 diabetes)
(Supplementary Table 1), with significant interactions
between cell type and subject group for IL-5, -10, and -21
(Supplementary Table 3). To capture potential interac-
tions among cytokines that were not queried in other
analyses, we generated combinatorial cytokine profiles (9)
from the same cytokine measures. A codominant Th2
(IL-13, IL-4, IL-5)/Th1 (GM-CSF, TNFa) (15,21) cytokine
profile delineated prediabetes from type 2 diabetes
inflammation in both total CD4 and effector T cells (Teff)
(Fig. 1A and B, purple). In contrast, a mixed array of cyto-
kines (IL-21, GM-CSF, IL-12, and IL-4) differentiated Treg
in prediabetes (Fig. 1C, purple), although IL-17F and
IL-17A were unexpectedly produced at higher concentra-
tions by Treg from subjects with type 2 diabetes (Fig. 1C,
red). Consistent with previous literature, purified Treg
produced very little/no IL-2 as a functional readout of
purity (22) (Supplementary Fig. 1C), recapitulating our
mixed-model results for IL-2 (Supplementary Table 3).
Comparison of overall inflammation between CD41 T
cells of subjects with prediabetes and of lean subjects
showed that a mixed Th1/2/17 profile distinguished pre-
diabetes from lean inflammation (Fig. 1D) (CCL-20, IL-6,
IL-10, TNF-a, GM-CSF, and IL-12), while an overlapping
but more strictly Th1 profile (IL-6, IFN-g, and IL-12, with
IL-10 as a Th2 cytokine) dominated Teff responses (Fig.
1E). Cytokine profiles from prediabetes relative to lean
Treg were similarly dominated by Th1 cytokines like
IFN-g and IL-12 (Fig. 1F). These data support the conclu-
sion that inflammation from CD41 T cells, and specifi-
cally Teff, progressively changes during type 2 diabetes
pathogenesis and that prediabetes represents a unique
inflammatory state.

Prediabetes Teff Have Higher Mitochondrial
Metabolism
To begin understanding whether prediabetes-associated
changes in CD41 T cell metabolism fuels the unique cyto-
kine profile of prediabetes, we measured mitochondrial
function of Teff from lean subjects, or subjects with obe-
sity and either prediabetes or type 2 diabetes, using the

Seahorse Mito Stress Test (Fig. 2A). We first analyzed Sea-
horse-generated oxygen consumption rate (OCR) (a direct
measure of OXPHOS) to identify interactions between
cell/culture type and disease status (Fig. 2B). This analysis
showed that purified Teff from subjects with prediabetes
compared with the other cohorts had approximately
threefold the OCR under both basal and maximal respira-
tion conditions following CD3/CD28 stimulation (Fig. 2A
and B, blue lines/bars). Despite similar nonmitochon-
drial OXPHOS and higher proton leak, prediabetes Teff
had higher ATP production and spare respiratory capac-
ity—the latter a measure of the ability of cells to
increase ATP production in response to acute stress
(Fig. 2A and B). Prediabetes Teff had higher basal respi-
ration and marginally higher nonmitochondrial glycoly-
sis than Teff from lean subjects or subjects with type 2
diabetes, with the latter measured by lactate production
(Fig. 2B and C). We conclude that Teff from prediabetes
subjects are more metabolically active than cells from
the comparator cohorts, mainly due to higher mito-
chondrial OXPHOS.

Treg Control CD4+ T Cell Metabolism and Function
Through Disease-Associated Mechanisms
Treg frequencies differ in lean compared with mice and
humans with IR/type 2 diabetes amid modest changes in
Teff frequencies (7,11,12,14), raising the possibility that
changes in Teff-to-Treg ratios, and thus cross talk, impact
Teff metabolism and cytokine production in prediabetes.
We repeated OCR measures in Teff cocultured with 5% or
20% syngeneic Treg to mimic the broad range of Teff-
to-Treg ratios identified previously (23). We found no evi-
dence that Treg impacted Teff-Treg coculture OCR
through disease-associated mechanisms (Fig. 2B; blue,
purple and green bars within each subject cohort are simi-
lar). However, analysis of culture-specific differences by
subject group showed that 20% Treg lowered basal OCR
in cells from all three subject types and decreased ATP
production and maximal respiration only in Teff from
subjects with obesity, regardless of metabolic health (Fig.
2D). Treg lowered nonmitochondrial respiration in Teff
from subjects who were lean (at 1:19 ratios), but at 1:4
ratios, Treg increased nonmitochondrial respiration in
Teff from subjects with type 2 diabetes (Fig. 2D). Treg
increased lactate production only in cocultures from sub-
jects with type 2 diabetes (Fig. 2C). The 12,500–50,000
Treg added to Teff consume immeasurable oxygen using
this method (data not shown), although we cannot
entirely rule out the possibility that Teff activate measur-
able oxygen consumption by Treg in cocultures. CFSE
dilution assays to measure Treg blockade of Teff prolifera-
tion showed that, as expected, Treg did not affect Teff
proliferation in short-term cocultures (Supplementary
Fig. 1D and E), eliminating one potential confounder of the
outcomes. We conclude that Treg change basal and maximal
mitochondrial function, nonmitochondrial OXPHOS, ATP
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production, and nonmitochondrial glycolysis of T cells
(largely Teff) through obesity- and/or type 2 diabetes–associ-
ated mechanisms.

Treg Impact CD4+ T Cell Function in Prediabetes and
Type 2 Diabetes
To determine whether disease-associated changes in
metabolism of Teff/Treg cocultures regulate the Th17 and
Th2 cytokines that define the unique inflammatory profile
of Teff in prediabetes (Fig. 1), we quantified cytokines
produced by Teff alone, Treg alone, or Teff-Treg cocul-
tures from replicates of samples analyzed with Seahorse
(Fig. 2). Supplementary Table 3 highlights significant dif-
ferences in single cytokines based on cell type, including
differences between Teff and Treg in IL-2, -4, -6, and
-17A and CCL20. ANOVA showed that Treg did not
impact production of multiple cytokines traditionally
characterized as Th17 or Th1 (Fig. 3A and B, respectively)
in samples from the cohorts of lean subjects or subjects
with prediabetes, although higher IL-17A and IL-17F

production by Treg from subjects with prediabetes com-
pared with lean subjects may contribute to Th17 profiles
in prediabetes (Figs. 1F and 3A). However, Treg signifi-
cantly increased IL-17F production by CD41 T cells from
subjects with type 2 diabetes (Fig. 3A). This approach can-
not entirely rule out the possibility that Teff triggers
robust Treg cytokine production in coculture, although
adding 20% of the cytokines produced by Treg would not
account for the highlighted difference. With PLSDA we
confirmed that IL-17F production differentiated cytokine
profiles of Teff produced in the presence versus absence
of Treg from subjects with type 2 diabetes, along with an
ability of Treg to induce a comprehensive Th1 profile
(IFN-g, TNF-a, IL-6, IL-12, GM-CSF) (Fig. 3C). In con-
trast, PLSDA analysis of cytokine profiles produced by
Teff compared with Teff-Treg cocultures from subjects
with prediabetes revealed a mixed Th17-supportive
(IL-17A and -17F/CCL-20)/Treg-supportive (IL-2 and -10)
profile generated in the presence of Treg (Fig. 3D). Com-
parison of profiles produced by Treg and Teff-Treg 20%
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cocultures showed that cytokines well known to be pro-
duced by Teff but not Treg (IL-2 and IFN-g, among
others) were important for differentiating culture types
similarly in cells from subjects with prediabetes or type 2
diabetes (Fig. 3C and D), indicating that Teff cytokine
production almost exclusively accounts for disease-associ-
ated differences in coculture inflammation. Models com-
paring Teff and Teff-Treg 5% profiles in cells from all
three cohorts or Teff and Teff-Treg 20% profiles from
lean subjects showed no differences (not shown), indi-
cating modest if any impact of Treg on CD41 T cell

cytokine production under these conditions. Models
comparing Treg with Teff-Treg 20% profile showed that
a highly overlapping set of cytokines differentiates func-
tion of these two culture types (IL-12 and -21, IFN-g,
etc.) irrespective of donor group, consistent with the
interpretation that Treg cytokine production contributes
modestly to the disease-associated differences in cyto-
kine production by Teff versus Teff-Treg cocultures.
(Supplementary Fig. 2). Intracellular staining for IL-6, a
cytokine that distinguished function of Teff versus Teff--
Treg cultures from subjects with type 2 diabetes and
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Figure 2—Treg control Teff metabolism. A: OCR (a direct measurement of mitochondrial OXPHOS) of CD3/CD28-stimulated Teff from
lean subjects, subjects with prediabetes, and subjects with type 2 diabetes in the presence or absence of Treg as indicated in the key and
analyzed as we previously described (19). OCR following treatment with the ATP synthase inhibitor oligomycin (oligo), the mitochondrial
uncoupler trifluoromethoxy carbonlycyanide phenylhydrazone (FCCP), or mitochodrial complex I/III inhibitors rotenone and antimycin A
(Rot/AA) are shown. B: Quantification of Mito Stress test OCR (i.e., OXPHOS) of Teff in the presence/absence of Treg included nonmito-
chondrial oxygen consumption (Non Mito), basal respiration (Basal Resp), proton leak, ATP production, maximal respiration (Max Resp),
and spare respiratory capacity (SRC) from panel A. Analysis takes into account interactions between cell/culture type and disease status
of cell donor as labeled on x-axis. Differences are indicated as follows: a, prediabetes vs. lean, P < 0.001; b, prediabetes vs. type 2 diabe-
tes, P< 0.001; c, lean vs. type 2 diabetes, P< 0.001; d, prediabetes vs. lean, P< 0.01; e, prediabetes vs. type 2 diabetes, P< 0.01; f, pre-
diabetes vs. lean, P < 0.05; g, prediabetes vs. type 2 diabetes, P < 0.05. C: Lactate concentrations in culture supernatants of stimulated
Teff ± Treg as indicated in key. N = 9 for each cohort. *P < 0.05. D: Reanalysis of data to focus on cell type differences independent from
interactions with disease status. Data were analyzed with one-way ANOVA, Kruskal-Wallis test. *P < 0.05, **P < 0.01, ***P < 0.005,
****P < 0.001, compared with Teff alone. For panels A, B, and D: N = 8, 7, and 8 for lean, prediabetes, and type 2 diabetes samples,
respectively. For panels B–D, data were analyzed with SHORE (19) and are displayed as median and range. T2D, type 2 diabetes.
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prediabetes (but not lean subjects) (Fig. 3C and D), sup-
ported the conclusion that a higher frequency of CFSE-s-
tained Teff in the Teff-Treg cocultures produced IL-6 in
prediabetes (or type 2 diabetes) compared with lean sub-
jects’ cells (Fig. 3E, left). IL-61 violet-stained Treg were

similarly frequent among subject types (Fig. 3E, right).
The finding of similarities in IL-6 production by Teff and
Teff-Treg cultures in flow analyses is consistent with our
understanding that multivariate analysis (per Fig. 3C and
D) can identify differences that fail to meet standard
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statistical criteria for differences. We conclude that the
ability of Treg to change Teff metabolism (Fig. 2) associ-
ates with cohort-determined differences in CD41 T cell
cytokine production.

Prediabetes Changes Metabolism-Associated Proteins
in Treg and Teff
Mitochondrial OXPHOS is one important outcome of
coordination among numerous lipid-related genes and
pathways, outlined in Fig. 4A. Given the role long-chain
fatty acids play in T cell cytokine production in type 2 dia-
betes (7,13,14), we quantified proteins responsible for
fatty acid metabolism/flux to determine whether similar
changes may play roles in the mixed Th17/Th2 profile
produced by CD41 cells in prediabetes. mRNA quantifica-
tion showed that GLUT1, ACC1, LDHa, ACLY, FASN,
ACAT1, SCD1, PLIN2, and CPT-1a had disease-independent
expression, although some of these mRNAs were expressed
more in Teff or cocultures than Treg (Supplementary Fig.
3A). In contrast to the higher CPT-1a expression by PBMC
from subjects with obesity/type 2 diabetes compared with
subjects with obesity/normoglycemia (14), T cells from

cohorts analyzed herein expressed similar amounts of
CPT-1a protein (Fig. 4B). We preliminarily conclude that
proteins involved in mitochondrial fatty acid processing
modestly differ in T cells from comparator cohorts herein.
In contrast, the fatty acid importer CD36 was expressed
more highly in Treg from subjects with obesity (Fig. 4C).
Although Western blots for PPARg, a transcription factor
downstream of CD36, were inconclusive (Supplementary
Fig. 3B), mRNA analysis suggested that Treg express more
PPARg than Teff from all cohorts (Supplementary Fig. 3C).
Similarly, the cleaved-to-precursor ratio of the transcription
factor SREBP-1 was highest in Treg from both obese
cohorts (Fig. 4D). We conclude that key transcriptional
mediators that are regulated by long-chain fatty acid signal-
ing pathways, and control lipid metabolism genes, are
altered through cell type and, for CD36 and SREBP, disea-
se-associated mechanisms.

Treg CD36 Promotes Teff Cytokine Production in
Prediabetes
Given that 1) Treg upregulate CD36 in adipose tissue of
obese subjects among other pathogenic environments

Figure 4—More CD36 in Treg from subjects with prediabetes associated with higher expression of downstream transcriptional regulators
but not mitochondrial genes. A: Schema of CD36-downstream transcriptional regulators and mitochondrial genes. GLUT1 and LDH (lac-
tate dehydrogenase) regulate glucose metabolism; pyruvate entry into mitochondrial metabolism is not shown. CD36 (fatty acid translo-
case) mediates fatty acid uptake. SCD1 (stearoyl-CoA desaturase 1), ACLY (ATP-citrate lyase), ACC1 (acetyl-CoA carboxylase 1), FASN
(fatty acid synthase), and SREBP-1 (sterol regulatory element binding protein 1) regulate fatty acid synthesis. CPT-1a (carnitine-palmitate
transferase 1a) and ACAT1 (acetyl-CoA acetyltransferase 1) regulate fatty acid oxidation. PPARg (peroxisome proliferator–activated
receptor g) regulates lipid metabolism and inflammation. PLIN2 (perilipin 2) regulates lipid droplet formation. ETC designates the mito-
chondrial electron transport chain CPT-1a (B), CD36 (C), or SREBP-1 (D) (precursor [P] or cleaved [C]) protein in stimulated T cell cultures
as indicated. Panels B, C, and D show a representative Western blot; bar graphs show quantification of biological replicates. For all pan-
els, N = 3 for each subject group and data (mean ± SD) were analyzed with two-way ANOVA. *P< 0.05; **P< 0.01; ***P< 0.005.
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(11,18), 2) Treg CD36 is highest in subjects with predia-
betes but CD36 is expressed similarly by Teff from all
subject types (Fig. 4C), 3) CD36 imports long-chain
fatty acids that promote T cell inflammation in type 2

diabetes (14), and 4) CD36 can be manipulated through
approaches consistent with limited Treg numbers, we
questioned the functional importance of higher Treg
CD36 on T cell inflammation in prediabetes. Because
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Figure 5—CD36 mediates long-chain fatty acid uptake in Treg and total CD41 T cell cytokine production by cells from subjects with predi-
abetes. A: BODIPY uptake in prediabetes Treg and stimulated Treg-Teff cocultures following pretreatment of Treg with the irreversible
CD36 inhibitor SSO as indicated. Uptake is quantified based on mean fluorescence intensity of BODIPY FL C16 as quantified with flow
cytometry. N = 4. B: Impact of Treg pretreatment with SSO on lactate production by CD41 T cells from subjects with prediabetes. Exam-
ples of Th17 (C) or non-Th17 (D) cytokine production by CD41 T cells as indicated after Treg pretreatment with SSO. For panels B–D,
N = 5. All data are displayed as mean ± SD, with analysis by two-way ANOVA. *P < 0.05; **P< 0.01; ***P < 0.005.
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the number of Treg we recover from each subject is
insufficient for genetic manipulation per our previous
approaches (14), we instead relied on an irreversible
and specific CD36 inhibitor, SSO, that blunts long-chain
fatty acid uptake without impacting glucose uptake or
fatty acid metabolism (24). As expected, SSO inhibited
BODIPY FL C16 uptake by T cells (Fig. 5A) and had no
effect on nonmitochondrial glycolysis as indicated by
lactate production (Fig. 5B). SSO lowered production of
the Th17 cytokines IL-17A and IL-17 in both purified
Treg and in cocultures of 95% Teff 1 5% Treg (Fig. 5C).
IL-10 and IFN-g production were unchanged in these
cocultures, although Treg IL-10 was modestly lower fol-
lowing SSO treatment (Fig. 5D). Mechanisms that
explain the lack of an effect of SSO on the cocultures
with 80% Teff 1 20% Treg remain unknown (Fig. 5C).
Studies with cells from N = 3 individuals processed as
in Fig. 1 versus Fig. 5 confirmed that absolute differ-
ences in cytokine production were due to protocol dif-
ferences (not shown). Overall, these data support the
conclusion that Treg CD36 supports CD41-generated
inflammation in prediabetes.

DISCUSSION

Our data support the conclusion that CD41 T cell inflam-
mation in subjects with prediabetes differs from that of
either lean subjects or subjects with type 2 diabetes largely
due to the Teff subset, which in turn is regulated by CD36
on Treg. These data thus highlight nonlinear changes in T
cell function during disease development that culminate in
the systemic Th17 profile of type 2 diabetes (9). Our find-
ings fundamentally differ from previous demonstrations
of slow, steady increases in single inflammatory markers,
sometimes limited to specific points of disease progression
(i.e., lean ! prediabetes; prediabetes ! type 2 diabetes),
in studies with greater numbers of subjects (2,25). This
new appreciation of metaflammation suggests new targets
for reversing prediabetes that will complement recommen-
dations for glycemic control and body weight management.
Examples include derivatives from type 2 immunity/Th2/
Treg-supportive helminths, shown to ameliorate obesity in
mouse models (26,27).

Our demonstration that Treg control Teff mitochondrial
respiration from subjects with obesity introduces a previ-
ously unappreciated mechanism of Treg action. Treg-limited
OCR associated with disease-determined cytokine profiles,
but these data also justify studies on other outcomes of
Teff metabolism, like proliferation or migration (28), to pin-
point the functional significance of this obesity-associated
Treg action. The lack of disease-associated differences in
mRNAs that encode mitochondrial mediators of T cells sug-
gests that complementary tools like metabolomics will be
needed to identify mechanisms that Treg use to alter Teff
mitochondrial function uncovered by our work. Regardless,
the ability of Treg to shift T cell inflammatory profiles con-
current with lower T cell OXPHOS in disease-associated

patterns expands our previous demonstration that B cells
support T cell cytokine production in diabetes and add
nuance to our original conclusion that total CD41 T cells
are functionally similar in obese/normoglycemic and diabe-
tes-afflicted individuals (9,10). Our focus on prediabetes as
a separate metabolic category, combined with more complex
analytical tools, implies that follow-up analysis on cells
from four cohorts (lean/normoglycemic, obese/normoglyce-
mic, obese/prediabetes, and obese/type 2 diabetes) will be
needed to unify data on purified CD41 T cells herein with
outcomes from PBMC of obese/normoglycemic subjects and
subjects with obesity/type 2 diabetes (9,14). This compari-
son will be essential in generating new strategies for the
timing of immunomodulatory drugs to prevent disease pro-
gression by targeting mediators like Treg CD36, as success-
fully targeted in cancer (18). Our data also hint that the
mechanistic foundation of T cell function significantly dif-
fers in prediabetes compared with type 2 diabetes, perhaps
in part due to significantly higher mitochondrial func-
tion in the former. Although the subjects with type 2
diabetes in our study used glycemic control drugs, our
previous work showed that metformin, the most com-
mon glycemic control drug for type 2 diabetes, did not
alter mitochondrial function in PBMC from subjects
with prediabetes (14). Although metformin may not be
critical for the metabolic impacts of Treg-Teff cross talk,
additional analyses are needed to quantify the impact of
metformin on the differences between type 2 diabetes
and prediabetes inflammation.

Our data are consistent with the interpretation that
transcriptional mediators of lipid metabolism genes
downstream of CD36 and its associated fatty acid signal-
ing pathways (29) are altered by cell type and disease-
associated mechanisms. Although CD36 on Treg from
mouse visceral adipose tissue is modestly increased in IR
(11) compared with the increases we see in Treg from
subjects with prediabetes, the parallel increases in mouse
but not human CPT-1a, PLIN2, and other genes involved
in CD41 T cell lipid metabolism suggest fundamentally
different functional outcomes of elevated Treg CD36
in the two models of obesity-associated inflammation.
Although higher CD36 on murine adipose Treg was attrib-
uted to decreased PPARg (11,30–32), higher expression
of human Treg CD36 seemed largely independent of
PPARg. A comprehensive dissection of lipid metabolism
alongside transcription of lipid regulatory genes remains
difficult in primary human Treg but might better be
achieved in cell lines once we identify an animal model
that recapitulates our findings. The challenging questions
remain: how does a disease alter immune cell metabolism
to regulate inflammation, and how can we translate these
new concepts from bench to bedside?
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