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Abstract

Mechanisms that regulate metabolites and downstream energy generation are key determinants

of T cell cytokine production, but the processes underlying the Th17 profile that predicts the
metabolic status of people with obesity are untested. Th17 function requires fatty acid uptake,

and our new data show that blockade of CPT1A inhibits Th17-associated cytokine production by
cells from people with type 2 diabetes (T2D). A low CACT:CPT1A ratio in immune cells from
T2D subjects indicates altered mitochondrial function and coincides with the preference of these
cells to generate ATP through glycolysis rather than fatty acid oxidation. However, glycolysis was
not critical for Th17 cytokines. Instead, p oxidation blockade or CACT knockdown in T cells to
mimic characteristics of T2D promotes cells from lean subjects to utilize 16C-fatty acylcarnitine to
support a Th17 cytokines. These data show long chain acylcarnitine combines with compromised
[ oxidation to promote disease-predictive inflammation in human T2D.

eTOC blurb

Although glycolysis generally fuels inflammation, Nicholas, Proctor and Agrawal et al. report
that PBMCs from subjects with type 2 diabetes use a different mechanism to support chronic
inflammation largely independent of fuel utilization. Loss- and gain-of-function experiments in
cells from healthy subjects show mitochondrial alterations combine with increases in fatty acid
metabolites to drive chronic T2D-like inflammation.

Introduction:

T cells recirculate through key metabolic regulatory tissues in obesity (Lynch et al.,

2015; Travers et al., 2015; Wouters et al., 2017), and produce inflammatory cytokines

that support insulin resistance and type 2 diabetes (T2D) (Fabbrini et al., 2013; Ip et al.,
2016; McLaughlin et al., 2014; Zuniga et al., 2010). CD4* T cell cytokines contribute

to metabolic dysfunction through multiple mechanisms that include lipogenic support and
inhibition of both lipid oxidation and IRS-1 phosphorylation (Feingold and Grunfeld, 1987;
Grunfeld et al., 1988; Hotamisligil et al., 1996; Jones Iv et al., 2017). We defined a Th17
cytokine profile in people with T2D that dominates systemic T cell inflammation, activates
TNFa production, and mathematically predicts T2D in obese people (Ip et al., 2016). This
combinatorial profile is consistent with numerous demonstrations that cytokines within the
profile, such as IL-17A, are overrepresented in tissues from T2D compared to non-T2D
(ND) subjects, and support both insulin resistance and feed-forward inflammatory loops
(Fabbrini et al., 2013; Ip et al., 2016; Jagannathan-Bogdan et al., 2011; Pandolfi et al.,
2016). Queries of cellular mechanisms underlying the T2D-associated Th17 profile have
uncovered the importance of partially understood inputs from other PBMC cell types,
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especially B cells, as essential for profile maintenance (Defuria et al., 2013; Ip et al., 2016;
Jagannathan-Bogdan et al., 2011).

Perturbations of the nutrient milieu in T2D include glucose and lipid overabundance that,
coupled with alterations in key T cell metabolic proteins like AMPK and higher circulating
lipid metabolites like 16C-acylcarnitine, may alter T cell metabolism and thus function
(Blagih et al., 2015; Brand, 1985; Brand et al., 1984; Gauthier et al., 2011; Guasch-Ferre
et al., 2018). Such metabolic imbalances drive non-T2D pathologies like encephalomyelitis
and lupus through various T cell-associated mechanisms (Delgoffe et al., 2009; Delgoffe et
al., 2011; Gerriets et al., 2015; Kim et al., 2013; Xu et al., 2017; Yin et al., 2015), but roles
of similar mechanisms in the T2D-associated Th17 profile (Ip et al., 2016) remain poorly
understood. Recent work showed that ACC1 and the downstream enzyme fatty acid synthase
play critical roles in Th17 development at the expense of Th1 cells in obese mice (Endo

et al., 2015), and suggest that lipid flux is important for obesity-associated inflammation in
this Thl-dominated model (Winer et al., 2009). How ACC1, AMPK and other T cell lipid
regulators function in Th17-dominated inflammation in human T2D is unknown.

We demonstrate herein that activated immune cells and purified CD4* T cells from

T2D compared to ND subjects are strongly biased toward non-mitochondrial glycolytic
metabolism, herein designated “glycolysis”, which associates with higher AMPK activation
and altered mitochondria as evidenced by a lower CACT:CPT1A ratio. However, glucose
starvation to switch T2D cells away from glycolysis and towards alternative fuel sources
failed to normalize T cell inflammatory profiles, showing that glycolysis parallels but does
not fuel T2D inflammation. Instead, blockade of fatty acid transport and/or  oxidation

in PBMCs with etomoxir/trimetazidine or CACT-specific sSiRNA, alone or in combination
with excess 16C fatty acyl carnitine, respectively, promoted Th17 cytokine production
independent of glucose metabolism. Furthermore, knockdown of CPT1A ameliorated

Th17 cytokine production, indicating that a decrease in the CACT:CPT1A ratio promotes
Th17 function. These data demonstrate that an environment rich in long chain fatty acid
metabolites induces immune cells with compromised fatty acid oxidation machinery to
produce the Th17 cytokines that define inflammation in human T2D. These findings
challenge the current dogmas that increases in glycolysis uniquely fuel T cell inflammation,
by showing instead that suboptimal fatty acid oxidation independently promotes Th17
activation. Our work refocuses anti-inflammatory clinical trials in T2D towards control of
fatty acid metabolism rather than euglycemia.

AMPK and mitochondrial mass are lower in immune cells from T2D compared to non-T2D

subjects

AMPK is a master mitochondrial regulator that has relatively low activity under conditions
of nutrient excess, such as in the adipose tissue of people with obesity or T2D (Gauthier et
al., 2011; Herzig and Shaw, 2018). To test if AMPK is partially inactivated by T2D in blood
immune cells, which reflect the immune compartment of adipose tissue due to re-circulation
(Lynch et al., 2015; McLaughlin et al., 2014), we quantified pAMPK in PBMCs and CD4"*
T cells from equally obese T2D and ND subjects (Table S1). The proportion of activated
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AMPK was higher in both fresh ex vivo CD4* T cells and PBMCs from T2D compared
to ND subjects (Fig. 1A-C). One possible explanation for more activated AMPK in T2D
samples is that only the T2D subjects were clinically prescribed metformin, a glycemic
control drug that inhibits complex | to activate AMPK (Cameron et al., 2018). To directly
test the ability of metformin to activate AMPK in circulating cells, we quantified pAMPK
in CD4™ T cells from pre-diabetes (pre-T2D) subjects (Table S2) who do or do not take
metformin as part of their clinical care. AMPK activation was indistinguishable in cells
from these cross-sectionally recruited subjects (Fig. 1D). Metformin also failed to impact
major AMPK-sensitive metabolic pathways in PBMCs collected before and 3 months after
metformin treatment of pre-T2D subjects, as measured by extracellular flux outcomes in
a mitochondrial stress test (Fig. SIA-D). We conclude that chronic AMPK activation is
not explained by metformin intervention, but instead putatively indicates T2D-associated
changes in PBMC and CD4* T cell mitochondria and/or metabolism.

AMPK regulates mitochondrial dynamics and homeostasis, including biogenesis and

fission (Rabinovitch et al., 2017; Toyama et al., 2016), and thereby may regulate T cell
bioenergetics and downstream inflammation. To begin determining the effect of chronic
AMPK activation on T cell mitochondria in T2D, we used flow cytometry to quantify
mitochondrial mass in resting immune cells representing several major subsets (Fig. S2A~
D). All immune cell subsets tested were similarly frequent in T2D and ND blood as
previously published (van Beek et al., 2014) except CD8* T cells, which were less frequent
in T2D samples (Fig. S2B). Notably, Th17 cells, as identified by chemokine receptors,

were similarly frequent in both subject cohorts, extending our previous demonstration that
Th17 cells are more abundant in PBMCs from T2D compared to lower BMI/normoglycemic
subjects (Jagannathan-Bogdan et al., 2011). Univariate analyses of all major cell subsets
indicated no disease-associated difference in mitochondrial mass as indicated by Mitotracker
green (Fig. S2C,D), although previously reported outcomes like higher dependence of T
cells than B cells on mitochondrial metabolism were reflected by higher mitochondrial

mass in CD4* T cells and higher glucose uptake (as measured by NBDG uptake) by B

cells (Fig. S2C-E) (Caro-Maldonado et al., 2014). Because cell-by-cell univariate analysis
may underestimate a more physiological/combinatorial effect of T2D on mitochondrial
mass, we used partial least squares discriminant analysis to predict whether variation in
mitochondrial mass of specific immune cell subsets could differentiate samples from T2D
and ND subjects (Lau et al., 2011; Simmons et al., 2013; Wold et al., 2001). Mitochondrial
mass in T cells correctly predicted disease state with 68% confidence (~1SD above the mean
of random) and was statistically different from random models (Fig. 1E). Loading analyses
generated latent variables that ranked the importance of mitochondrial mass in specific

T cell subsets for predicting that a blood donor was T2D or ND (not shown). Variable
importance in projection (VIP) analysis, which combines the weight of each analyte over all
latent variables in the model to assess the importance of each T cell type’s contribution to
the disease-associated difference in mitochondrial mass, showed lower mitochondrial mass
of Tregs, Th2s, and Th17s as most indicative of T2D status (Fig. 1F, striped bars; negative
values indicate the overall mitochondrial mass is lower in T2D samples). Taken together,
more pAMPK and less mitochondrial mass in CD4* but not CD8* T cells of subjects with
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T2D suggest that disease-associated changes in key regulators of cellular metabolism may
promote T2D inflammation.

Lower mitochondrial mass and AMPK activation coincide with higher glycolysis by
immune cells from T2D compared to non-T2D subjects

To test the metabolic consequences of chronic AMPK activation and subset-selective
decreases in mitochondrial mass in T2D, we quantified oxygen consumption rate (OCR;
which measures mitochondrial respiration) and extracellular acidification rate (ECAR; a
proxy for acid production from all sources including lactate from glycolysis) of resting and
aCD3/a.CD28-stimulated PBMCs from T2D and ND subjects (Table S1) by extracellular
flux responses in a mitochondrial stress test. OCR and ECAR were statistically similar

in resting cells (Fig. 2A-C). OCR of stimulated PBMCs was also disease-independent
(Fig. 2D). More detailed analysis of OCR-derived measures of mitochondrial respiration,
including basal O, consumption, spare respiratory capacity, and proton leak with SHORE
software (Nicholas et al., 2017) followed by partial least squares analysis showed that none
of these indicators of mitochondrial function preferentially associated with Th17 cytokines
(Fig. S3A). In contrast, ECAR was higher in stimulated PBMCs from T2D compared to
ND subjects, and corresponded with higher lactate production, a definitive measure of
glycolysis (Fig. 2E,F). Ratio analysis by SHORE confirmed that stimulated cells from T2D
subjects preferentially used glycolysis, as measured by the post-stimulation OCR:ECAR
ratio, AOCR, and AECAR (Fig. 2G-I). Lower ATP generation by cells from T2D subjects
(Fig. 2J,K) was consistent with a preference for glycolysis and compensatory AMPK
activation. CD4* T cells stimulated in the context of PBMCs then purified immediately
before a mito stress test did not recapitulate the T2D-associated preference of PBMCs

for glycolysis, nor did the remaining T cell-depleted PBMCs, nor did resting CD4* T

cells (Fig. S3B-J). These findings indicate that the excessive glucose characteristic of T2D
is not sufficient to cause glycolysis. CD4* T cells from T2D subjects, purified prior to
stimulation, were modestly more glycolytic than T cells from ND subjects, although the
OCR:ECAR ratios were indistinguishable (Fig. S3K-M). Metabolic differences in purified
compared to PBMC-associated CD4* T cells mirror results showing that higher Th17
cytokine production in T2D cannot be recapitulated by purified CD4* T cells alone (Defuria
et al., 2013; Ip et al., 2016; Jagannathan-Bogdan et al., 2011), and suggest that immune cell
cross-talk is important for T cell metabolism. Thus, despite similar frequencies of CD4* T
cells, the most highly “glycolytic” immune subset (Caro-Maldonado et al., 2014; Jones et
al., 2017; Michalek et al., 2011; Procaccini et al., 2016), a natural cell mixture (PBMCs) was
required to uncover the preference for glycolysis that associates with T2D. Taken together,
the data show that lower mitochondrial mass when analyzed by techniques that define an
overall mitochondrial “signature” of T2D or coupled with chronic AMPK activation fails
to fuel metabolic demand in cells from T2D subjects. Instead, our findings suggest lower
mitochondrial mass in T2D is associated with a preference for glycolysis and thereby may
fuel inflammation in T2D.
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Glucose uniquely decreases anti-inflammatory cytokine production in T2D but does not
fuel a Th17 profile

To determine how the T2D-associated increase in glycolysis impacts the T2D-associated
Th17 profile, we quantified cytokine production by PBMCs stimulated with aCD3/aCD28
in the presence or absence of glucose and pyruvate. We analyzed outcomes in clustergrams
and partial least squares discriminant analyses to identify 1. whether glucose starvation
minimizes the difference between T2D and ND cytokine profiles; and 2. whether glucose,
and by extension glycolysis, is required for production of the Th17 profile by cells from
T2D subjects. Stimulated PBMCs from ND and T2D subjects maintained distinct cytokine
profiles in the absence of glucose according to both analytical approaches (Figs. 3A,B),
suggesting that glucose is not mandatory for disease-associated differences in T cell
function. To directly test the importance of the T2D-associated shift to glycolysis in the
Th17 profile, we compared cytokine profiles of stimulated PMBCs (+/- glucose) from

ND or T2D subjects in two separate models. Glucose deprivation dramatically changed
PBMC:s profiles as analyzed within each cohort (Fig. 3C, ND on left, T2D on right; with
~90% confidence that the profiles +/- glucose were different in each model). Loading
analyses to rank cytokines based on their importance in the response to glucose deprivation
showed cohort-specific outcomes. PBMCs from ND subjects decreased production of most
cytokines. Cytokines that the model indicated were most critical for differentiating +/-
glucose conditions included 9 cytokines, all of which are generally pro-inflammatory

and have decreased production in the absence of glucose (Fig. 3D, left panel, striped

bars). In sharp contrast, 5 of 8 cytokines that were most important for differentiating

+/- glucose conditions for PBMCs of T2D subjects increased with glucose deprivation
(Fig. 3D, striped bars, right panel), and included multiple cytokines with generally anti-
inflammatory functions (IL-13, 1L-22, IL-9, IL-5), with TNFa as the lone pro-inflammatory
cytokine that increased. Changes in cytokine profiles were not due to compromised cell
viability, or impaired Glut4 expression in response to glucose deprivation (Fig. S4A,B).
We conclude that glycolytic preference by PBMCs from T2D subjects does not activate
the T2D-associated Th17 profile, and instead may suppress anti-inflammatory cytokine
production that may indirectly regulate the Th17 profile.

One possible explanation for different responses to glucose deprivation by T2D and ND
cells was a difference in the ability to utilize other nutrients downstream of AMPK
activation (Chaube and Bhat, 2016), which in turn may regulate the Th17 profile. However,
glucose/fatty acid/glutamate dependency, capacity and flexibility (Agilent Technologies,
2017) of PBMCs from ND and T2D subjects were similar (Fig. S5A,B). Analysis of basal
OCR in the presence of select carbon sources revealed that PBMCs from T2D subjects
prefer to oxidize glucose and free fatty acid (oleic acid) over glutamate, and that both oleic
acid and glucose increased OCR over glutamate alone. PBMCs from ND subjects show

no such preference (Fig. S5C). Finally, glucose deprivation during culture then extended
throughout the mito stress test run indicated other fuels more effectively compensated for
glucose in PBMCs from ND compared to T2D subjects (Fig. S5D). Taken together, these
data indicate that despite an ability to oxidize all three fuels tested, PBMCs from T2D
subjects have lowest preference for glutamine, with graded preference for glycolysis over
fatty acid oxidation.
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Regulators of lipid flux are broadly altered in immune cells from T2D subjects

Our data suggest that fuel inflexibility along with a preference for glycolysis are unlikely
to activate the T2D-associated Th17 profile, but instead raise the possibility that fatty acids
may fuel T2D inflammation. To begin testing this possibility, we stimulated PBMCs with
aCD3/aCD28 and quantified gene expression on an RNA array. Most genes expressed

by T2D PBMCs stimulated under standard culture conditions (11mM glucose, similar to
hyperglycemia in T2D) were expressed at 0.5-2x the levels expressed by ND PBMCs (Fig.
4A, filled circles), but multiple lipid metabolism genes with seemingly opposite roles in
lipolysis and lipogenesis were >10 fold more highly expressed in T2D relative to ND
PBMCs under OmM glucose/OmM pyruvate culture conditions (Fig. 4A open circles, Table
S3). A subset of the results were confirmed by gRT-PCR and Western blots (Table S4, Figs.
4B,C). Notably, higher ACC1 in resting PBMCs from T2D subjects (Fig. 4C) is consistent
with demonstrations that ACCL is critical for obesity-associated Th17 differentiation (Endo
et al., 2015), but contradicts the role of AMPK as an ACC1 inhibitor established in

cells from healthy individuals (Carling et al., 1987). Paradoxical differences in lipolysis/
lipogenesis modulators suggest global dysregulation of lipid flux in PBMCs from T2D
compared to ND subjects, despite demonstrations that total neutral lipid is similar in PBMCs
from T2D and ND subjects (Fig. S5E).

Experimental mitochondrial perturbation implicates fatty acid metabolism in the T2D-
predictive Th17 cytokine profile

To test whether PBMCs from T2D compared to ND subjects have altered lipid flux, we
assayed cellular metabolism of PBMCs stimulated with aCD3/aCD28 in 0OmM glucose +/-
3-100pM etomoxir. One action of etomoxir is to inhibit CPT1A, an outer mitochondrial
membrane protein and a critical regulator of the carnitine-acyl carnitine cycle that is
increased in response to AMPK activation (Kemmerer et al., 2015). One hundred pM
etomoxir did not differentiate OCR of cells based on disease status (Fig. 5A), indicating
that glucose fueled oxidative phosphorylation following blockade of long chain fatty acid
import in cells from both types of subjects. In contrast, 100uM etomoxir increased ECAR
of PBMCs from ND but not T2D subjects (Fig. 5B,C). These data support the conclusion
that CPT1A inactivation shifts metabolism to glycolysis in ND cells, but has no impact

on cells from T2D subjects, due at least in part to their preference for glycolysis over

B oxidation. To further test the impact of etomoxir on cells from T2D subjects, we

assayed cytokine secretion. Initial analysis by clustergram did not group samples based

on disease or etomoxir presence/absence (Fig. 5D). In contrast, analysis of cytokine profiles
by partial least squares discriminant analysis predicted the presence/absence of 3-100uM
etomoxir during stimulation, and the possible importance of etomoxir-sensitive CPT1A-
transported CoA derivatives in cytokine production, irrespective of disease status (Fig. 5E
shows models with outcomes from both ND and T2D cells). The effect of etomoxir was
sufficiently dominant that it masked known cytokine profile differences between ND and
T2D cells in a four-group model (ND +/- etomoxir, T2D +/- etomoxir; not shown). Most
notably, numerous cytokines decreased by stimulation in the presence of etomoxir at all
concentrations associate with Th17 cells, including IL-17F, GM-CSF, and IL-23. MIP3a
and IL-17A were modestly decreased only at higher etomoxir concentrations (Fig. 5F, red
bars). Cytokines produced or supportive of Th17 cells were among the most important (VIP)
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cytokines for differentiating etomoxir-treated from non-treated samples, although cytokines
characteristic of Thls (TNFa, IFNy) and Th2s (IL-4) were VIP in some models (Fig. 5F,
striped bars). A blended model that combined cytokine responses to all concentrations of
etomoxir (Fig. S6A) confirmed that CPT1A blockade lowered Th17-associated cytokines
(Fig. S6B, red bars) and that IL-23 and IFN-y were most important (per VIP calculation)
for distinguishing cytokine production by cells stimulated in the presence or absence of
etomoxir (Fig. S6B, striped bars). Etomixor did not alter mitochondrial coupling efficiency
(Fig. S6C). The ability of a variety of etomoxir concentrations to decrease Th17-associated
cytokines recapitulated the ability of etomoxir to reduce IL-17 production in murine CD4* T
cells (Raud et al., 2018) and raise the possibility that CPT1A activity, independent of major
shifts in OCR or glycolysis, supports the Th17 profile that dominates T2D inflammation.

Long chain fatty-acyl carnitines promote a Th17 profile only in cells with compromised
lipid import machinery

We questioned whether the lower mitochondrial mass in select T cell subsets from

T2D subjects highlighted by combinatorial mitochondrial analyses nevertheless functioned
similarly to mitochondria in immune cells from ND subjects. Partial least squares regression
analysis, used to identify relationships between mitochondrial mass (Fig. S2D) and OCR
measurements (Fig. 2A), showed that mitochondrial mass mathematically predicted most
extracellular flux-generated aerobic outcomes in PBMCs from ND subjects, and in CD4*

T cells from both ND and T2D subjects (Table S5, blue). In contrast, mitochondrial mass
failed to predict OCR measurements in PBMCs from T2D subjects (Table S5, far right),
indicating that aerobic metabolism was uniquely uncoupled from mitochondrial mass only
in PBMCs from T2D subjects. These findings indicate that immune cells, particularly Th17s
and other subsets that account for the T2D-associated decrease in mitochondrial mass

(Fig. 1F), have mitochondria that function differently from mitochondria of ND cells. This
difference, like the Th17 inflammatory profile, requires T cell-extrinsic input in T2D.

To begin testing the possibility that mitochondrial changes in T2D activate the Th17 profile
independent of demonstrated off-target effects of etomoxir (Raud et al., 2018), we quantified
CPT1A and CACT, two mitochondrial proteins responsible for § oxidation of the long chain
fatty acids known to increase in T2D. PBMCs from T2D compared to ND subjects express
a lower CACT:CPT1A protein ratio, and a trend towards a lower mRNA ratio, mainly due to
more CPT1A protein (Figs. 6A-D). A lower CACT:CPT1A ratio is consistent with efficient
long chain fatty acid transport into the mitochondrial intermembrane space by CPT1A, but
limited transport into the matrix by CACT, and thus limited fatty acid oxidation in cells from
T2D subjects.

To directly test the role that changes in the long chain fatty acid import machinery play in
the T2D-associated Th17 profile, we recapitulated the T2D-characteristic CACT:CPT1A
ratio in PBMCs from lean normoglycemic subjects using siRNA-mediated CACT
knockdown, supplementing with IL-2 to maintain T cell viability (Fig. 6E, STA). Modest
CACT knockdown alone did not impact Th17 indicators, including IL-17A/F and CD161
(Cosmi et al., 2008) (Fig. 6F,G; S7TB-C,E). However, addition of 16C-L-carnitine (palmitoyl
carnitine) to further mimic excess 16C-acylcarnitine that naturally circulates in T2D
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(Guasch-Ferre et al., 2018) significantly increased frequency of CD4*/IL-17F*/CD161* T
cells (Fig. 6F,G; S7B,C) and IL-22 secretion (Fig. S7D), but did not change frequency

of IL-17A-expressing CD4* T cells (Fig. 6F, S7TE). Complementary analysis of CPT1A
knock-down cells by CRISPR-mediated CPT1A gene editing (~67% effective as measured
by DNA sequencing) showed that lowering the CPT1A:CACT ratio decreased the frequency
of IL-17F*CD4* cells (Fig. 6H) without affecting the frequency of IFNy*CD4* (Th1) cells
(Fig. STF). This combination of gain- and loss-of-function genetic analyses definitively
show that disruption of the long chain fatty acid import machinery in mitochondria

controls IL-17F production and can combine with excess 16C-acylcarnitine to activate Th17
cytokines.

To determine whether IL-17F activation is specific to the long chain fatty acids that require
CPT1A and CACT for mitochondrial import/p oxidation, we repeated siCACT knockdown
in PBMCs from lean, normoglycemic subjects and activated cells in the presence of import
machinery-independent short (6C) or medium (1°C) chain acylcarnitines. Neither short nor
medium chain acylcarnitines impacted frequencies of IL-17F* cells in PBMCs following
CACT knockdown (Fig. 61). Finally, to test whether import-dependent B oxidation plays
arole in Th17 activation, we stimulated PBMCs from lean subjects with aCD3/aCD28
plus trimetazidine, an inhibitor of 3 ketoacyl-CoA tholase and thus terminal steps of B
oxidation. Trimetazidine alone increased secretion of the Th17 cytokines IL-17A/F, with
IL-21 trending towards being increased (Fig. 7A). Cytokines generally produced by other
immune cell subsets were not affected by trimetazidine, with the exception of IL-10 (Fig.
7B-D). The effects of trimetazidine on IL-17 secretion were not due to changes in glycolysis
(Fig. 7TE-G). We conclude that perturbation of B oxidation in cells from lean subjects
activates Th17 cytokine production despite unperturbed fatty acid import machinery.

Overall, our data show that T2D-associated Th17 activation stems from 16C-acylcarnitine
generated by either natural or artificial sources combined with non-compensatory/decreased
16C oxidation (due to a naturally low CACT:CPT1A ratio in T2D, or artificial CACT knock-
down). Neither change alone is sufficient. Th17 induction in cells from lean/normoglycemic
subjects following intra-matrix block of fatty acid oxidation with trimetazidine indicates that
even “healthy” amounts of 16C-acylcarnitine (Fig. 7A) must be at least partially disposed

of by oxidation to prevent Th17 activation. In addition to changing long chain fatty acid
flux, the mitochondrial changes we have highlighted in T2D likely encourage the shift

to glycolytic metabolism that is surprisingly dispensable for the development of a Th17
profile. Instead, glycolysis by cells from T2D subjects, at least under extreme deprivation
conditions, may generally suppress anti-inflammatory cytokines to indirectly “allow” the
Th17 profile that dominates T cell inflammation in T2D.

Discussion

Defining mechanisms that drive inflammatory profiles in T2D may address the lackluster
outcomes of clinical trials that test the efficacy of anti-inflammatory medications in T2D
(Ferrante, 2013). Our demonstration that excess 16C fatty acid in the carnitine acyl-carnitine
cycle combines with inadequate fatty acid oxidation to activate T2D-like Th17 profiles adds
complexity to previous data showing murine Th17 function requires fatty acid synthase
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pathways (Endo et al., 2015; Young et al., 2017). Published work dovetails with our new
data to eliminate alternative explanations for pro-inflammatory mechanisms in T2D, which
include: (1) pro-inflammatory oxidative stress, which supports Tregs rather than Th17s/
IL-17 (Gerriets et al., 2015; Kim et al., 2014; Lee et al., 2011; Won et al., 2013); (2)
pro-inflammatory modulators like leptin, which activate multiple T cell subsets (De Rosa
et al., 2007; Lord et al., 2002); and (3) AMPK, which appears to play an insignificant

role in Th17 inflammation despite anti-inflammatory actions downstream of metformin in
other studies (Lee et al., 2013). Our results effectively dismiss the oversimplified notion that
glycolysis drives inflammation as in other diseases (Cham and Gajewski, 2005; Peng et al.,
2016; Yin et al., 2015) by showing instead that glycolysis, which does not strictly result
from hyperglycemia/insulinemia of T2D, parallels rather than promotes T2D inflammation.
Because better glycemic control is generally the goal of classical T2D interventions, the
demonstration that glucose is not the dominant activator of Th17-mediated inflammation

in T2D raises clinical concerns that fatty acid metabolites will continue to drive systemic
and/or tissue inflammation even after glycemic control is optimized. The newly appreciated
disconnect between glucose as a fuel and T2D inflammation may also explain in part the
modest impacts of anti-inflammatory drugs on glycemic control in T2D clinical trials: our
data show the two characteristics of T2D are only secondarily linked.

Altered mitochondrial function is characteristic of any number of cell types from T2D
subjects, but results from mitochondrial mass/OCR association work, CPT1A knockdown,
metformin or etomoxir as mimics of mitochondrial regulators must be interpreted with
caution (Tan et al., 2018; Yao et al., 2018). So-called “moonlighting functions” of CPT1A
include inactivation of an enolase that catalyzes glycolysis (Kurmi et al., 2018), and
interaction with the GTPase rab14, which may mediate subcellular localization of lipid
droplets (Tan et al., 2018) that was not assessed in our neutral lipid analysis. Broader
effects of etomoxir or metformin are possible, although similar outcomes from drug-
independent approaches highlight the importance of changes in long chain fatty acid flux
and at least baseline levels of B oxidation in the T2D-associated Th17 profile. Although
the general dyslipidemia in T2D gives a virtually endless choice of lipids and other
cytosolic intermediates (Acyl CoA esters, mono- or diacylglycerols, etc.) that could drive
inflammation while independently challenging mitochondrial metabolism, the demonstration
that Th17 cells from non-obese mice have a different fatty acyl-carnitine profile than

Th1 or Tregs (Gerriets et al., 2015) is consistent with our demonstration that long chain
acylcarnitine uniquely activates IL-17F production in cells from lean subjects. Other roles
for acylcarnitines may include altering lipid membrane fluidity to modulate intracellular
calcium and downstream pathways (McCoin et al., 2015), and regulation of histone
acetylation (Madiraju et al., 2009). Finally, mechanisms that link long chain acylcarnitines
to IL-17F production may include MyD88-dependent signaling cascades, recently shown to
regulate T cell differentiation (Mandraju et al., 2018; Rutkowsky et al., 2014). All of these
possible mechanistic directions deserve significant investigation.

Although /n vivo analysis is an obvious next step for establishing the role of lipid flux
in T2D inflammation, the lack of a Th17 profile in current mouse models of T2D and
our demonstration that physiological cell mixtures are required for most of our outcomes
challenge feasibility absent substantial pilot work. The lack of consensus on functions of
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lipid-like molecules adds further complexity in choosing the most productive next steps for
inquiry. For example, although oxysterols promote Th17 cell differentiation (Soroosh et al.,
2014) and inhibit the inflammasome (Dang et al., 2017), oxysterols are non-mitochondrial
and thus etomoxir-, CPT1A-, and CACT-insensitive (Peyrot et al., 2014). Applicability

of our findings to other diseases with a T cell inflammatory component (i.e. multiple
sclerosis) will require replication of glucose deprivation/titration studies, in lieu of reliance
on 2DG as a measure of glycolysis. Comprehensive lipid/metabolite analyses of immune
cells from metabolically well-characterized cohorts of obese people, and/or development of
more relevant models of T2D will be important new directions towards establishing clinical
impact of our new mechanistic insights.

Limitations of Study

Glycemic control of all subjects was determined by hemoglobin Alc (HbAlc) and random
blood glucose. Given the continuous but non-linear nature of metabolic decline, and the
goal of T2D medications to lower HbAlc, exclusion of people who do not have a diagnosis
of T2D and an HbAlc <6.0% from the ND cohort does not guarantee euglycemia. It is
possible that more rigorous assessment of glycemic control/metabolic health would exclude
some subjects. T2D subjects were also older than ND subjects. Our previous work showed
no correlation between IL-17A and the decades of middle age (Jagannathan-Bogdan et al.,
2011), although we have not specifically queried cytokine profiles that differentiate cells
from subjects who are 40 vs. 50 yrs old. Second, use of the same cell culture media (11mM
glucose, “hyperglycemic”) to culture all cells will shift glucose availability compared to

in vivo for some cells more than others. The impact of this difference is not known, but
matching each sample for blood glucose of the subject would add an extra variable to all
analyses that, given the lack of importance of glycolysis for the Th17 profile, was deemed
unnecessary. Third, we limited our analyses to fatty acid acylcarnitine derivatives. The
ability of other fatty acid metabolites to activate Th17 cytokines cannot be extrapolated
from our work, although some specificity was indicated by the importance of chain length
for IL-17F activation. Fourth, ideally we would provide quantification of 16C-acylcarnitine
accumulation in the inner mitochondrial space. However we are unaware of methods to

do so under the cell material limitations downstream of, for example, siRNA-mediated
knockdown.

STAR Methods
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Brabara Nikolajczyk (barb.nik@uky.edu). The study did not
generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects Sample Collection—In accordance with the Declaration of Helsinki,
informed consent for all human samples was obtained following a Boston University or
University of Kentucky Institutional Review Board-approved protocol. Study design was
cross-sectional. Obese subjects without type 2 diabetes (ND N=42 total; N=35 female; Avg.
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age=41.0 yrs) and obese subjects with type 2 diabetes (T2D; N=50 total; N=34 female;
Avg. age=51.6 yrs) as defined by American Diabetes Association criteria were recruited
from the Endocrinology clinic and the Center for Endocrinology, Diabetes and Nutrition

at the Boston University Medical Center (BUSM). Additional T2D, ND or lean subjects/
metabolically healthy subjects were recruited from the BU Clinical Research Center, the
BUSM community or the Center for Clinical and Translational Science at the University of
Kentucky. Subject characteristics are shown in Table S1. Exclusion criteria were smoking,
insulin use, long-term or recent use of antibiotics or anti-inflammatory medications i.e.
NSAIDs and allergy medications, serious comorbidities of T2D including dialysis, clinical
coronary artery disease, microvascular disease, and blindness. Subjects with a history of
other inflammatory or autoimmune diseases such as cancer (<5 yrs ago) or psoriasis were
also excluded. Two groups of pre-T2D subjects that did or did not take the glycemic control
drug metformin (1000mg/day; N=8 or N=12, Avg. age= 45.0 or 49.5, respectively, and
80-90% female in both groups) provided blood samples: cross-sectional and longitudinal.
For the longitudinal cohort, blood was collected before or 3 months after off-label
prescription of metformin based on the subjects’ clinical care with the clinical standard

of 3 months post-metformin follow-up at Boston Medical Center (N=5; 80% female; Avg.
age=49.0). Fifty mLs of peripheral blood was collected into acid/citrate/dextrose containing
tubes by venous puncture. PBMCs were purified by Ficoll histopaque 1077 (GE) followed
by cell sorting of CD4* T cells or negative selection with CD4™ cell-excluding magnetic
beads (Miltenyi) for experiments on purified T cells as we published (Jagannathan-Bogdan
etal., 2011). Sorted cell preparations (CD4* T cells) for extracellular flux analysis were
>95% pure as re-analyzed by flow cytometry. PBMCs and CD4* T cells isolated by
negative selection were frozen in a mixture of 90% FBS and 10% DMSO at —80°C under
controlled cooling conditions in a Mr. Frosty apparatus (Nalgene). For multi-week storage,
cells were moved to —170°C following 1-7 days at —80°C. For all panels each N=cells

from one subject as indicated. Power analyses indicated an N=4-5 will identify statistical
differences in cytokine production and Western blot outcomes, although more subjects were
generally used to account for genetic differences. Studies were not powered to statistically
identify sex-associated differences, and partial least squares discriminant analyses did not
differentiate any outcomes (cytokines, mitochondrial mass) based on gender, indicating that
gender was a significantly less important source of variability than T2D status, etomoxir
treatment, etc.

Cell Culture—Cells were cultured at a density of 700k cells/1.5mL media/ 2 cm? dish area
in RPMI media supplemented with 10% FBS and antibiotics. PBMCs and CD4* T cells
were activated using human T activator aCD3/CD28 Dynabeads per vendor’s instructions
unless otherwise noted. Dynabeads were washed in PBS, pH 7.4 + 0.05% BSA + 1.0 mM
EDTA then retained on a magnet. After removing wash buffer, Dynabeads were resuspended
to the original volume in cell culture media. Cells were activated with ~2uL Dynabeads per
100k cells for 40 hrs. Following activation, supernatants were saved for cytokine analysis

as we published (Ip et al., 2016). For western blot and RNA isolation, cells were used
immediately after harvest. For flow cytometry and extracellular flux analysis, Dynabeads
and any lingering bead-associated cells were removed with a magnet.
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METHOD DETAILS

Cell Assays

ATP production.: Cellular ATP was assayed with the ATP Somatic Cell Assay Kit (Sigma-
Aldrich) according to manufacturer’s protocol.

Neutral Lipid by Nile Red Staining.: Approximately 200,000 PBMCs were adhered to
a poly-D-lysine coated Celigo (Nexelcom)-compatible black-walled 96-well plate. Cells
were washed with PBS and incubated with 1pg/mL Nile Red (Sigma-Aldrich) in serum
free-RPMI 1640 for 15 min at 37°C. Cells were wash ed again and 200 uL PBS with
0.5W/mL DAPI (Sigma-Aldrich) was added. The median fluorescence intensity of Nile red
staining per cell was measured on a Celigo image cytometer.

Lactate Measurement.: Lactate production was measured in conditioned media after 40
hr stimulation of PBMCs with a CD3/CD28 Dynabeads with the Lactate Colorimetric/
Fluorometric Assay Kit from Biovision according to the manufacturer’s protocol.

Extracellular Flux Analysis (Mitostress Test)—After thawing rapidly in a 37°C water
bath, cells were isolated and/or activated, then adhered onto wells of a poly-D-lysine coated
XF96 plate in extracellular flux assay media (non-buffered DMEM containing 10 mM
glucose, 4 mM L-glutamine, and 2 mM sodium pyruvate unless otherwise noted). Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using
the mitochondrial stress test procedure for basal OCR followed by sequential addition of 3.5
UM oligomycin (Calbiochem), 1 uM or 2 uM (for resting or activated cells, respectively)
fluoro-carbonyl cyanide phenylhydrazone (FCCP) (Enzo) and 14uM rotenone + 14 uM
antimycin A (Enzo) with the XF96 Extracellular Flux Analyzer (Seahorse Bioscience) as
previously described (Nicholas et al., 2017).

For fuel flexibility, dependency, and capacity experiments, cells were washed in XF RPMI
base media (Agilent Technologies) + 200uM fatty-acid free BSA (Fisher Scientific). Cells
were then adhered onto wells of a poly-D-lysine coated XF96 plate in half volume of
extracellular flux RPMI base media + 200uM fatty-acid free BSA. 2x of the indicated
metabolites and/or drugs were added to the appropriate wells to dilute to the final
concentrations (10 mM glucose, 4 mM L-glutamine, and 2 mM sodium pyruvate, 400pM
oleate, and 3-100uM etomoxir (Sigma-Aldrich)). The etomoxir concentration, while not
entirely specific at higher concetrations, avoided the reduction of Kreb’s cycle intermediates
and oxidative phosphorylation in T cells that occur at 200uM (Raud et al., 2018; Yao et al.,
2018), and effects of etomoxir on cytokine profiles were determined to be indistiguishable
over the broad range of concentrations tested. All extracellular flux mito stress test data
analysis was performed using the Seahorse Explorer (SHORE) Analysis program (Nicholas
etal., 2017). Equations to determine flexibility, dependency, and capacity (Fig. S9A) were
derived from the Agilent Fuel Flux Kit User Manual(Agilent Technologies, 2017).

gRT-PCR and mRNA Array—Total RNA was isolated with the RNeasy mini-kit with on
column DNase treatment (Qiagen) according to the manufacturer’s protocol. Isolated MRNA
was converted to cDNA with High Capacity RNA-to-cDNA kit (Thermo Fisher Scientific).
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AMPK Signaling PCR Array (Qiagen) was performed according to the manufacturer’s
protocol with 0.51g cDNA per plate. Gene expression was assayed with RT2 SYBR Green
gPCR Mastermix and 5ng cDNA per reaction on an Applied Biosystems 7900HT Fast
Real-Time PCR System. All PCR reactions were performed in triplicate and the real-time
data was normalized to B-actin expression.

Western Blot—Whole-cell extracts from 2 million cells were prepared using RIPA
buffer (Cell Signaling Technologies) supplemented with HALT protease and phosphatase-
inhibitor cocktail (Thermo Fisher Scientific). The proteins were resolved on pre-cast

1.5 mm, 15 well NUPAGE™ 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific)

and transferred to PVDF membrane (EMD Millipore). Membranes were blocked in
Odyssey blocking buffer (TBS) (LI-COR Biosciences) and probed with the following
antibodies: anti-ACC1 (Cell Signaling Technologies #3662), anti-CPT1A (Cell Signaling
Technologies #12252), anti-SLC25A20 (Thermo Fisher Scientific), anti-pAMPK (Cell
Signaling Technologies #2535), anti-AMPK (Cell Signaling Technologies #2793), and
anti-Actin (Cell Signaling Technologies #3700). Densitometry was performed using Image
Studio (LI-COR Biosciences).

Flow Cytometry—All reagents were from Biolegend unless otherwise stated. For
phenotyping and mitochondrial mass quantification, cryopreserved PBMCs were thawed
into R10 medium and resuspended in 40nM mitotracker green (MTG) FM (Cell Signaling
Technologies) and incubated for 30 min at 37°C. The cells were then washed with PBS

and immediately stained with Zombie NIR fixable dye for 15 min at room temperature,
then washed with PBS/0.5%BSA/2mM EDTA. Cell pellets were resuspended in PBS/
0.5%BSA/2mM EDTA supplemented with anti-human FcR-blocking reagent and incubated
for 10 min. A mixture of fluorescent antibodies containing CD4 BUV395 (BD Biosciences),
CD8 BUV805 (BD Biosciences), CCR6 BV 421, CCR4 BV510, CD25 BV605, CD45RA
BV786, CD161 PE, CXCR3 PerCP-Cy5.5, CD127 PE-Cy7, CCR5 APC, CD19 Ax700, and
CD14 APC-Cy7 resuspended in Brilliant Buffer (BD Biosciences). Samples were analyzed
on a BD FACSARIA Il SORP.

Alternatively, anti-CD3/anti-CD28 stimulated PBMCs were cultured with Brefeldin A (5
ug/ml, eBioscience) during the last 4 h of stimulation as previously described (Defuria et
al., 2013). Cells were harvested and washed with PBS, then immediately stained. After PBS
wash, cells were stained with Zombie NIR fixable dye, then stained with CD19 BV510

(BD Biosciences), CD14 PE-Cy7, CD4 BUV737 (BD Biosciences), and CD161 BB700
(BD Biosciences) in Brilliant Stain Buffer (BD Biosciences). Cells were washed, fixed

with IC Fixation Buffer (Thermo Fisher), treated with Permeabilization Buffer (Thermo
Fisher), then stained with IL-17F eFluor 660 (Thermo Fisher), and 1L-17A BV421. Data
were acquired on a BD Biosciences LSR I1. For LipidTox deep red (Thermo Fisher) staining
to assess neutral lipids, cells were surface stained with CD19 BV510 (BD Biosciences),
CD14 PE-Cy7, CD4 BUV737 (BD Biosciences), and CD161 BB700 (BD Biosciences) in
Brilliant Stain Buffer (BD Biosciences) containing 1x LipidTox deep red for 30 min at
room temperature. After washing with serum free-RPMI 1640, the cells were resuspended
at 1x10° cells/mL in serum free-RPMI 1640. The fluorescent glucose analog, 2-NBDG
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(Thermo Fisher Scientific) was added to the samples at final concentration of 30 uM
immediately before acquisition. Data were acquired on a BD Biosciences LSR 11, with each
sample being run at low flow rate (12-20 pL/min) for 10 min.

Flow cytometry data analysis: data were recorded with BD FACSDIVA 6 and
automatically compensated with compensation matrix recorded within the sample files
according to FCS 3.0 standards or associated with each file in post-acquision analysis
performed in FlowJo v.10.2-10.3 (FlowJo, Inc). Gating was performed as outlined in
Supplemental Fig. 2.

Knockdown of CACT using siRNA—PBMCs (2x10°) were cultured in serum-free
Accell siRNA delivery media (siRNA technologies; Dharmacon, Lafayette, CO, USA)
supplemented with 300 U/mL rIL-2 (Biolegend) with 1 uM scramble siRNA or 1 uM
CACT for 36hrs. At 72 hrs, knockdown was quantified by flow cytometry and treated with
metabolites as indicated for an additional 48 hrs in Accell siRNA delivery media. At the
end of day 5 in culture, aCD3/CD28 Dynabeads and FBS to a final concentration of 10%
were added to stimulate the cells for 40hrs. After a total of 7 days in culture, the cells were
harvested, Dynabeads removed and the cells were stained for flow cytometry.

Knockdown of CPT1A using ribonuleoprotein (RNP) complex—The protocol was
adapted from recently published work (Roth et al., 2018). PBMCs were activated with
human T-activator CD3/CD28 Dynabeads (1.0 bead/cell) for 16 hr, then centrifuged at

90g for 10 min, and resuspended in electroporation mix containing RNPs. RNPs were
produced on the day of electroporation using reconstituted sgRNA (Synthego, CA) targeted
towards CPT1A (C*A*U*CAUCACUGGCGUGUACC + Synthego modified EZ Scaffold),
which was re-suspended in 1X TE buffer (10 mM Tris-HCI, 1.0 mM EDTA, pH 8.0) to a
final concentration of 200uM. One hundred pmol of sgRNA was mixed with 76.25 pmol
cas9 in 16.4 pl P3 nucleofection solution with 3.6 ul supplement 1 (Lonza catalogue no.
V4XP-3032) to produce RNPs in an “electroporation mix” that was incubated at room
temperature for 10 min before use. 1x10° PBMCs per well were electroporated using

P3 Primary Cell Nucleofection kit (Lonza catalogue no. V4XP-3032) and a Lonza 4D
electroporation system with pulse code EH115. Cells were rested in warm cell culture
medium (supplemented with IL-2, 300 IU) for 15 min then transferred to 96 well plates on
what we designated as Day 0. Fresh IL-2 was supplemented every 48 hr, as in Figure 6E.
Knockdown was verified on day 5 by DNA sequencing. The average editing efficiency was
66.67% +/— 4.91. Cells were activated post-knockdown with human T-activator CD3/CD28
Dynabeads (1.0 bead/cell) for 40 hr before staining for flow cytometry analysis.

Multiplex measurement of cytokine concentrations—Supernatant samples were
centrifuged for 30s to remove debris before being applied to a 384-well plate for analysis
by multiplexing bead-based ELISA using the Milliplex human Th17 25-plex kit (Millipore).
Antibodies and magnetic beads were diluted 1:1 with assay buffer and utilized at half-
volume to adjust the manufacturer’s protocol to our 384-well plate format. Each sample
and standard was assayed in technical triplicate, with the average value of these used for
analyses. Outcomes from wells with < 35 beads read for each analyte were excluded from
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analysis. Plates were washed in between incubations using a BioTek 406 Touch plate washer
(BioTek) and read using the Luminex FlexMap 3D system (Luminex). We assayed samples
at dilutions of 1:1 and 1:7 (sample:assay buffer) to allow abundant cytokines to be measured
in the linear range of the instrument.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses—Data are means and SEM unless otherwise indicated. Normality of
our data sets were tested by the Shapiro-Wilk test; outliers were not considered. Additional
assumptions of statistical analyses were not tested but assumed to hold. Student’s t test

and two-way ANOVA analysis with Tukey adjustments were performed in GraphPad Prism.
P<0.05 defined significant differences. * = p <0.05. ** = p<0.01. *** = p<0.001. **** =
p<0.0001. For heat maps, cytokine data were variance scaled, and mean centered (z scored).
With the exception of assays requiring storage of samples until batch analysis (e.g. multiplex
of cytokines, flow cytometry), all experiments were performed at least two independent
times, both of which included multiple N’s.

Mitotracker green normalization—To account for variability in live cell staining of
mitotracker green, multiple aliquots of PBMCs isolated from a single blood draw of a
control donor was included as a control with each batch of flow cytometry samples.

This sample assured quality control of immunophenotyping (no batch effect on cell subset
percentages, data not shown) and provided an internal control to calculate a normalization
factor to correct for batch effects observed with mitotracker green. A normalization factor
for each cell subset analyzed was generated by dividing the MFI of the control sample for
each flow cytometry batch by the sum of the MFI for the corresponding subset in all batches.
The raw data for mitotracker green MFI was multiplied by this cell subset and batch specific
normalization factor to obtain normalized mitotracker green MFI.

Partial least squares modeling—~Partial least-squares discriminant analysis and partial
least squares regression analysis are supervised analyses that use linear combinations of
variables (cell type or experimental set-up herein) to predict the variation in the dependent
variables (mitochondrial mass or cytokines herein) (Lau et al., 2011; Simmons et al.,

2013; Wold et al., 2001). These analytical tools generate principal components (termed
latent variables, or LVs) analogous to those obtained by principal component analysis, but
constrained by categorical (i.e., ND, T2D) or quantitative information (i.e., extracellular
flux measures). Loading analyses will rank dependent variables (mitochondrial mass or
cytokines) into LVs that are most important for fit and data cloud separation in the model.
Variable importance in projection (VIP) analysis combines all LVs over infinite dimensions.
A VIP score >1 is considered important (above average contribution) for model performance
and prediction only if p<0.05 in permutation tests that measure variation explained and
predicted by the model.

All partial least squares analyses were conducted in MATLAB using the PLS_Toolbox
(Eigenvector Research, Inc.). Data was normalized along each X and Y parameter by
Z-score before application of the algorithm. Cross-validation was performed with one-third
of the relevant dataset, except in cases where the number of observations was fewer than
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15, in which case one-fifth of the relevant dataset was used as the test for the trainer data.
The number of latent variables (LVs) was chosen so as to minimize cumulative error over
all predictions. Where noted, we orthogonally rotated the models so that maximal separation
was achieved across LV1. We calculated model confidence by randomly permuting Y 100
times and rebuilding the model to form a distribution of error for random models, and
comparing our model to this distribution with the Mann-Whitney U test. Importance of each
parameter to the model prediction was quantified using variable importance in projection
(VIP) score. A VIP score greater than 1 (above average contribution) was considered
important for model performance and prediction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Glycolysis in T cells/PBMCs from T2D subjects fails to stimulate T2D
inflammation

2. T cells from T2D subjects have altered mitochondria

3. Altered import or oxidation of fatty acids activates inflammation in healthy
cells

4, Mitochondrial changes combine with fatty acid metabolites to activate
inflammation
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Context and Significant Statement

Obesity-associated inflammation disrupts metabolism, which in turn promotes type 2
diabetes. Identifying the driving force behind such inflammation is critical for finding
new approaches that slow or prevent metabolic disease in people with obesity. Our
data unexpectedly show that glucose, which drives inflammation in other contexts, is
dispensable for type 2 diabetes-associated inflammation. Instead, partial defects in the
cell’s power plant, or mitochondria, fuel inflammation, but only in cells further stressed
by the types of lipids that are elevated in obesity and type 2 diabetes. Because glucose
control is the primary goal of diabetes treatment, our data raise clinical concerns that
lipids will continue to drive inflammation, and thus metabolic dysfunction, even in
patients with desirable HbAlc readings.
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Figure 1. Metabolic regulators differentiated PBMCs and CD4" T cells from T2D and non-T2D

(ND) subjects.

(A,B) Western blot quantification of pAMPK (T172) in resting PBMCs (ND, N=6; T2D,
N=5) and (C) resting CD4" T cells (N=9). (D) Western blot quantification of pAMPK in
CD4* T cells from pre-diabetes (pre-T2D) subjects who did or did not take metformin

(1000mg/day). Differences were determined by two-tailed student’s #test with significance
accepted at p < 0.05. (E,F) Orthogonalized partial least squares discriminant analysis model
of mitochondrial mass measured by mitotracker green in PBMC cell subsets (Fig. S2).

(E) Biplot from partial least squares discriminant analysis model shows that mitochondrial
mass in PBMC cell populations distinguished ND (black) from T2D (red) PBMCs with
52% cross-validated prediction accuracy (approximately one standard deviation greater than
the mean of 100 random models, or 68% confidence). (F) Loadings on latent variable 1
(orthogonalized) indicated lower mitochondrial mass in T2D as compared to ND in most
immune cell populations. Stripes highlight cell populations with above average contribution
to the difference in mitochondrial mass between T2D and ND as determined by variable
importance in projection (VIP) scores > 1. See also Figure S1-S2 and Tables S1-S2.
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Figure 2. PBMCs from subjects with T2D preferentially metabolize by glycolysis compared to
PBMCs from ND subjects.
(A) OCR, (B) ECAR, and (C) OCR:ECAR ratio from mito stress test extracellular flux

profiles for resting PBMCs from ND (N=17) and T2D (N=12) subjects. (D) OCR and

(E) ECAR mito stress test extracellular flux profiles for 40 hr aCD3/a CD28-stimulated
PBMCs from ND (N=10) and T2D (N=11) subjects. Differences are determined by repeated
measures ANOVA with significance accepted at p < 0.05. (F) Lactate in conditioned media
from ND (N=5) and T2D (N=6) PBMCs after 40 hr a CD3/a.CD28 stimulation. (G) The
OCR:ECAR ratio for 40 hr aCD3/a.CD28 stimulated PBMCs. The absolute difference

in basal OCR (H) and ECAR (l) between resting PBMCs (A,B) and 40 hr aCD3/aCD28-

Cell Metab. Author manuscript; available in PMC 2021 October 12.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nicholas et al.

Page 26

stimulated PBMCs (ND, N=10; T2D, N=11). (J) Direct measurement of ATP production
by bioluminescence in resting ND (N=7) and T2D (N=6) PBMCs. (K) Fold change in ATP
production due to 40 hr aCD3/CD28 activation of PBMCs. Differences are determined by
two-tailed student’s t test with significance accepted at p < 0.05. See also Fig. S3 and Table
S1.
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Figure 3. Glucose uniquely decreased anti-inflammatory cytokine production in T2D.
PBMCs were stimulated with aCD3/a.CD28 in media +/- glucose and pyruvate for

40 hr. The conditioned media was assayed for cytokine concentration by multiplex.

(A) Heat map indicated cytokine secretion under glucose deprivation conditions. Control-
subtracted cytokine concentrations were mean-centered and variance-scaled. Color bar
represents Z-score. (B) Orthogonalized partial least squares discriminant analysis model
distinguished cytokine profiles from ND (black) from T2D (red) cells under glucose
deprivation conditions with 72% cross-validated prediction accuracy (greater than one
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standard deviation from the mean of 100 random models, or 71% confidence). (C)
Orthogonalized partial least squares discriminant analysis model discriminated cytokine
profiles produced by PBMCs from (left) ND subjects stimulated under glucose deprivation
(red) or control (black) conditions with 90% cross-validated prediction accuracy (greater
than one standard deviation from the mean of 100 random models, or 89% confidence),
or (right) PBMCs from T2D with 73% prediction accuracy (greater than one standard
deviation from the mean of 100 random models, or 90% confidence). (D) Loadings on
latent variable 1 (orthogonalized) for ND (left) and T2D (right) models in panel C. Bars
below midline show decreased cytokine production under 0 compared to 11 mM glucose
media. Bars above midline show higher cytokine production under 0 compared to 11 mM
glucose media. Cytokines with above average contribution to differences between control
and glucose deprivation profiles as determined by variable importance in projection (VIP)
score > 1 are striped. See also Figure S4 and Sb5.
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Figure 4. Lipid metabolism distinguished T2D PBMCs from ND PBMC:s.
(A) Volcano plot demonstrating the fold change of mMRNA expression from T2D PBMCs

(N=4) relative to ND PBMCs (N=4) stimulated with a CD3/aCD28 for 40 hr with (filled
circles) or without (open circles) glucose/pyruvate (GLC). (B) Fold change in CPT1A
mRNA from 40 hr cultured PBMCs (N=4; conditions as indicated) quantified by qRT-
PCR. (C) Western blot quantification of ACCL1 in resting PBMCs (ND, N=6; T2D, N=5).
Differences were determined by two-tailed student’s #test with significance accepted at p <
0.05. Panels B and C show mean +/— SEM. See also Figure S5 and Tables S3,54.
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Figure 5. CPT1A activity supported Thl7-associated cytokines prduction by PBMCs.
(A) OCR profiles from a mito stress test of ND and T2D PBMCs stimulated with

aCD3/a.CD28 under glucose deprivation +/— 100uM etomoxir for 40 hr (N=4). (B,C)
ECAR profiles from a mito stress test of ND and T2D PBMCs stimulated as in panel

A (N=4). (D) Conditioned media from cells in panels A-C were assayed for cytokine
concentration by multiplex. Heat map clustergram (univariate analysis) of log;q cytokine
concentrations in ND and T2D control or etomoxir-treated PBMCs as listed on the X axis.
(E) Orthogonalized PLSDA model distinguishes cytokine secretion in control (black) from
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3uM, 25uM, and 100uM etomoxir-treated (red) PBMCs in blended ND and T2D outcomes
with 75%, 58.3% and 83.3% cross-validated prediction accuracy respectively (>1 SD from
the mean of 100 random models, 80.5%, 68.8%, and 95.1% confidence respectively) (N=6).
(F) Partial least squares discriminant analysis loadings on latent variable 1 (orthogonalized)
indicated cytokines secreted at higher or lower concentrations (bars above or below the
horizontal line, respectively) upon stimulation with etomoxir at the concentration indicated
immediately above (panel E). Cytokines with above average contribution to discrimination
between control and etomoxir treatment as determined by variable importance in projection
(VIP) score > 1 are highlighted with stripes. Th17 cytokines are highlighted by red bars. See
also Figure S4 and Figure S6.
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Figure 6. Recapitulating mitochondrial changes characteristic of T2D in PBMCs from lean/
normoglycemic subjects increases Th17/IL-17F* cell frequencies.

(A,B) Representative Western blots and quantification of CPT1A (ND, N=4; T2D, N=3) and
CACT (ND, N=7; T2D, N=5) in resting PBMCs. The average ratio of CACT to CPT1A
protein (ND, N=5, T2D, N=3) (C) and mRNA (D) in ND (N=10) and T2D (N=11) PBMCs.
(E) Experimental design. IL-2 is added to enhance cell survival. (F) Representative flow
plots of cells treated with (left to right) vehicle control alone, each of two scrambled

SiRNA controls (1&2), or CACT-specific sSiRNA. Bottom row shows cells treated with
16C-L-carnitine alone (leftmost plot) or in addition to siRNA indicated at top of panel. (G)
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Percentages of IL-17F*CD4* T cells +/- siCACT and +/- 16C-L-carnitine. (H) Percentages
of IL-17F*CD4* T cells +/- CPT1A knockdown by RNP-delivered CRISPR or mock
CRISPR controls. Each dot shows results from one blood sample, with mean and SEM
indicated. (1) Percentages of IL-17F*CD4* T cells +/- siCACT and +/- 6C, 10C, or 16C-L-
carnitine. Differences are determined by unpaired two-tailed student’s t test (A-D), repeated
measures two-way ANOVA (G,1), or paired two-tailed student’s t test (H) with significance
accepted at p < 0.05. N=3-6 for Panels G-I. See also Figure S7.
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Figure 7. Inhibiting fatty acid oxidation increases secretion of Th17 cytokines.
PBMCs from lean subjects (N=4) were stimulated with « CD3/CD28 in media +/-

trimetazidine for 40 hr. The conditioned media was assayed for cytokine concentration

by multiplex. Concentration of (A) Th17 cytokines, (B) Th1l cytokines and pleiotropic Thl/
Th17 cytokines, (C) Th2 cytokines, and (D) additional cytokines are expressed at mean +/—
SEM. Data was analyzed by paired student’s ftest and significance was accepted at p < 0.05.
(E) OCR and (F) ECAR mito stress test extracellular flux profiles for 40 hr « CD3/CD28
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stimulated PBMCs from lean subjects (N=4) +/- trimetazidine. (G) Lactate in conditioned
media from lean PBMCs (N=4) after 40 hr a CD3/CD28 stimulation +/- trimetazidine.
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