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LPS-stimulated macrophages.

Introduction

Macrophages activated with LPS (so-called M1 macrophages) have
aTCA cycle thatis altered at 2 distinct steps, leading to the accumu-
lation of citrate, succinate, and itaconate (1). The mechanisms lead-
ing to the increased levels of these metabolites following LPS acti-
vation are not fully understood. It has been found that LPS inhibits
gene expression of isocitrate dehydrogenase (IDH) (2, 3), the
enzyme that converts isocitrate to a-ketoglutarate and a key check-
point in the TCA cycle. Repression of Idh mRNA leads to reduced
a-ketoglutarate levels and accumulation of citrate in activated
macrophages (2, 3). Inhibition of Idh represents the first “break”
in the TCA cycle of LPS-treated macrophages (2-4). Citrate can
promote inflammatory responses in macrophages and is also a pre-
cursor for the generation of itaconate (4). The second break in the
TCA cycle is associated with accumulation of succinate, which is
derived from enhanced glutaminolysis (3). Oxidation of succinate
by succinate dehydrogenase (SDH) in the electron transport chain
drives macrophage ROS and IL-1p production (5). Apart from being
a powerful antibacterial agent (6), itaconate inhibits the enzymatic
activity of SDH in LPS-stimulated macrophages (7).

Type I IFNs are constitutively produced in a range of tis-
sues and cells, and are critical regulators of innate and adaptive
immune response (8). LPS-stimulated macrophages are a sub-
stantial source of IFN-B, which in turn signals via its receptors
(IFNARI and IFNAR2) to induce production of mediators such as
IL-12p70, NO, and IL-10 (9). Given the recent interest in the auto-
crine action of cytokines (e.g., IL-10) in regulating macrophage
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Macrophage activation in response to LPS is coupled to profound metabolic changes, typified by accumulation of the TCA
cycle intermediates citrate, itaconate, and succinate. We have identified that endogenous type | IFN controls the cellular
citrate/o-ketoglutarate ratio and inhibits expression and activity of isocitrate dehydrogenase (IDH); and, via *C-labeling
studies, demonstrated that autocrine type | IFN controls carbon flow through IDH in LPS-activated macrophages. We

also found that type | IFN-driven IL-10 contributes to inhibition of IDH activity and itaconate synthesis in LPS-stimulated
macrophages. Our findings have identified the autocrine type | IFN pathway as being responsible for the inhibition of IDH in

metabolism (10), we wanted to address the role of endogenous
type IIFN in regulating the profound metabolic changes observed
in LPS-activated macrophages. Here we report that the type IIFN
pathway is responsible for the truncated TCA cycle at IDH and
accumulation of citrate in LPS-stimulated macrophages.

Results and Discussion

Autocrine type I IFN promotes TCA cycle fragmentation and citrate
accumulation in LPS-treated macrophages. To investigate whether
endogenous type I IFN is involved in regulating macrophage
metabolism, we stimulated bone marrow-derived macrophages
(BMMs) from WT or Ifnarl”- mice with LPS (100 ng/mL) or vehicle
(PBS) for 24 hours and profiled changes in metabolite levels by gas
chromatography-mass spectrometry (GC-MS). As expected, LPS
treatment of WT BMMs led to accumulation of itaconate, succi-
nate, and citrate (refs. 2, 3, and Figure 1A; see Supplemental Tables
1-4 for the full list of metabolites; supplemental material available
online with this article; https://doi.org/10.1172/JCI127597DS1).
LPS treatment also led to reduced levels of isocitrate and
a-ketoglutarate in WT BMMs, in agreement with an LPS-induced
breakpoint in the TCA cycle at IDH (2).

Similar to others (11), we observed that IFN-B treatment
enhanced expression of Irgl (the gene encoding the enzyme that
synthesizes itaconate; ref. 6) (Supplemental Figure 1A) and that
autocrine type I IFN facilitated LPS-mediated induction of Irgl
in BMMs (Supplemental Figure 1B). However, LPS treatment of
Ifnarl”- BMMs did increase Irgl gene transcription (Figure 1A and
Supplemental Figure 1B), and they expressed Irgl protein levels
similar to those in WT BMMs (Figure 1A). Blockade of endoge-
nous IFN-B with a neutralizing Ab significantly reduced, but did
not completely abrogate, Irgl expression in LPS-stimulated BMMs
(Supplemental Figure 1C) and had no observable impact on Irgl
protein levels (Supplemental Figure 1D). Irgl gene (Supplemental
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Figure 1. Autocrine type | IFN promotes TCA cycle fragmentation and citrate accumulation in LPS-treated macrophages. Metabolic profiling of WT and
Ifnar1”/- BMMs stimulated or not with LPS (100 ng/mL) for 24 hours was carried out by GC-MS. (A) Schematic diagram of the TCA cycle, with the abun-
dance of individual metabolites quantified. Data (fold change) are presented as histograms (n = 6). Gene and protein levels of Irg1 were determined by
gPCR (n = 4) and Western blot analysis. (B) Citrate, aconitate, itaconate, and a-ketoglutarate levels determined by GC-MS in WT BMMs stimulated with
LPS (100 ng/mL, 24 hours) in the presence of 50 U/mL of an IFN-B-neutralizing Ab or isotype control IgG (250 ng/mL, corresponding to 50 U/mL IFN-f
Ab). P values were determined by 1-way ANOVA (A) or Student’s t test (B). a-KG, a-ketoglutarate; Ct, control.

Figure 1E) and protein (Supplemental Figure 1F) expression was
completely abolished in poly(I:C)-treated Ifnarl”- BMMs. Steady-
state levels of itaconate were lower in Ifnarl”- than in WT BMMs
(Supplemental Table 4), which may reflect the basal release of
IFN-B by BMMs (9). Surprisingly, LPS-induced itaconate accu-
mulation was greater in Ifnarl”- than in WT BMMs (Supplemen-
tal Table 1 and Figure 1A). The marked increase in the generation
of itaconate in LPS-stimulated Ifinarl”- BMMs was coupled to a
significant reduction in the pool sizes of the upstream precursors
citrate and aconitate (Figure 1A) relative to LPS-stimulated WT
BMM. Thus, despite the finding that autocrine type I IFN facili-
tated an increase in LPS-induced Irgl expression (Figure 1A and
Supplemental Figure 1, B and C), Ifnarl”- BMMs were able to syn-
thesize large pools of itaconate (Figure 1A).

WT and Ifnarl”- BMMs had a reduced mitochondrial oxy-
gen consumption rate (OCR), increased extracellular acidi-
fication rate (ECAR), and pronounced lactate secretion fol-
lowing LPS stimulation (Supplemental Figure 1G). Similar to
LPS-stimulated WT BMMs, Ifnarl”- BMMs had expanded pools
of succinate (Figure 1A) following LPS activation. However, in
stark contrast to WT BMMs, Ifnarl”- BMMs had unchanged
a-ketoglutarate levels and significantly reduced citrate levels
after LPS activation (~1.5-fold lower in LPS-treated vs. untreated
cells; Figure 1A). To avoid any potential developmental issues
with Ifnarl”- mice, we undertook metabolic profiling of LPS-
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treated WT BMMs in the presence of a neutralizing anti-IFN-f
Aboranisotype control Ab. As summarized in Figure 1B and Sup-
plemental Figure 1H (see Supplemental Table 5 for the full list of
metabolites), neutralization of IFN- led to a significant reduc-
tion in the accumulation of citrate and aconitate, with a corre-
sponding increase in the a-ketoglutarate and itaconate pools
in LPS-stimulated BMMs relative to isotype control-treated
cells. These data are consistent with the changes observed in
LPS-treated Ifnarl”- BMMs (Figure 1A) and together suggest
that autocrine type I IFN is responsible for the inhibition of IDH
in the TCA cycle of LPS-stimulated macrophages (2).

Autocrine type I IFN controls the carbon flow through IDH in
LPS-treated macrophages. Impaired carbon flow through IDH in
LPS-stimulated macrophages supports the production of citrate
(2). To examine whether the lack of citrate accumulation observed
in the absence of endogenous type I IFN signaling (Figure 1, A and
B) was due to altered carbon flow through IDH, we conducted
stable isotopic labeling experiments to trace the fate of *C-glucose
in untreated and LPS-treated WT and Ifnarl”- BMMs, as well as in
LPS-treated WT BMMs in the presence of anti-IFN-f Ab or isotype
control Ab (we used a 24-hour time point, with labeling initiated
at the time of LPS treatment). To capture any difference in car-
bon flow through IDH, we measured the relative rates of glucose-
derived carbon accumulation in the TCA cycle upstream (i.e.,
citrate) and downstream (i.e., succinate) of IDH.
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Figure 2. Autocrine type | IFN controls carbon flow through IDH in LPS-treated macrophages. *C-glucose labeling of citrate and succinate in (A) BMMs
(WT and Ifnar1”) stimulated or not with LPS (100 ng/mL, 24 hours) or (B) WT BMMs stimulated with LPS (100 ng/mL, 24 hours) in the presence of IFN-
Ab (50 U/mL) or Ct Ab (250 ng/mL, corresponding to 50 U/mL anti-IFN-B Ab). Cells were treated with *C-glucose (10 mM) for 24 hours (i.e., labeling was
initiated at the time of LPS treatment). C incorporation was analyzed by GC-MS. Mean percentage labeling + SEM (n = 3) is shown. See Supplemental
Figure 1, | and J, for ®C-glucose labeling of itaconate. Circle sizes are scaled with respect to pool sizes relative to untreated WT BMMs in A, or to BMMs +

LPS + Ct Abin B, for each metabolite.

Basal BC-glucose incorporation in citrate was similar in WT
and Ifnarl”- BMMs. Consistent with a disrupted carbon flow
through IDH in WT BMMs, we found that the proportion of
glucose-derived carbon in succinate fell from approximately 16%
*+1% to 6% * 1% following LPS stimulation (Figure 2A). In com-
parison, approximately 12% + 2% of succinate was synthesized
from glucose in untreated Ifinarl”- BMMs, and following LPS
stimulation, this was maintained at 13% *+ 1%, suggesting that
carbon flow from glucose, via IDH, to succinate is uninterrupted
in the absence of endogenous type I IFN in LPS-activated BMMs.
An unperturbed carbon flow through IDH in LPS-stimulated
Ifnarl”- BMMs is in line with the reduced citrate pool size and
the maintained a-ketoglutarate levels in these cells (Figure 1A).
The LPS-induced reduction of citrate in LPS-stimulated Ifnarl”-
BMMs is also likely due to it being utilized to sustain the large
accumulation of LPS-induced itaconate in these cells (~100-fold
vs. untreated cells; Figure 1A and Supplemental Table 3). Consis-
tent with this, we found significantly increased *C-glucose incor-
poration into itaconate pools in LPS-stimulated versus untreated
Ifnarl”- BMMs (Supplemental Figure 1I), which was not evident
in WT BMMs (Supplemental Figure 11).

Blockade of endogenous type I IFN with a neutralizing anti-
IFN-B Ab increased carbon flow through IDH in LPS-stimulated
BMMs. *C-glucose incorporation in succinate increased from
approximately 2% * 1% in LPS plus control Ab-treated BMMs
to 12% *+ 1% in LPS plus anti-IFN-B Ab-treated BMMs (Figure
2B). The restored carbon flow through IDH in LPS + anti-IFN-
Ab-treated BMMs is consistent with the reduced citrate and aco-
nitate as well as the elevated o-ketoglutarate pools in these cells
(Figure 1B). In line with our findings in Ifnarl”- BMMs (Supple-
mental Figure 1I), we found that LPS plus anti-IFN-$ Ab-treated
WT BMMs had enhanced flux toward itaconate (Supplemental
Figure 1J). These findings suggest that the elevated itaconate pools
observed in the absence of endogenous type I IFN in LPS-activated
BMMs (Figure 1, A and B) are supported by increased flux of
glucose-derived carbon toward itaconate. Our data indicate that
autocrine type I IFN controls the carbon flow through IDH in
LPS-stimulated macrophages.

Autocrine type I IFN inhibits IDH in LPS-treated macrophages.
Five genes (Idhl, Idh2,1dh3a, Idh3b, and Idh3g) encode for 3 1DH
catalytic isozymes: IDH1, IDH2, and IDH3 (12). We found that
LPS-stimulated WT BMMs had significantly decreased expres-

jci.org  Volume129  Number10  October 2019

4241


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/10
https://www.jci.org/articles/view/127597#sd
https://www.jci.org/articles/view/127597#sd
https://www.jci.org/articles/view/127597#sd
https://www.jci.org/articles/view/127597#sd
https://www.jci.org/articles/view/127597#sd
https://www.jci.org/articles/view/127597#sd
https://www.jci.org/articles/view/127597#sd

CONCISE COMMUNICATION The Journal of Clinical Investigation

A ldh1 Idh2 Idh3a 1dh3b 1dh3g
P <0.0001 P=0.0016 P=0.0073 P=0.013 ___ P=0.021

<8 1.0 <15 - <16 M <15

Z m/ 2 Z P=0.0041 z z

[ 0.8 | I — c c

£ 6 P=oo w. oo E1o0d P-000 1.2 €10

= B S T P=00094 & "

34 § . ' so8 §

© = F= =

: 5 - 5

To 0.0 T0.0 T0.0
B C D

P<00001 ldh1 N [ wrt BMms

<37a  [Juntreated <5 P<0.0001 P<0.0001 BMMs  BMMs [ imar-BMMs

2 P=00283 Z M, M s .+

% o [+ m T4 o

24 o =
= Idh1

kS P=0.017 H 3 3 o ;

o m .

S . B I '

2 i e

0 = 1 0 T T T T
ldh1  Idh2 Idh3a Idh3b Idh3g Untreated LPS LPS+ LPS+
IFN-B Ab  Ct Ab
E F G H |
IDH activity IDH activity IDH activity IDH activity IDH activity (MDMs)
- - - - -
Eq254 P<O00I—/ Eq P<0.0001 1254 P00 p_gops  E100qP=00063  E 40m e
21 S 2 2100 f '— 2 80 2 1P <0.0001
E — E P<0.0001 = E £ £ 1
z 2 — 1 T z 2z >0
S5 s S5 S 60 s
3 3 3 5 520
S 50 s S 50 S 40 s
9 25 9 S 25 S 20 510
O [ O © ©
50 5 0 5 ol ' — 50 50
- 6 24 - 6 24 - 6 24 - 6 24 Untreated LPS+ LPS+ 7}@6 R Lps -+ -
LPS (h) Poly(I:C) (h) IFN-BAb Gt Ab & ¢ FN-p - - +

Figure 3. Autocrine type | IFN inhibits IDH in LPS-treated macrophages. Expression of Idh1, Idh2, Idh3a, Idh3b, and Idh3g (A) in WT and Ifnar1”/- BMMs
following LPS (100 ng/mL, 0-24 hours, n = 9) or (B) in BMMs treated with IFN-f (1000 U/mL, 24 hours, n = 9). (C) Idh1in BMMs treated with LPS (100 ng/
mL, 24 hours) plus IFN-B Ab or Ct Ab (n = 7). (D) Idh1in WT and Ifnar1”/- BMMs following LPS treatment (100 ng/mL, 24 hours). Total IDH activity in WT and
Ifnar1’- BMMs following (E) LPS (100 ng/mL, 0-24 hours, n = 6) or (F) poly(l:C) (25 pg/mL, 0-24 hours, n = 4) treatment. Total IDH activity in (G) WT BMMs
treated with LPS (100 ng/mL, 0-24 hours, n = 4) plus IFN-B Ab, Ct Ab, or (H) IFN-B (1000 U/mL, 24 hours, n = 4). Total IDH activity in (I) MDMs following
LPS (100 ng/mL, 24 hours) with or without IFN-f (1000 U/mL, 24 hours, n = 3). Data are mean + SEM. P values were determined by 2-way ANOVA (A, E,
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and F), 1-way ANQVA (C, G, and 1), or Student’s t test (B and H).

sion of Idhl at 6 hours after activation (Figure 3A). In compari-
son, LPS-stimulated Ifnarl”- BMMs had significantly enhanced
gene expression of Idh1 (24 hours after LPS treatment) and Idh3a
(6 and 24 hours after LPS) compared with untreated Ifinarl”
BMMs (Figure 3A). The differences in Idhl expression were the
most pronounced, with approximately 5-fold-higher expression
levels in LPS-treated Ifnarl”- BMMs than in LPS-treated WT
BMMs (Figure 3A; 24 hours after LPS). Idh2 (24 hours after LPS)
and Idh3a (6 and 24 hours after LPS) expression levels were also
enhanced in LPS activated Ifnarl”- versus WT BMMs. Further
confirming that type I IFN inhibited IDH family gene expres-
sion, we found that treatment of WI BMMs with exogenous
IFN-B led to significantly reduced expression of Idhl, Idh2, and
Idh3g (Figure 3B) and that neutralization of IFN- in LPS-stimu-
lated WT BMMs significantly increased Idhl expression (Figure
3C). Furthermore, we found that LPS treatment of WT BMMs
decreased expression of Idhl, as determined by Western blot
analysis, whereas levels were unchanged in LPS-treated Ifnarl”~
BMMs (Figure 3D).

jci.org  Volume129  Number10  October 2019

We next treated WT and Ifnarl”- BMMs with LPS or poly(I:C)
over 24 hours and determined total IDH activity. IDH activity
was impaired by approximately 40% after 24 hours of LPS treat-
ment in WT BMMs (Figure 3E), whereas IDH activity in Ifnarl”-
BMMs was unchanged following LPS activation. This distinct
response meant that IDH activity in LPS-treated Ifnarl”- BMMs
was approximately 2-fold higher than in their WT counterparts.
Poly(I:C), a potent inducer of type I IFN (13), blocked IDH activity
in WT BMMs at 24 hours (Figure 3F), with no impact observed in
Ifnarl”- BMMs. There was a tendency for both LPS and poly(I:C)
to reduce IDH activity at 6 hours, but this was not statistically
significant. In agreement with the restored carbon flow through
IDH in LPS plus anti-IFN-B Ab-treated WT BMMs (Figure 2B),
we found that IDH enzymatic activity in these cells was restored
(Figure 3G). Exogenous IFN-B treatment of WT BMMs led to a
significant reduction in IDH activity (Figure 3H), and LPS-treated
human monocyte-derived macrophages (MDMs) also had sig-
nificantly impaired IDH activity, which could be replicated by
exogenous IFN-B (Figure 3I).
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Figure 4. Type | IFN induction of IL-10 contributes to inhibition of IDH. (A) Total IDH activity in WT BMMs treated with LPS (100 ng/mL, 0-24 hours, n = 6) +
IL-10 mAb or control mAb (1 ug/mL). (B) Citrate and (C) aconitate in WT BMMs treated as in A (n = 6). (D) Irg1 gene (n = 6) and (E) protein in WT BMMs treated
with LPS (24 hours) + IL-10 mAb or Ct mAb (ug/mL). (F) Itaconate in WT BMMs treated as in A. (G) Total IDH activity in WT BMMs following IL-10 (100 ng/mL)
or IFN-B (1000 U/mL, 24 hours, n = 6) treatment. (H) Total IDH activity in WT and Ifnar1/- BMMs following LPS with or without IL-10 (100 ng/mL, 24 hours,

n =5). (1) Citrate and (J) aconitate in WT and /fnarT”- BMMs treated as in H (n = 6). (K) Irg1 gene (n = 6) and (L) protein in WT and /fnar1”- BMMs treated as in H.
(M) Itaconate in WT and Ifnar1”/- BMMs treated as in H. Mean + SEM. P values by 1-way ANOVA (A, D, G-K, and M) or Student’s t test (B, C, and F).

We measured the activity of aconitase, which catalyzes the con-
version of citrate to isocitrate (1). In agreement with others (14), we
found that LPSreduced aconitase activity (Supplemental Figure 1K);
however, we found no significant difference in aconitase activity
between LPS-treated WT and Ifinarl”- BMMs. These data provide
evidence that autocrine type I IFN is responsible for inhibition of
IDH activity in LPS-stimulated macrophages.

Type I IFN induction of IL-10 contributes to inhibition of IDH.
Type I IFN drives IL-10 release in macrophages (Supplemental
Figure 1L) (9, 15), and IL-10 has a profound impact on macro-
phage metabolism (10). Given this, we first measured IDH activ-
ity in LPS-treated WT BMMs in the presence of a neutralizing
anti-IL-10 mAb or an isotype control mAb. Blockade of IL-10
partially restored IDH activity in LPS-treated WT BMMs (Fig-
ure 4A), although IDH activity was still significantly decreased

relative to that in untreated BMMs. Consistent with this finding,
accumulation of citrate (Figure 4B) and aconitate (Figure 4C) was
reduced in BMMs treated with LPS plus anti-IL-10 mAbD relative
to LPS plus control mAb-treated BMMs. Blockade of endogenous
IL-10 increased Irgl expression in LPS-treated BMMs (Figure
4, D and E) but, interestingly, led to a reduction in the itacon-
ate pool size in these cells (Figure 4F). Our data agree with an
earlier study finding that the first break in the TCA cycle was
intact in LPS-treated /107~ BMMs (16). A small flux in metab-
olite concentration can induce significant changes in enzyme
activity (17). The data presented here suggest that blockade
of endogenous IL-10 in LPS-stimulated macrophages reduces
the accumulation of citrate and aconitate, the substrate for Irgl
(6), which in turn reduces the generation of itaconate, despite the
increased Irgl expression.
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We next determined the impact of exogenous IL-10 on WT
and Ifnarl”- BMMs. Unlike IFN-B, IL-10 alone did not inhibit IDH
activity in WT BMMs (Figure 4G). However, when combined with
IFN-B, it tended to reduce IDH activity in these cells (Figure 4G).
In combination with LPS, IL-10 led to further inhibition of IDH
activity in WT BMMs but had no impact on IDH activity in Ifnarl”-
BMMs (Figure 4H). These data suggest that the ability of IL-10
to block IDH activity is dependent on the presence of type I IFN
signaling in BMMs. We found by metabolic profiling that, consis-
tent with its blockade of IDH activity in LPS-treated WT BMMs,
exogenous IL-10 significantly elevated levels of citrate (Figure 4I)
and aconitate (Figure 4]) in these cells. In comparison, IL-10 did
not alter the pool sizes of either citrate or aconitate in LPS-treated
Ifnarl”- BMMs (Figure 4, I and ]), in agreement with its inability
to block IDH activity in these cells (Figure 4H). Irgl expression
(Figure 4, K and L) was partially blocked by IL-10 in LPS-treated
WT BMMs. Blockade of Irgl protein was more pronounced in
LPS-treated Ifnarl”- BMMs (Figure 4L). IL-10 also blocked IFN-B-
induced Irgl expression in WT BMMs (Supplemental Figure 1M).
IL-10 inhibition of Irgl expression in macrophages has been shown
previously (18). Regarding itaconate levels, we found that IL-10
boosted itaconate synthesis in LPS-treated WT BMMs, whereas
IL-10 decreased itaconate in LPS-treated Ifnarl”- BMMs (Figure
4M). In summary, in LPS-treated WT BMMs, IL-10 blocked IDH
activity, resulting in further accumulation of citrate and aconitate
to drive itaconate synthesis. In LPS-treated Ifiarl”- BMMs, IL-10
had no impact on IDH activity or substrate accumulation, enabling
the IL-10-mediated suppression of Irgl, which is more evident in
these cells, to impair itaconate synthesis.

We showed that LPS-treated Ifnarl”- BMMs have increased
carbon flux, via IDH, toward succinate (Figure 2A) and increased
carbon flux, via Irgl, toward itaconate (Supplemental Figure 1I).
This distinct carbon flow led to reduced citrate levels in LPS-treated
Ifnarl”- BMMs (Figure 1A), as citrate is utilized to fuel the accumu-
lation of both succinate and itaconate. The elevated flux toward

The Journal of Clinical Investigation

itaconate in LPS-treated Ifnarl”- BMMs was consistent with their
minimal IL-10 production (Supplemental Figure 1L), which uniquely
blocked itaconate generation in these cells (Figure 4M). Our results
are supported by a detailed analysis of LPS-treated MDMs, where
transient induction of Irgl and repression of Idhl mRNA was cor-
related with the level of induction of IFN-B (19). Thus, in the absence
of IL-10-mediated suppression of Irgl, carbon flux through Irgl
is increased, leading to the elevated itaconate levels observed in
LPS-treated Ifnarl”- BMMs. Overall, this study demonstrates that
inhibition of IDH in the TCA cycle of LPS-stimulated macrophages
is due to the autocrine type I IFN pathway.

Methods
See Supplemental Methods for a detailed description of all experimen-
tal procedures.
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