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Divergent effects of itaconate
isomers on Coxiella burnetii
growth in macrophages and
In axenic culture
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University of Regensburg, Regensburg, Germany, *Department of Structure and Function of Proteins,
Helmholtz Centre for Infection Research, Braunschweig, Germany

Aconitate decarboxylase-1 (ACOD1) is expressed by activated macrophages and
generates itaconate that exerts anti-microbial and immunoregulatory effects.
ACOD1-itaconate is essential for macrophage-mediated control of the
intracellular pathogen Coxiella (C.) burnetii, which causes Q fever. Two
isomers of itaconate, mesaconate and citraconate, have overlapping yet
distinct activity on macrophage metabolism and inflammatory gene
expression. Here, we found that all three isomers inhibited the growth of C.
burnetii in axenic culture in ACCM-2 medium. However, only itaconate reduced
C. burnetii replication efficiently in Acod1™”” macrophages. In contrast, addition of
citraconate strongly increased C. burnetii replication in Acod1*” macrophages,
whereas mesaconate weakly enhanced bacterial burden in Acodl™’"
macrophages. Analysis of intracellular isomers showed that exogenous
citraconate and mesaconate inhibited the generation of itaconate by infected
Acod1*/” macrophages. Uptake of added isomers into Acod1™” macrophages
was increased after infection for itaconate and mesaconate, but not for
citraconate. Mesaconate, but not citraconate, competed with itaconate for
uptake into macrophages. Taken together, inhibition of itaconate generation
by macrophages and interference with the uptake of extracellular itaconate
could be identified as potential mechanisms behind the divergent effects of
citraconate and mesaconate on C. burnetii replication in macrophages or in
axenic culture.
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Introduction

Expression of aconitate decarboxylase 1 (ACOD1), also known
as immune response gene 1 (IRG1), is highly induced in mouse and
human macrophages upon infection and TLR stimulation (1-4).
ACODL1 localizes to mitochondria (1) and decarboxylates TCA
cycle-derived cis-aconitate to generate the dicarboxylic acid
itaconate (ITA) (5) that can be detected intracellularly in mouse
macrophages at millimolar concentration (6-8). ITA has
immunoregulatory activity and influences many cellular processes
through activation of the anti-oxidant response to electrophilic
stress, inhibition of enzymatic activities and by post-translational
modification of signaling proteins (9-11). By attenuating the
production of cytokines like IL-6, IL-12 and IL-1f in
macrophages, ITA reduced lethality in the endotoxin model of
sepsis (12-14) and may have potential as immunomodulatory
treatment (15). On the other hand, ITA also has antimicrobial
activity against several intracellular bacteria, including Salmonella
typhimurium (6), Mycobacterium tuberculosis (5) and M. avium
(16), Legionella pneumophila (4), Francisella tularensis (17), and
Brucella spp (18).. In case of F. tularensis, ITA does not impair
bacterial replication in axenic culture but acts indirectly on the
intracellular bacterial replication by inhibiting the enzyme succinate
dehydrogenase (SDH) that forms complex II of the mitochondrial
respiratory chain (17). In contrast, ITA directly blocks replication of
M. tuberculosis, L. pneumophila and Brucella spp. in axenic culture
(4, 5, 18). For M. tuberculosis and Brucella spp, binding of ITA to
isocitrate lyase and inhibition of the glyoxylate shunt appears to be
the mechanism of its anti-bacterial effect (5, 18).

We recently showed that ACOD1 is required for macrophage-
autonomous control of C. burnetii and that treatment with ITA
inhibits the growth of C. burnetii in human and murine
macrophages in vitro and in Acodl”™ mice in vivo (19). ITA
directly inhibits replication of C. burnetii in cell-free, axenic
culture in ACCM-2 medium (19, 20). The ITA concentration
required to inhibit C. burnetii replication in macrophages and in
axenic culture (< 5mM) can be easily achieved in activated
macrophages (6). While these findings are compatible with the
notion that ITA directly inhibits C. burnetii in infected
macrophages, alterations of macrophage anti-microbial defense by
ITA may also contribute.

Since the dicarboxylic acid ITA is a polar substance that does not
pass passively through cell membranes, the cell-permeable esterified
derivatives 4-octyl itaconate (4-OI) and dimethyl itaconate (DMI)
have often been employed for treatment studies in vitro and in vivo
(10). Both derivatives are more electrophilic than ITA and activate
NRF2 more strongly than ITA (21). In addition, they are not
converted into ITA intracellularly (21), although this has been
challenged in the case of 4-OI (22). It is now clear that itaconate is
released into the extracellular space by activated macrophages (23) in
a process dependent on the ABCG2 transporter (24), and that
exogenously added ITA is readily taken up by macrophages (19,
21, 25). However, it is still unknown whether uptake of ITA into
macrophages involves specific transporter proteins.

Recently, two isomers of ITA, mesaconate (MES) and
citraconate (CTC) (Figure 1A) have been shown to be detectable
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in macrophages and to exert overlapping yet differential effects in
macrophages compared to ITA. Generation of MES is ACOD1-
dependent and inducible upon macrophage activation by LPS, albeit
at less than one tenth of the concentration of ITA (25, 26). Similar
to ITA, MES inhibits glycolysis and down-regulates expression of
the pro-inflammatory cytokines IL-6 and IL-12, but it does not
inhibit SDH (26). CTC can be detected by high-performance liquid
chromatography - tandem mass spectrometry (HPLC-MS/MS) in
human plasma and mouse lymph nodes and brain (27), but it was
not detected in activated THP1 cells (25), a human monocyte/
macrophage cell line, leaving the site of endogenous CTC
production enigmatic. Exogenous CTC is the strongest
electrophile and NRF2 activator in macrophages and reduced
production of IL-6 and TNF, but did not inhibit SDH and
mitochondrial respiration (25). Remarkably, CTC decreased the
enzymatic activity of human and mouse ACODI1 by 90% and
prevented accumulation of ITA and MES when added to LPS/
IFNy-activated THP1 cells (25).

Here, we explored the activity of the isomers MES and CTC, in
comparison to ITA, on C. burnetii replication in axenic culture and
in macrophages. All isomers inhibited C. burnetii growth in
ACCM-2 medium, but only ITA restored control of bacterial
replication in Acodl”” macrophages, whereas CTC strongly
increased C. burnetii load in Acodl"” macrophages. All isomers
reduced the production of IL-6 and TNF by infected macrophages.
Gas chromatography-mass spectrometry (GC-MS) showed that
only ITA was produced at a concentration above the lower limit
of quantification (LLOQ) by C. burnetii-infected bone marrow-
derived macrophages (BMM) and revealed that treatment with
MES and CTC inhibited generation of ITA. Uptake of exogenous
ITA and MES was upregulated in infected macrophages, and MES
inhibited the uptake of ITA, suggesting competition for a shared
uptake mechanism.

Results

All isomers inhibit C. burnetii replication in
axenic culture, but ITA is more potent than
MES and CTC

We have previously found that itaconate (ITA) inhibits the
growth of C. burnetii in axenic culture. To determine whether the its
isomers mesaconate (MES) and citraconate (CTC) (Figure 1A)
share this activity, they were added at the beginning of axenic
culture of C. burnetii and ODg(, was measured to read out bacterial
replication (Figure 1B). Confirming our previous results (19), ITA
completely inhibited the growth of C. burnetii at 2.5 and 5 mM
throughout the culture period of seven days. The isomers MES and
CTC also abrogated bacterial growth completely when used at 5
mM. However, when used at 2.5 mM, CTC suppressed C. burnetii
growth until day 4, and by 50% on day 7. Suppression of bacterial
replication by MES was also incomplete at 2.5 mM with a significant
30-50% reduction in ODggq values at all time points.

We next asked whether ITA and its isomers can inhibit
replication when added to established cultures on day 5
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FIGURE 1

All isomers inhibit C burnetii replication in axenic culture, but ITA is more potent than MES and CTC. (A) Structures of the isomers ITA, MES and CTC.

(B) ITA and its isomers were added to C. burnetii in ACCM-2 media on day 0

. At the indicated time points, ODggo measurements were performed.

Black closed symbols represent the untreated bacterial culture whereas red, green and blue color represents ITA, MES and CTC treatment,
respectively. Concentration of 2.5 mM was indicated by open symbols and the closed symbols represent 5 mM of treatment. Data shown are mean
and SD of 6 biological replicates pooled from three individual experiments. (C) C. burnetii growth inhibition by ITA and its isomers after delayed
addition to the culture on day 5, followed by CFU determination on day 7. Data from four independent experiments, each with two biological and

three technical replicates that were pooled together. Bars show mean with S

D. Mann-Whitney test was performed individually between day 5 and

day 7 mock treatment (*###5<0.0001). To compare the effect of treatment versus mock, ANOVA was performed with Dunnett's multiple
comparison test. Treatment effects vs. day 7 mock: ****p<0.0001, ***p<0.001, **p<0.01. Treatment effects vs. day 5: ""p<0.0001, ns not significant.

(Figure 1C). The number of viable bacteria was determined by CFU
assays before (day 5) and two days after adding ITA, MES or CTC
or medium control (day 7). C. burnetii continued to grow between
day 5 and day 7 in medium. All compounds significantly reduced
the CFU counts at 2.5 and 5 mM, when compared to medium only
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on day 7. However, ITA displayed the strongest, dose-dependent
activity, with a clear bactericidal effect for the higher concentration
that reduced CFU count by a factor of 1000 compared to the
starting number on day 5, again confirming our previous results for
ITA (19). MES and CTC reduced CFU numbers less efficiently than
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ITA at both concentrations, with MES showing an intermediate
bactericidal activity at the 5 mM concentration, whereas CTC at
both concentrations was bacteriostatic but did not reduce the CFU
below the starting numbers on day 5 (Figure 1C). Taking together
we noticed an inhibitory effect of ITA, MES and CTC on the
replication of C. burnetii in axenic culture, with ITA as the most

potent isomer.

Only ITA inhibits, whereas CTC enhances
C. burnetii replication in macrophages

Next, we investigated the effect of ITA and its isomers in
controlling intracellular C. burnetii replication in bone marrow-
derived macrophages (BMM). BMM were infected for four hours
with C. burnetii at MOI 10, followed by washing away the
extracellular bacteria and addition of ITA, MES or CTC. BMM
deficient in ACODI, the inducible mitochondrial enzyme
responsible for ITA production, cannot restrict NMII replication
and contain a >10-fold higher bacterial burden compared to
AcodI™” BMM at 96 hours post infection (Figure 2A), as shown
before (19). The effect of supplementation of ITA or its isomers at a
concentration of 2.5 mM on intracellular C. burnetii bacterial load
was determined for Acodl™” (Figure 2B) and Acodl”” BMM
(Figure 2C). In Acod1™” BMM no noticeable change was detected
in controlling C. burnetii replication after ITA and MES treatment,
whereas CTC caused a significant increase in C. burnetii genome
equivalents (GE) (Figure 2B). In contrast, in Acodl 7/~ BMM that are
unable to generate endogenous ITA, the supplementation of ITA
restored the control of C. burnetii, confirming our previous results
(19), whereas MES had no effect, and CTC caused a moderate
increase in bacterial load (Figure 2C).

10.3389/fimmu.2024.1427457

Thus, we observed very distinct effects of the three isomers on
C. burnetii replication in macrophages: (1) ITA added to infected
BMM did not reduce bacterial load in Acod1™” BMM but restored
control of replication in Acodl 7/ BMM, (2) MES had no significant
impact on C. burnetii load in both genotypes, and (3) CTC strongly
enhanced C. burnetiiload in Acod1™ BMM and to some extent also
in Acodl”” BMM. The results for MES and CTC are in striking
contrast to the direct inhibitory effect of these isomers on C. burnetii

replication in axenic culture (Figure 1).

Similar effects of isomers on cytokine
production by C. burnetii-
infected macrophages

To explore whether the divergent effects of ITA isomers on
C. burnetii replication in BMM and in axenic culture are
associated with differences in macrophage activation, we next
investigated their effect on cytokine production. As ITA is an
immunomodulatory agent, we measured the pro-inflammatory
cytokines TNF, IL-6, and IL-1fB, and the anti-inflammatory
cytokine IL-10 in cell culture supernatants 24 hours after NMII
infection of Acodl*” and Acodl”” BMM (Figure 3). All four
cytokines were produced by infected Acod1™” and Acodl”” BMM
at comparable levels (left panels, Figure 3). However, the addition of
ITA and its isomers did affect cytokine production in both BMM
genotypes. ITA and MES reduced the production of IL-6 and TNF,
while CTC did so for IL-6 in Acod1* and for TNF in Acod1”” BMM
(Figures 3A, B). The secretion of IL-1 was reduced by all three
isomers, but only in Acodl”” BMM (Figure 3C), which showed a
trend for higher IL-1B secretion compared to Acodl™” BMM. IL-10
production was reduced significantly by MES in both BMM
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FIGURE 2

C. burnetii (MOI-10)

Only ITA inhibits, whereas CTC enhances C. burnetii replication in macrophages. Acod1 */~ and Acod1”” BMM were infected with C. burnetii at MOI-
10 for 4 hours, followed by a washing step to remove extracellular bacteria. (A) C. burnetii genome equivalents (GE) per cell were measured by qPCR
at 96 hours post infection from macrophage lysates. Average GE values from duplicate wells at 96 hours infection were normalized to the mean GE
of all Acod1*”~ control samples of 4h time point (initial uptake by BMM). (B, C) relative GE for BMM infected and treated for 96 hours with isomers
was normalized to the infection alone condition (set to 100%). (B) Acod1*”", (C) Acod1™". Each dot represents BMM from one mouse (average of 2
biological replicates, n= 17 mice per genotype) and data were pooled together from 6 individual experiments. Bars show geometric mean with
geometric SD. Mann-Whitney test (A) and Friedman test (paired, non-parametric) (B, C) were performed between the indicated conditions. *p<0.05,

**p<0.01, ****p<0.0001.
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FIGURE 3

Similar effects of isomers on cytokine production by macrophages infected with C. burnetii. Production of the cytokines IL-6 (A), TNF (B), IL-1B

(C) and IL-10 (D) was measured by ELISA from the cell culture supernatants of C. burnetii infected Acod1®~ and Acodl™~ BMM. 4h after infection
extracellular bacteria were removed by a washing step followed by the supplementation of different treatment and/or media alone considering this
time point as 0 hours. After 24 hours cell culture supernatant was collected, and cytokines were measured. For each of the analyzed cytokines, the
left panel shows the concentration from infection alone comparing Acodl1*”” and Acod1”” BMM. The middle and right panels depict the comparison
between untreated vs. treated separately for Acod1*’~ and Acodl™”~ BMM, respectively, setting the cytokine concentration from infection alone as
1007% separately for Acod1*”” and Acod1”” BMM. Each dot represents BMM from one mouse (average of 2 biological replicates) and data were
pooled together from 6 individual experiments (n= 12-14 mice per genotype). Bars show median with 95% CI. Friedman test (paired, non-
parametric) was performed between the indicated conditions. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (A-D).

MES and CTC on C. burnetii control in BMM are unlikely to be due

genotypes (Figure 3D). Taken together, ITA and its isomers MES
to differences in modulation of the investigated cytokines. Instead,

and CTC have an overall similar immunomodulatory effect on

production of the cytokines IL6, TNFo,, IL1 and IL10 in response
to infection with C. burnetii. Thus, the differential effects of ITA,
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other mechanisms must underly the observed specific inhibition of
intracellular C. burnetii replication by ITA but not MES or CTC.
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Production of endogenous ITA and uptake
of isomers in macrophages

To investigate the endogenous production and the uptake of
exogenously supplemented ITA, MES and CTC, we performed gas
chromatography-mass spectrometry (GC-MS)-based analysis in
resting as well as in C. burnetii-infected mouse BMM (Figure 4).
Peaks for the three isomers could be reliably separated by GC-MS
(Figure 4A). Endogenous itaconate was not detectable above the
LLOQ in resting BMM, whereas upon C. burnetii infection we
noticed a strong increase in intracellular ITA levels (about 35 pmol/
ug protein) in Acod1™" but not in Acodl” BMM (Figure 4B),
consistent with ACOD1 being the critical enzyme for itaconate
production. The use of Acod]”” BMM thus allowed us to distinguish
between endogenously produced ITA and ITA taken up from cell
culture medium, or being converted from exogenous MES or CTC
after uptake. Following supplementation of 1 mM or 2.5 mM ITA,
we observed dose-dependent increases in intracellular ITA in
resting and infected BMM that exceeded the level of
endogenously produced ITA in infected Acodl*™” BMM
(Figure 4B). Of note, the intracellular concentration of ITA was
several-fold higher in infected compared to resting Acod1”” BMM,
indicating that uptake of ITA was increased in activated
macrophages (Figure 4B). We did not observe any conversion of
exogenously added MES or CTC into ITA in resting BMM, whereas
in infected BMM a minimal conversion of CTC into ITA was
noticed in Acodl”” BMM (Figure 4B). Remarkably, addition of CTC
as well as of MES reduced production of ITA in infected Acodl™”
BMM (Figure 4B). This effect was expected for CTC that inhibits
enzymatic activity of ACODI1, while such an effect has not been
reported for MES (25). We considered the possibility that MES may
down-regulate the expression of ACODI1. However, qRT-PCR
measurement of Acodl mRNA in BMM infected for 24 hours
with C. burnetii did not show any effect of ITA, MES or CTC
(Figure 4C). Therefore, the impact of MES on the enzymatic activity
of recombinant ACOD1 enzyme was assessed in an in vitro assay in
comparison to CTC. While CTC, as described before, exerted
inhibition of ITA production (25), addition of MES to murine or
human ACODI1 at different concentrations had no impact on its
activity (Figure 4D).

Next, we analyzed the intracellular levels of MES (Figure 4E)
and CTC (Figure 4F) in resting and infected BMM. Unlike ITA, no
endogenously generated MES or CTC was detectable by GC-MS
above the lower limit of quantification in resting or infected BMM,
which is at variance with recent reports (25, 26). However, LLOQs
reported for the method (Lit: Metabolites 2021, 11, 270 (27). used by
Chen et al. (24) are lower than ours. In contrast, exogenously
supplemented MES and CTC were readily detected intracellularly
by our GC-MS method (Figures 4E, F). Supplemented MES led to
higher intracellular levels in C. burnetii-infected compared to
resting BMM (Figure 4E), similar to what had been observed for
ITA (Figure 4B). In contrast, addition of CTC yielded comparable
intracellular levels in resting and infected BMM (Figure 4F). While
the intracellular levels of ITA and MES were comparable after
exogenous supplementation, the intracellular CTC concentration
was considerably lower (ca. 2-fold lower in resting and at least 5-
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fold lower in C. burnetii-infected BMM), although all isomers were
added at the same concentration of 2.5 mM (Figures 4B, E, F).

Impact of MES and CTC on the uptake and
anti-Coxiella activity of ITA in BMM

Finally, as only ITA, but not MES or CTC, reduced the C.
burnetii load in infected BMM, we asked whether combined
supplementation with ITA together with MES or CTC has an
impact on control of intracellular bacteria by Acodl™  and
Acodl”” BMM. Infected BMM were treated with itaconate (1
mM) alone or in combination with the isomers MES or CTC (2.5
mM), followed by analysis of C. burnetii burden after 96 hours
(Figures 5A, B) and measurement of intracellular ITA by GC-MS
after 24 hours (Figure 5C).

As observed with single isomer treatment (Figure 2B), CTC
significantly increased C. burnetii burden in Acodl™ BMM also
when ITA was supplemented (Figure 5A). MES had a similar but
weaker effect on C. burnetii levels in Acod1*” BMM (Figure 5A).
Both MES and CTC did not cause significant changes in bacterial
load in ITA-treated Acodl”” BMM, although there was a trend for
higher C. burnetii GE (Figure 5B).

GC-MS analysis revealed that the addition of MES significantly
reduced the intracellular level of ITA by 50% in Acodl™” and by
65% in Acodl”” BMM (Figure 5C). Thus, in addition to the
observed inhibition of endogenous ITA production when MES
was added alone (Figure 4B), MES blocks the uptake of ITA into
infected BMM, which may contribute to the increase in bacterial
burden (Figures 5A, B). In contrast, CTC supplementation did not
alter the uptake of ITA in Acod1”” BMM and only slightly reduced
intracellular ITA concentration in Acodl™~ BMM (Figure 5C),
which can be explained by its inhibition of endogenous ITA
production (Figure 4B). Together, the mass spectrometry data
showed that MES, but not CTC, interfered with the uptake of
ITA into BMM. Thus, the isomers MES and CTC can interfere with
ITA-mediated control of C. burnetii in BMM via different
mechanisms, inhibition of ACOD1 enzymatic activity or blockade
of uptake of extracellular ITA.

Discussion

In this comparative analysis of the impact of ITA and its
isomers on C. burnetii, we found a striking difference in the
effects of MES and CTC on bacterial growth in axenic culture and
intracellularly in macrophages. The discrepancy between inhibition
of C. burnetii growth upon direct addition of MES or CTC to
bacterial cultures, and the lack thereof or enhanced replication in
macrophages, raises several questions.

First, we do not know by which mechanism(s) ITA and its isomers
inhibit C. burnetii growth in the ACCM-2 culture medium. Direct
antibacterial activity of ITA has been demonstrated first against M.
tuberculosis through inhibition of isocitrate lyase (ICL) that feeds the
glyoxylate shunt (5) and is also the mechanism relevant for inhibition
of Brucella melitensis (18). A metabolite of ITA, itaconyl-CoA inhibits
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methylmalonyl-CoA mutase of M. tuberculosis, thereby blocking
propionate-dependent growth (28). C. burnetii does not express ICL
and lacks enzymes of the glyoxylate pathway, suggesting that ITA’s
inhibitory effect on C. burnetii is likely caused by another mechanism.
ITA possesses a marked bactericidal effect on C. burnetii when used at a
concentration of 5 mM, evidenced at the ultrastructural level by
shrinkage of the bacterial cell and intracellular calcifications
indicative of bacterial cell death (19). Both MES and CTC efficiently
blocked C. burnetii growth, especially at the 5 mM concentration.
However, compared to ITA, the bactericidal effect was reduced in the
case of MES and not significant for CTC. Given that CTC acts

Frontiers in Immunology

bacteriostatic, while ITA and, to some extent, also MES are
bactericidal, it is unclear whether all three isomers act by a common
mechanism on C. burnetii. Future metabolic flux analysis should reveal
whether ITA and its isomers inhibit central metabolic pathways in C.
burnetii (29).

The second question concerns the lack of inhibition of C.
burnetii growth in macrophages by MES and CTC. Our GC-MS
data demonstrate that intracellular MES levels are comparable to
those of ITA following exogenous addition to resting and infected
macrophages, respectively. While ITA eftectively reduces C. burnetii
replication in infected macrophages, the failure of MES to do so
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despite similar intracellular levels may be due to a difference in the
concentration of both isomers in the CCV. The intracellular
trafficking of ITA (and its isomers) is only beginning to be
elucidated. In Salmonella-infected macrophages, ITA produced in
the mitochondria is transported to the Salmonella-containing
vacuole in a Rab32-dependent process that involves the kinase
LRRK2 (6, 30). Whether exogenously added ITA, MES and CTC are
also dependent on this transport pathway in C. burnetii-infected
macrophages remains to be tested. In addition, it is yet unknown
how ITA and its isomers may be transported across the membrane
of the CCV to reach the bacteria, and it is possible that differences in
this process are responsible for the observed lack of control of
intracellular C. burnetii by MES. In contrast, the intracellular
concentration of CTC achieved after exogenous supplementation
is considerably lower than the concentrations observed for ITA and
MES, potentially explaining the lack of anti-Coxiella activity in
Acodl”” macrophages.

In fact, CTC strongly enhanced replication of C. burnetii in
AcodI™ macrophages, which can be attributed to a significant
reduction in the generation of endogenous ITA (Figure 4A),
consistent with the inhibition of ACODI enzymatic activity by CTC.
Interestingly, in Acodl”” macrophages, CTC exerted a weaker growth-
promoting effect on C. burnetii, indicating that this isomer may impair
the anti-microbial capacity of macrophages by additional mechanisms,
which may be linked to its high electrophilicity, e.g. induction of NRF2-
dependent gene expression or inhibition of ROS production (25).

The reduction of ITA production in MES-treated C. burnetii-
infected macrophages (Figure 4A) was surprising, because MES had
not been reported to inhibit ACODI enzymatic activity and has less
structural similarity to its substrate cis-aconitate (25). We
considered it possible that MES may also inhibit ACODI at the
concentration of 2.5 mM used here, but the results of ACOD1
enzyme activity assays in the presence of MES excluded this
possibility. We also excluded reduced expression of AcodI in the
presence of MES as mechanism for the reduction in intracellular
ITA levels. Another possible mechanism underlying this effect may
be the inhibition of uptake of extracellular ITA that we observed
here after addition of exogenous ITA to Acodl”” macrophages
(Figure 5C) and that may also block uptake of secreted
endogenous ITA from the culture supernatant.

This reduced uptake of exogenous ITA into macrophages co-
treated with MES, but not with CTC (Figure 5C), indicates that ITA
and MES may be transported into macrophages by the same
mechanism and that MES competes with ITA. This notion of a
shared uptake mechanism for ITA and MES is also supported by
our observation that the uptake of exogenous ITA and MES is
strongly enhanced in macrophages after infection with C. burnetii
(Figure 4B, E), whereas the intracellular concentration of CTC in
supplemented macrophages is not changed upon infection
(Figure 4F). Thus, transport of extracellular ITA and MES into
macrophages appears to be mediated by the same receptor/
mechanism, which is up-regulated in infected macrophages. In
contrast, CTC is likely taken up via a different, constitutively
active transporter/mechanism.

Although exogenous MES and CTC are taken up by BMM and
are readily found in our GC-MS assay, endogenous production of
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both isomers by resting or C. burnetii-infected macrophages was
not observed in this study. In the case of MES, the reportedly low
levels of MES compared to ITA in activated macrophages (less than
10%) (25, 26), coupled with the limited sensitivity of our detection
method (LLQQ 0.098 uM in the method used Chen et al. (27) vs.
0.888 uM for MES in our GC-MS), likely explains our failure to find
endogenous MES. The source of endogenous CTC is enigmatic. It
does not appear to be produced by myeloid cells, at least not in the
human THP-1 macrophage cell line (25). Therefore, while both
MES and CTC are interesting molecules for potentially modulating
ACODI-ITA dependent biological response, the contribution of
endogenously produced MES and CTC in macrophages may
be limited.

Treatment of infected BMM with the isomers reduced the
production of cytokines but did not abrogate it, consistent with
previous publications on MES and CTC (25, 26). As no strong
difference in macrophage activation was found between the isomer
treatments that could be correlated to the effects on bacterial
numbers, we conclude that the differential effects on bacterial
burden are likely not caused by inhibition of cytokine production.
Of note, there was no significant difference in the amount of
cytokines measured in the supernatants of Acod1*” and Acodl””
BMM after C. burnetii infection (Figure 3), which may be surprising
given the literature on the regulatory effect of endogenous ITA on
several cytokines (13-15) and our previous demonstration of
increased cytokine expression in tissues after C. burnetii infection
in Acod1”” mice (19). That endogenous ITA did not strongly affect
the output of cytokines by infected BMM here is likely due to
differences in timing (24 hours after the end of the BMM infection
period vs. 7 days in vivo) and concentration of ITA (higher with
exogenous ITA).

Concluding remarks

Our comparative study revealed that all isomers inhibit
cytokine production by Coxiella-infected macrophages and
suppress replication of C. burnetii in axenic culture, but only ITA
can inhibit intracellular growth of C. burnetii. The reasons for this
divergence involve inhibition of ACOD1 enzyme activity in case of
CTC. As all three isomers are candidates for therapeutic
intervention in inflammatory processes, the differences we
observed here in enhanced or thwarted control of intracellularly
bacterial replication are important because they may interfere with
protective host responses to acute infection or promote reactivation
of latent infections. Specifically, it will be interesting to determine
whether CTC increases bacterial burden in our C. burnetii infection
model in mice via inhibition of ACOD1 activity.

The increased uptake of ITA (and MES) into infected as
compared to resting macrophages suggests that endogenously
produced extracellular ITA does not affect all cells in the
microenvironment equally. Instead, by a regulated uptake
mechanism, ITA may be preferentially delivered to cells that are
activated, e.g. by intracellular infection or PRR-ligands in the tissue,
and are more sensitive to ITA due to increased expression or
activity of transporters mediating the uptake. The future
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identification of the molecules involved in the uptake and
intracellular transport of ITA and its isomers will be important to
provide more insight into the mechanistic regulation of ACODI1-
ITA effects in inflammation and host defense.

Materials and methods
Reagents

Itaconic acid (ITA) and its isomers mesaconic acid (MES) and
citraconic acid (CTC) were purchased from Sigma-Aldrich
(Deisenhofen,Germany) (ITA, 129204-100G; MES, 131040-10G;
CTC, C82604-5G). Stock solutions were prepared in PBS.

Mice

The Acodl™ and Acodl”” mice utilized in this study were
purchased from Jackson Laboratory (C57BL/6NJ-Acod 1™ MPO 1y
and bred at the Priklinische Experimentelle Tierzentrum of the
University Hospital Erlangen (PETZ). Mice were humanely sacrificed
to obtain bone marrow cells according to §4 of the German Animal
Protection Law (Protocol Number TS-40/2021). Both male and female
mice were used and groups were matched for sex as closely as possible.

Culture of Coxiella burnetii

We used the avirulent Nine Mile phase II (NMII) strain of C.
burnetii in this study. An isolate of the NMII strain clone 4 (NMII,
RSA493) was generously provided by Matteo Bonazzi (Institut de
Recherche en Infectiologie de Montpellier, Montpellier, France).
One aliquot of purified NMII was propagated in a 75-cm” tissue
culture flask containing 30 mL of acidified citrate cysteine medium
(ACCM-2, 4700-003, Sunrise Science Products, San Diego, CA,
USA) at 37°C in a humidified atmosphere of 5% CO, and 2.5% O,
(Omsland et al.,, 2009). After five days of culture, bacteria were
pelleted for 15 min at 4,500 x g, resuspended in 1 mL phosphate
buffered saline (PBS), and quantified by optical density at 600 nm
(ODggp), where an ODgqo of 1 equals 1 x 10° C. burnetii per mL.
Bacteria were diluted in cell culture media without antibiotics and
kept on ice until use for infection to macrophages.

Treatment of C. burnetii with ITA and
its isomers

Five mL of ACCM-2 media were inoculated with C. burnetii ata
concentration of 10® Coxiella/mL and propagated at 37°C, 5% CO,
and 2.5% O,. From the beginning of culture bacteria were treated
with ITA, MES and CTC, respectively, for the indicated time
periods. PBS was added as control to the bacterial culture to
determine the optical density. For the determination of colony
forming units (CFU), ITA, MES, CTC, and PBS were added on day
5 of bacterial culture and on day 7 bacterial culture was centrifuged
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at 4,500 x g for 15 min and the pellet was resuspended in 200 pL
ACCM-D. Ten pL of serial dilutions were dropped on ACCM-D/
0.3% agarose plates in triplicate. The plates were incubated for 2
weeks at 37°C, 5% CO, and 2.5% O,. CFU were calculated
according to the corresponding dilution factor. To measure
bacterial growth by optical density, C. burnetii cultures were
propagated as mentioned above. At the indicated time points, 100
uL were directly taken from the culture to determine the optical
density at ODgqo.

Bone marrow derived macrophages

Bone marrow cells were isolated from femurs and tibiae of mice
and differentiated into macrophages in complete Dulbecco’s
modified Eagle medium (cDMEM; DMEM [Life Technologies]
plus 10% fetal bovine serum [FBS; Biochrom, Berlin, Germany],
50 UM B-mercaptoethanol, 1% penicillin and streptomycin,
complemented with 10% L1929 cell-conditioned medium (LCCM)
as a source of macrophage colony-stimulating factor (M-CSF) in
petri dishes at 37°C, 5% CO, and 21% O,. After overnight culture,
non-adherent bone marrow cells were counted and plated in Petri
dishes at a density of 5 to 8 x10° per 10-cm dish in cDMEM with
10% LCCM. Additional 5 ml of cDMEM with 10% LCCM were
supplied per Petri dish on day 3 of culture. At day 6 adherent
macrophages were harvested with Accutase (Sigma, Deisenhofen,
Germany), washed and plated (1.5 x 10° cells/well in a 96-well plate,
1 x 10° cells/well in a 6-well plate) in cDMEM without antibiotics
for infection the next day.

Infection of macrophages with
Coxiella burnetii

BMM were infected with C. burnetii at MOI 10 (based on
ODgponm measurement) and incubated at 37°C and 5% CO,. Four
hours after infection, cells were washed with antibiotic-free
cDMEM media to remove any extracellular bacteria and
supplemented with itaconate and its isomers in cDMEM media
without antibiotic. At the indicated time point supernatants were
collected for cytokine measurement (24 hours) and the cells were
lysed in PeqDirectLysis buffer (Peqlab/VWR 30-2010) with
Proteinase K (PeqLab, Germany) for DNA preparation (for 4-
hour and 96-hour time points).

DNA isolation and quantification of
C. burnetii burden via qPCR

BMM with PeqDirectLysis buffer plus proteinase K were incubated
at 56°C overnight for lysis followed by an additional 45 minutes of
incubation at 85°C to inactivate the proteinase K. QPCR was done
from the BMM DNA samples. Bacterial load per cells was defined by
the ratio of C. burnetii genomic copies to BMM genomic copies. To
determine the genomic copies of C. burnetii we performed a TagMan-
based quantitative PCR for the insertion sequence IS1111 using 5-
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CATCGTTCCCGGCAGTT-3" and 5-TAATCCCCAACAA
CACCTCCTTA-3 as forward and reverse primer, and 6FAM-
CGAATGTTGTCGAGGGACCAACCCAATAAA-BBQ as the
internal fluorogenic probe (TibMolbiol, Berlin, Germany). Genome
equivalents of C. burnetii were determined using a standard curve
prepared from a known number of C. burnetii from in vitro culture.
Genomic copies from host cells were quantified from the same DNA
sample for murine albumin gene (exon 7) by using 5'-
GGCAACAGACCTGACCAAAG-3" and 5'-CAGCAACCAAG
GAGAGCTTG-3" as forward and reverse primer. Here we also
determined the cell number using a standard curve from murine
genome generated by serial dilution of DNA from mouse spleen cells.
Finally, C. burnetii burden was calculated per cell by normalizing
bacterial genome copy numbers to albumin copy numbers. An ABI
Prism 7900HT sequence-detection system was used to perform the
qPCR in 384-well optical plates. C. burnetii DNA was quantified by
using 2x Roche FastStart Universal Master Mix (6 pL) together with 0.2
uM final concentration of each primer and an internal fluorogenic
probe of 20 uM. Murine albumin gene was quantified by using 2x
SYBRselect master mix together with 0.83 uM of each primer. For both
qPCRs, 2 pL of isolated DNA (prediluted 1:4 in ultrapure H,O) was
used as template in a final volume of 12 UL per reaction.

GC-MS analysis

We measured the intracellular concentration of ITA, MES and
CTC by GC-MS. On the day before infection, BMM were seeded (1
x 10° cells/well) in 6-well plates in cDMEM without antibiotics. The
next day, cells were infected with C. burnetii at MOI-10.
Extracellular bacteria were washed away with cDMEM media four
hours after infection, then ITA and its isomers (MES and CTC) as a
single or combined treatment were added to the culture. 24 hours
later, BMM were washed 4 times with PBS (1mL/well), with careful
removal of PBS to ensure complete removal of extracellular ITA and
isomers. The macrophages were harvested with ice-cold 80%
methanol and the lysates were immediately frozen at -80°C until
further analysis as recently described (31, 32). Briefly, for further
analysis, the samples were thawed, vortexed and then centrifuged at
10,000 g at 4°C for 5 minutes. The extract was collected, and the
remaining pellet was re-extracted twice with 200 pL of 80%
methanol employing 15,000 g for the final centrifugation step. All
extracts of a sample were combined and evaporated to dryness
using an infrared vortex vacuum evaporator (CombiDancer,
Hettich AG, Baech, Switzerland). The dried sample was
reconstituted in 100 pL of pure water, transferred to a flat-bottom
insert in a 1.5 mL glass vial and dried again for subsequent GC-MS
analysis. The latter was performed using an Agilent GC model 6890
(Agilent, Palo Alto, USA) with an MSD model 5975 Inert XL and an
MPS-2 Prepstation sample robot (Gerstel, Mithlheim, Germany) for
automated methoximation and silylation as derivatization. An RXI-
5MS column (30m x 0.25mm ID x 0.25 wm film thickness; Restek,
Bad-Homburg, Germany) with a 2-m precolumn was used. The
temperature program started at 50°C for 1 minute, then the column
temperature was ramped up to 120°C at 5 K/min and then to 300°C
at 8 K/min and, finally, held for 5 minutes. An injection volume of 1
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UL and splitless injection at 280°C were used. During sample
preparation, 10 pL of an internal standard solution containing
13C5-ITA (Toronto Research Chemicals/Biozol, Eching, Germany)
at a concentration of 200 uM in pure water was added to the
samples. For quantification, serial dilutions of a standard solution
containing the three isomers were analyzed. Baseline separation of
the three isomers was achieved (Figure 4A). To generate calibration
curves, the peak areas (quantifier ion m/z 259.1) of ITA, CTC and
MES were normalized with the peak area of the internal standard
13Cs-ITA (quantifier ion m/z 264.1). LLOQs, calculated as
concentration in the final derivatized sample (110 uL), were 0.444
uM for ITA and CTC, and 0.888 uM for MES. Metabolite
concentrations were normalized to the total protein amount
determined using the fluorescent dye SERVA Purple (Serva,
Heidelberg, Germany) as described previously (Berger et al, 2021).

In vitro ACOD1 assay

The inhibition of human and mouse ACOD1 by MES was
tested in an in vitro assay using purified proteins as described (33),
but using the buffer 50 mM MOPS, pH 7.5, 100 mM NaCl. 50 mM
stocks of CTC and MES were prepared in water and neutralized
with NaOH. The assay was performed with 3 mM, 5 mM and 10
mM MES or CTC, or without inhibitor, and produced ITA was
measured by HPLC, as described (33).

RNA isolation and Acodl mRNA analysis by
gRT-PCR

RNA from BMM was isolated using TriReagent (Sigma-
Aldrich, Deisenhofen, Germany) and cDNA was synthesized
using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Primers and probe for Acodl were chosen from the
Universal Probe library (Roche). The fold change in gene expression
was determined by the AACT method, using HPRT as housekeeping
gene for calculation of ACT values and samples of naive wild type or
heterozygous mice as calibrators.

ELISA

Cytokine concentrations were measured from cell culture
supernatant collected at 24 hours post treatment. Cytokine
concentrations in the supernatants were measured by DuoSet
ELISA kits following the standard protocol of R&D systems.

Statistical analysis

Biological replicates, numbers of mice used and total number of
experiments are described in the figure legends. Statistical analysis
was performed by GraphPad Prism software (version 9). Statistical
significance was calculated using the Mann-Whitney test to
compare two non-paired groups or the Friedman test for paired
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samples. Asterisks indicate different levels of significant p values
(*<0.05, ** p<0.01, *** p<0.001, *** p<0.0001).
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