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ABSTRACT: We have developed two monoclonal antibodies, CPTC-2MeSC-1 and CPTC-
2MeSC-2, against itaconate and its conjugates with sulfhydryl-containing biomolecules such as
cysteines. Itaconate is a dicarboxylic acid metabolite that has recently gained much interest for
its anti-inflammatory properties in many biological models. We have synthesized an itaconate−
cysteine conjugate ITA-Cys designed to mimic in vivo Michael adducts of itaconate. Two
monoclonal antibodies against ITA-Cys, CPTC-2MeSC-1 and CPTC-2MeSC, were developed
and shown to have high immunoreactivity to unconjugated itaconate, itaconate−BSA
conjugates, and Michael adducts of dimethyl itaconate. We found that CPTC-2MeSC-1 and
CPTC-2MeSC-2 are specific and do not bind to other structurally similar cysteine Michael
adducts, including those obtained from “sister” metabolites (fumarate, cis-aconitate), itaconate
isomers (citraconate), and some itaconate esters. CPTC-2MeSC-2 is a useful tool in both
studying biological actions of itaconate and developing therapeutic applications of itaconate and its derivatives.

■ INTRODUCTION
Itaconic acid (itaconate) is a metabolite formed as an
intermediate product of the tricarboxylic acid (TCA) cycle,
first isolated by Samuel Baup in 1836 while studying the
decomposition of citric acid.1−3 In mammalian systems, it is
formed intracellularly through decarboxylation of the TCA
intermediate cis-aconitate in a cataplerotic reaction via the
enzyme aconitate decarboxylase 1 (ACOD1, encoded by the
gene Acod1), alternatively known as immunoresponsive gene 1
(gene: Irg1).4

The biological functions of itaconates are numerous. Initial
interest in the molecule revolved around its antibacterial
properties, including its inhibition ofPseudomonas indigofera-
growth and its response toMycobacterium tuberculosis in-
fection.5,6 More recently, itaconate has been shown to exhibit
anti-inflammatory properties in various contexts and has been
demonstrated to be produced by activated macrophages.7−9

Anti-inflammatory properties of itaconate have been initially
linked to a plethora of mechanisms, such as inhibition by
competitive binding of succinate dehydrogenase (SDH), which
catalyzes the oxidation of succinate to fumarate, and, if
overproduced, generates mitochondrial reactive oxygen species
(mROS).10,11 Another known mechanism by which itaconate
inhibits inflammation is through activating nuclear factor
erythroid 2-related factor 2 (NRF2), a transcription factor
responsible for antioxidant and anti-inflammatory responses in
the cell, via proteasomal degradation of Kelch-like ECH-
associated protein 1 (Keap1).8,12 Furthermore, itaconate

combats inflammation by electrophilic stress placed on IκBζ,
whose inhibition upregulates anti-inflammatory-activating
transcription factor 3 (ATF3). This mechanism is more
pronounced in itaconate’s more electrophilic derivatives than
itaconate itself.13

Many of the aforementioned biological mechanisms of
action of itaconate rely on the molecule’s electrophilic
properties. As such, itaconate’s methylene group in the α
position constitutes a classic Michael acceptor able to engage
in addition reactions with thiols such as cysteines of proteins or
glutathione (Figure 1A).8 For instance, the aforementioned
activation of NRF2 has been shown to occur via proteasomal
degradation of Keap1, an inhibitor of NRF2, after alkylation of
cysteine residues by itaconate.8 A significant portion of work
elucidating itaconate’s mechanisms has been done using its
esterified derivatives such as dimethyl itaconate (DMI) and
octyl itaconate (OI).14 In these more electrophilic derivatives,
the methylene group is more reactive and these molecules
produce biological effects distinct from those of itaconate.13

While these derivatives have been initially used to probe the
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biology of itaconate, numerous recent reports demonstrated
their therapeutic actions against various pathologies.8,15

Because of its immunometabolic actions across organ systems
and disease models, as well as a far reaching promise of
itaconate-based therapies,5−9 a reliable, inexpensive, and robust
method of itaconate conjugates’ identification is urgently
needed.

However, detection of a small molecule metabolite within
the myriad substances present in biological substances is a
challenging task, particularly in light of itaconate’s biochem-
istry. Given the reactivity of itaconate and its derivatives due to
their electrophilicity, it stands to reason that these molecules
do not typically exist freely intracellularly but rather in the
form of conjugates with various thiols including cysteine-rich
proteins. For instance, Bambouskova et al. demonstrated that
both exogenous DMI and endogenous itaconate covalently
conjugate to glutathione (GSH).13 Similarly, O’Neill and
colleagues determined that itaconate directly modifies proteins
via alkylation of cysteine residues.8 In developing detection
methods for itaconate, both in studying endogenous biological
activity and in assessing the efficacy of itaconate-based
therapies, covalent conjugation must be taken into consid-
eration. Mass spectrometry (MS) is a mainstay in the detection
of metabolites, including various metabolite-mediated post-
translational modifications (PTMs). MS has been previously
successfully utilized for highly accurate itaconate detection
both in its free, unconjugated form and for itaconate
PTMs.16−19 However, MS requires specialized technical
expertise and high-maintenance instrumentation and is
burdened with high operational costs. This may be prohibitive
for low-resource settings. Furthermore, for each therapeutic
formulation of itaconate screened, a new MS method must be
developed in accordance with the relevant conjugates formed,
which is time-consuming and increases the cost. This process
becomes even more challenging for detection in complicated
matrices, such as tissue sections or whole organisms. As such,
analytical characterization of novel formulations has remained
the main limitation in therapeutic development. Alternative
methods have been developed, including indirect detection of
itaconate by cysteine profiling20 and competitive cysteine

binding.21 Separately, a biosensor called “BioITA” was
reported to detect intracellular itaconate with subcellular
resolution.22 Although potentially useful in studying biological
action, this tool’s applicability would be challenged in
measuring the accumulation of novel therapeutics, particularly
since the itaconate-conjugate phenomenon has not been
addressed with this tool.

The work presented in this article showcases two new
monoclonal antibodies, CPTC-2MeSC-1 and CPTC-2MeSC-
2, generated against itaconate−cysteine conjugates for use in
analytical characterization of therapeutic applications. We
demonstrate that one of these antibodies, CPTC-2MeSC-2,
binds to exogenous and endogenous itaconates and their
derivatives under a variety of conditions. CPTC-2MeSC-2 is
suitable for different detection methods both in vitro and in
vivo, including Western blot and tissue and cellular
immunohistochemistry (IHC). To mimic pertinent itaconate-
protein Michael conjugates, we developed an itaconate
conjugate, ITA-Cys, for which both CPTC-2MeSC-1 and
CPTC-2MeSC-2 show high affinity. Additionally, CPTC-
2MeSC-2 allows detection of in vivo accumulation of an
itaconate derivative using standard techniques. CPTC-2MeSC-
2 fulfills an analytical need in researching this fascinating
metabolite with far-reaching therapeutic potential (Figure 1C).

■ RESULTS
Our approach began with the synthesis of an itaconate-based
antigen to be utilized for animal immunization and hybridoma
production. Design of the antigen considered two major
points: (1) it should represent itaconate cysteine conjugates,
similar to Michael adducts that have been previously
demonstrated to form in vivo as a result of protein cysteine
alkylation by the itaconate and its ester derivatives (Figure
1A), which we termed as 2-methyl-succination, and (2)
alternative designs of the antigen representing posttranslational
modification via the epsilon amino group of lysine residues
(Figure 1B) were less relevant and are more challenging to
generate as lysine itaconylation can produce two distinct
structural isomers (Figure 1B). Thus, we focused on the
production of (2S)-2-methylsuccinyl-cysteine and the two

Figure 1. Design considerations in the development of an antigen mimicking Michael adducts of itaconate. (A) Itaconate and its ester derivatives
are classic Michael acceptors able to react with sulfhydryl groups of biomolecules. The electrophilicity of itaconic acid is lower than that of its
mono- and diesters. (B) Alternative vision for itaconate conjugates is lysine modification through a peptide bond that would result in two possible
structural isomers (regioisomers). (C) A monoclonal antibody, CPTC-2MeSC-2, against itaconate−cysteine conjugates is a promising tool for
numerous in vitro and in vivo applications.
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antibodies recognizing this antigen were termed CPTC-
2MeSC-1 and CPTC-2MeSC-2.

For the synthesis of Michael adduct 4 (ITA-Cys), Boc
deprotection in a one-pot two-step synthetic strategy of
commercially available diprotected cysteine derivative (Cys-
Boc-OMe) and the use of diethyl itaconate both as a reactant
and a solvent (Figure 2A) resulted in Michael adduct 4 as an
amine ester. Squaric acid chemistry was then used to prepare
conjugates in two steps. The reaction of squaric acid dimethyl
ester 5 with amine 4 in organic solvent led to the formation of
the squaric acid monoester monoamide 6. Finally, squaric acid
diamide conjugates with required carrier proteins keyhole
limpet hemocyanin (KLH) or bovine serum albumin (BSA)
were formed in aqueous solutions at pH 11. The latter step
also aided in hydrolysis to yield de-esterified conjugates. After
buffer exchange and sterile filtration, two antigens ITA-KLH
and ITA-BSA were ready for downstream application. Antigens
were provided to OriGene Technologies Inc. for mouse
antibody development. ITA-KLH was used for animal
immunization and ITA-BSA was employed as a standard for
immunoreactivity testing in multiple applications including
indirect ELISA. Under OriGene’s streamlined mouse mono-
clonal antibody production pipeline, including immunization
and serum development, splenectomy, and hybridoma
selection, 10 unique clones with high immunoreactivity toward

ITA-BSA and ITA-Cys (titers 70,000−650,000) were identi-
fied and expanded.

2-Methyl-succination is structurally similar to other possible
cysteine Michael adducts that can occur in biological systems,
including fumarate-induced cysteine succination23 and mesac-
onate/citraconate adducts.24 We developed a screening
platform schematically shown in Figure 2B to test for
specificity of the antibody clones to 2-methyl-succination
versus a number of structurally similar motifs. A maleic-
anhydride-coated plate was first treated with S-trityl-cysteine,
which was then deprotected with triethylsilane in trifluoro-
acetic acid under an inert atmosphere. In a proof-of-concept
experiment, the resulting plate-bound cysteine was first reacted
with unmodified itaconic acid (ITA) and dimethyl itaconate
(DMI). A plate bound with ITA-Cys served as a positive
control (Figure 2C). All 10 clones were then screened in this
assay for immunoreactivity. Six out of ten antibodies produced
immunoreactive signal in this assay (SNR of itaconate = 14.4,
DMI = 15.2, ITA-Cys = 8.8), with the ITA-Cys resulting in the
highest amount of binding, likely because it more closely
mimics the state of the inoculating itaconate (ITA-Cys
conjugated to KLH) than the unconjugated form or DMI.
Further screening of the 10 clones was performed using a dot
blot against ITA-BSA at a range of concentrations of 30−0.03
ng/spot (Figure 2D). In this assay, ITA-Cys and ITA were
additionally used in a large excess at the time of

Figure 2. Screening of 10 monoclonal antibody clones resulted in the selection of 2 candidates for further validation. (A) Synthesis scheme of ITA-
Cys and its subsequent conjugation to KHL or BSA. (B) Schematic of ELISA for itaconate analog binding, illustrating chemistry used to attach
structurally similar molecules to a maleic anhydride plate via bound cysteine. (C) ELISA results for all 10 CPTC-2MeSC clones, binding to
itaconate (black), dimethyl itaconate (DMI, orange), and itaconate-cysteine conjugate (ITA-Cys, green). (D) Dot blot for all 10 clones, binding to
ITA-BSA at varying concentrations per spot. Arrowheads point to a detected signal from 0.3 ng/spot ITA-BSA. (E) ELISA results for top 2 clone
candidates (2B4 [black] and 3C2 [orange]), binding to various Michael adducts of molecules structurally similar to itaconate.
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immunodetection, thus serving as binding competitors. The
detection was carried out with the use of secondary antibodies
conjugated to europium cryptate, followed by time-resolved
fluorescence imaging. This allowed for a large dynamic range
of detection and improved SNR. The results of the dot blot
assay largely corroborated the data obtained with ELISA and
plate-bound ITA/ITA-Cys. The BSA-ITA detection limit for
clones 1G8, 2B4, and 3C2 reached 0.3 ng per spot (Figure
2D). Based on these data, two clones were identified: 2B4 and
3C2. Next, we used 2B4 and 3C2 in plate-bound cysteine
assays employing various Michael electrophiles to test for
specificity. Eight different compounds (plus ITA-Cys as a
positive control) containing a reactive double bond with
structural similarity to itaconate including mono-, di-, and
tricarboxylic acids as well as various mono- and diesters have

been reacted with a plate-bound cysteine as described above.
The resulting plate-bound Michael adducts were then probed
with 2B4 and 3C2 (Figure 2E). In line with the ELISA data
above (Figure 2C), the ITA-Cys showed significantly higher
signal than other analogs for both clones (ranging from 3.5 to
66.5-fold increase for 2B4 and from 14.9 to 65.5-fold increase
for 3C2). Additionally, both clones displayed moderate
immunoreactivity to DMI (absorbance: 0.80 ± 0.06 for 2B4,
0.17 ± 0.09 for 3C2). All other derivatives did not produce an
immunoreactive signal that could be discerned from noise. In
summary, antibody clones 2B4 and 3C2 were identified to
have high immunoreactivity toward ITA-Cys and ITA-BSA
while also displaying high selectivity for the nascent antigen
ITA-Cys as well as DMI as compared to structurally similar
cysteine-bound Michael adducts, including ester derivatives of

Figure 3. Measurements of affinity and kinetics toward ITA-Cys conjugated to BSA show stronger affinity of CPTC-2MeSC-2 than CPTC-2MeSC-
1. (A) Biolayer interferometry (BLI) results of clones CPTC-2MeSC-1 (left) and CPTC-2MeSC-2 (right). CPTC-2MeSC clones were captured
onto Protein G biosensors. BSA-conjugated ITA peptide was used as an analyte and was titrated at 1024, 256, 62, 16, 4, and 1.0 nM. Buffer only
and biosensors immobilized without antibody were used as references for background subtraction. (B) Surface plasmon resonance (SPR)
sensorgrams of CPTC-2MeSC-1 (left) and CPTC-2MeSC-2 (right). CPTC-2MeSC clones were captured onto a Series S Protein G biosensors
chip. The BSA-conjugated ITA peptide was titrated over the antibody captured surface at 1024, 256, 64, 16, 4, 1.0, 0.25, and 0.0625 nM. Binding
data were double-referenced. (C) Indirect ELISA of CPTC-2MeSC-1 (left) and CPTC-2MeSC-2 (right) against BSA-conjugated ITA peptide.

Table 1. Binding affinity of CPTC-2MeSC-1 and CPTC-2MeSC-2 as measured by BLI, SPR, and Indirect ELISAa

Bio-layer interferometry Surface plasmon resonance Indirect ELISA

KD (M) Ka (1/Ms) Kd (1/s) KD (M) Ka (1/Ms) Kd (1/s) EC50 (ng/mL)

CPTC-2MeSC-1 1.2 × 10−8 2.7 × 104 3.4 × 10−4 4.8 × 10−8 1.7 × 104 8.5 × 10−4 243
CPTC-2MeSC-2 8.9 × 10−9 3.2 × 104 2.8 × 10−4 4.1 × 10−8 2.4 × 104 1.0 × 10−3 25

aKD: equilibrium binding; Ka: association rate constant; Kd: stability of complex (rate of decay).
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ITA such as methyl-ethyl- and octyl-itaconate. These two
clones were then subcloned and purified via Protein A or

Protein G Sepharose columns. Clone 2B4 became CPTC-
2MeSC-1 and clone 3C2 became CPTC-2MeSC-2.

Figure 4. (A) Traditional Western blot using CPTC-2MeSC-1 (left) and CPTC-2MeSC-2 (right) as primary antibodies against ITA-BSA and BSA
as negative control. (B) Simple Western blots of CPTC-2MeSC-1 (left) and CPTC-2MeSC-2 (right) as primary antibodies against the BSA-
conjugated ITA peptide and BSA as negative control. Arrowheads point to a signal at 66 kDa representing ITA-Cys-conjugated BSA. (C)
Electropherograms corresponding to the Simple Western virtual blots shown in panel B.

Figure 5. Experiments in vitro with antibodies CPTC-2MeSC-1 and CPTC-2MeSC-2. (A) LPS-treated wild type (WT) and IRG1-knockout (KO)
bone marrow-derived macrophage (BMDM) representative images (left) and quantification by area normalized to Hoechst nuclear stain (right).
(B) Itaconate-treated WT and KO BMDMs: images and quantification. (C) Dimethyl itaconate (DMI)-treated BMDMs: images and
quantification. (D) Western blot images of IRG1-overexpressing HEK293 cell lysate probed with CPTC-2MeSC-2.
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Next, the binding affinity and kinetics of each respective
antibody and BSA-conjugated ITA peptide were measured
using biolayer interferometry and surface plasmon resonance.
A summary of the binding affinity and kinetics parameters
obtained from these tests is shown in Figure 3 and Table 1.
CPTC-2MeSC-2 demonstrated stronger binding affinity to the
BSA-conjugated ITA peptide than CPTC-2MeSC-1 in biolayer
interferometry (KD = 8.9 × 10−9 vs 1.2 × 10−8 M). CPTC-
2MeSC-2 also demonstrated stronger binding affinity than
CPTC-2MeSC-1 in surface plasmon resonance (KD = 4.1 ×
10−8 vs 4.8 × 10−8 M). Results from indirect ELISA testing
showed a lower EC50 value for CPTC-2MeSC-2 compared to
that for CPTC-2MeSC-1 (25 vs 243 ng/mL) (Figure 3, Table
1).

Additional validation and usability of CPTC-2MeSC-1 and
CPTC-2MeSC-2 for membrane-based assays were next carried
out using two types of Western blotting. Using ITA-BSA as an
antigen and BSA as a negative control, we performed a
Western blot with manual processing (traditional) and with an
automated system (ProteinSimple Simple Western). Both
purified antibodies demonstrated binding to ITA-BSA (66 kDa
band, Figure 4) in traditional Western blot and Simple
Western, and no binding to BSA was observed. The detection
of high-molecular-weight signals (>66 kDa) was also expected
due to the presence of highly functionalized BSA and BSA
aggregates both resulting from ITA-Cys conjugation. The
virtual blot from Simple Western in Figure 4B shows the same
pattern with a distinct signal at 66 kDa but no immunor-
eactivity toward BSA negative control. Figure 4C displays
electropherograms from the Simple Western data in Figure 4B.

Successful validation of CPTC-2MeSC-1 and CPTC-
2MeSC-2 specificity, selectivity, and affinity warranted testing
of in vitro functionality. We tested antibody binding to both
endogenous and exogenous itaconate in murine bone marrow-
derived macrophages (BMDMs) from wild type (WT) and
IRG1 knockout (KO) mice. Cells were treated with either (1)
lipopolysaccharide (LPS) to induce inflammation and produce
endogenous itaconate,9,25,26 (2) itaconate, or (3) DMI for 24 h
and then fixed and immunoprobed with CPTC-2MeSC-1 or
CPTC-2MeSC-2. Images are shown in Figure 5A−C with the

corresponding quantification based on the area to the right for
each treatment condition. CPTC-2MeSC-2 outperformed
CPTC-2MeSC-1 in all treatment conditions (by fold change:
WT LPS 167.2 ± 45.6, KO LPS 77.1 ± 19.1; WT itaconate 5.0
± 0.5, KO itaconate 3.4 ± 0.3; WT DMI 2.1 ± 0.1, and KO
DMI 2.0 ± 0.1), and exogenous itaconate and DMI
outperformed LPS-induced endogenous itaconate (by fold
change relative to LPS: WT itaconate CPTC-2Me-SC-1 166.4
± 40.9, CPTC-2Me-SC-2 5.0 ± 0.5; KO itaconate CPTC-
2Me-SC-1 145.7 ± 6.4, CPTC-2Me-SC-2 6.4 ± 0.5; WT DMI
CPTC-2Me-SC-1 1273.5 ± 258.5, CPTC-2Me-SC-2 15.9 ±
0.7; KO DMI CPTC-2Me-SC-1 494.0 ± 104.8, and CPTC-
2Me-SC-2 12.6 ± 0.4). The LPS-induced itaconate showed no
difference between the WT and IRG1 KO cells. Between
exogenous itaconate species, both antibodies showed higher
binding to DMI as compared to itaconate (by fold change: WT
CPTC-2Me-SC-1 7.7 ± 1.6, CPTC-2Me-SC-2 3.2 ± 0.1; KO
CPTC-2Me-SC-1 3.4 ± 0.7, and CPTC-2Me-SC-2 2.0 ± 0.1).
Furthermore, to examine whether CPTC-2Me-SC-2 binds to
the endogenous itaconate conjugates produced by continuous
exposure to intracellular itaconate, we overexpressed human
IRG1 protein in HEK293 cells. The lysates from IRG1 null
(i.e., wild-type) and IRG1-overexpressed HEK293 cells were
then probed with CPTC-2Me-SC-2 in a Western blotting
experiment (Figure 5D). The results show strong CPTC-2Me-
SC-2 immunoreactivity in IRG1-overexpressing lysates for low
molecular weight (∼10−15 kDa) and moderate immunor-
eactivity for mid-molecular-weight proteins (∼75−100 kDa).
In contrast, IRG1 null HEK293 cell lysates did not exhibit
specific immunoreactivity to CPTC-2Me-SC-2.

Finally, we demonstrated that CPTC-2Me-SC-2 can be
successfully used in in vivo applications. Wild-type C57BL/6J
mice were injected with 500 mg/kg DMI intraperitoneally and
euthanized 2 h postinjection. Livers and hearts were probed
with CPTC-2MeSC-2 and examined by immunofluorescence
(Figure 6). To identify intratissue localization of the DMI
signal, livers were also probed with antialbumin antibodies
known to identify hepatocytes,27−30 while hearts were probed
with antilaminin antibodies to outline cardiomyocytes.31−34 As
expected,35−37 DMI accumulation in the liver produced an

Figure 6. CPTC-2MeSC-2 binds to dimethyl itaconate in tissue from DMI-injected mice. DMI is detected in liver tissue (top) but not heart tissue
(bottom). Blue is Hoescht nuclear stain, green is albumin in livers and laminin in hearts, and red is DMI conjugates as detected by CPTC-2MeSC-
2. 40× magnification is shown to the right of each 20× magnification; scale bar = 100 μm in 20× and 50 μm in 40×.
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intense, widespread signal that was detected within albumin-
positive hepatocytes. We did not observe DMI accumulation in
heart tissue.

■ DISCUSSION
Itaconate has proven to be a metabolite of great potential for
wide-ranging therapies based on its immunomodulatory
properties, with steadily increasing interest in the past 50
years. In that time, itaconate publications have risen from 2 in
1974 to 16 in 2004 and to 58 in 2014, reaching 216 in 2023
(via PubMed). Given the momentum in the field, it follows
that there is a demand for sensitive methods to detect
itaconate. In this work, we have developed an antibody,
CPTC-2MeSC-2, for use in studying itaconate and its
derivatives. The applications for this antibody are numerous,
ranging from locating itaconate species intracellularly in vivo
(which we demonstrate in this work as proof of concept) to
furthering mechanistic understanding by studying itaconate-
modified proteins (out of this work’s scope but impactful for
the field).

CPTC-2MeSC-2 demonstrates nanomolar affinity toward its
target, ITA-Cys, with a KD value of 8.9 × 10−9 M by biolayer
interferometry and an EC50 value of 25 ng/mL by indirect
ELISA. Importantly, the antibody does not bind to Michael
adducts of structurally similar metabolites such as cis-aconitic
acid, fumaric acid, and citraconic acid (Figure 2). We have
shown that CPTC-2MeSC-2 demonstrates specificity toward
itaconate, its derivatives, and conjugates. We developed an
ELISA-style plate assay that allows testing of different Michael
adducts immobilized on a plate surface. To the best of our
knowledge, this is the first time an antimetabolite antibody has
gone through rigorous cross-testing of this type.

In vitro, CPTC-2MeSC-1 and CPTC-2MeSC-2 successfully
identified exogenous itaconate and dimethyl itaconate.
Endogenously produced itaconate resulted in a lower signal,
likely because itaconate is well-known to be secreted by
macrophages into the extracellular environment and thus may
not be retained intracellularly.7,38 Another possibility is that the
low signal may be reflective of a minimal response to LPS
treatment. It is possible that a higher concentration of LPS
would result in higher intracellular itaconate production and an
improved signal. Though we did not test different LPS
concentrations because this is beyond the scope of this article,
such an experiment could be proven technically challenging
due to reduced cellular viability in response to high levels of
LPS. Instead, the binding of CPTC-2MeSC-2 to the
endogenous itaconate conjugates was tested in IRG1-over-
expressing HEK293 cells. HEK293 null cells neither express
endogenous IRG1 nor produce itaconate. The IRG1 over-
expression in these cells thus circumvented the search for
optimal conditions in macrophages and allowed for straightfor-
ward testing of the CPTC-2MeSC-2 immunoreactivity.
Intriguingly, the CPTC-2MeSC-2 signal in IRG1-overexpress-
ing lysates was mostly restricted to 10−15 kDa proteins,
suggesting the likelihood of post-translational histone mod-
ifications. Itaconate-mediated lysine acylation of histones
(termed “itaconation”) has been previously reported.39

However, histone cysteine itaconation has never been
previously detected using antibody-based methods. Investigat-
ing the susceptibility of histones to cysteine itaconation and
the resultant biological function of such a modification is a
warranted endeavor of future research.

We have demonstrated that with CPTC-2MeSC-2, we are
able to identify hepatic localization of intraperitoneally injected
dimethyl itaconate. Dimethyl itaconate and itaconate are
known to have in vivo action in the liver,26,40,41 but this is the
first report of which we are aware that shows intratissue
accumulation of either molecule. We were also interested in
potential uptake of DMI by the heart, given that previous
studies have demonstrated that systemic treatment with DMI
produced various broad beneficial cardiovascular effects.7,42−44

Interestingly, we did not see accumulation of DMI in heart
tissue upon intraperitoneal injection, indicating that its
previously reported therapeutic actions likely stem from its
broad systemic effects rather than local effects in cardiac
muscle. This finding is intriguing and may inform the
development of itaconate-based therapies for cardiac indica-
tions.44,45

■ METHODS
General. All chemicals of the highest grade were purchased

from Thermo Fisher or Millipore Sigma unless otherwise
noted. All organic solvents were of HPLC grade and were
purchased from Millipore Sigma. Mice were purchased from
Jackson Laboratories and were strain C57BL/6J males unless
specified otherwise.

ITA-Cys Hydrochloride [3-((4-Ethoxy-2-(ethoxycarbonyl)-
4-oxobutyl)thio)-1-methoxy-1-oxopropan-2-aminium chlor-
ide], Figure 2a. N-(tert-butoxycarbonyl)-L-cysteine methyl
ester (2, Millipore Sigma 467154) at 10 mmol (2.35 g) was
mixed with 11 mmol (2.05 g) of diethyl itaconate (1, TCI
America I0204) under a nitrogen atmosphere and reacted with
gentle stirring under nitrogen for 24 h at room temperature.
The resulting Michael adduct 3 was then mixed with 10 mL of
4 M hydrogen chloride solution in dioxane (Millipore Sigma
345547) at 0 °C for 30 min with stirring. The mixture was
brought to room temperature and evaporated under the stream
of nitrogen gas followed by drying under high vacuum (0.03
mTor) for 24 h at room temperature. Next, the residue was
dissolved in 30 mL diethyl ether and incubated at −80 °C for
24 h. The white precipitate was formed that was separated by
filtration and dried under vacuum, resulting in 3.57 g (4,
100%) of 3-((4-ethoxy-2-(ethoxycarbonyl)-4-oxobutyl)thio)-
1-methoxy-1-oxopropan-2-aminium chloride.

1H NMR (500 MHz, D2O) δ 4.43 (dd, J = 7.1, 4.6 Hz, 1H),
4.20 (dq, J = 24.3, 7.1 Hz, 4H), 3.88 (s, 1H), 3.25 (ddd, J =
15.0, 4.6, 1.5 Hz, 1H), 3.21−3.10 (m, 2H), 2.99−2.89 (m,
1H), 2.86−2.74 (m, 2H), 1.26 (dt, J = 10.9, 7.2 Hz, 6H). 13C
NMR (126 MHz, D2O) δ: 175.28, 173.82, 173.80, 169.06,
169.03, 62.48, 53.81, 53.79, 52.18, 41.62, 35.12, 32.91, 31.42,
13.24. HRMS: expected (neutral) m/z 321.1246; measured
(neutral) m/z 321.1254; expected (MH+) m/z 322.1324;
measured (MH+) m/z 322.1327.

ITA-Cys Squarate 6 [Diethyl 2-(((3-Methoxy-2-((2-me-
thoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-3-oxopropyl)-
thio)methyl)succinate]. 100 mg portion (0.28 mmol) of 4 was
mixed with 65 μL of sodium methoxide (25% in methanol,
16.2 mg, 0.3 mmol, Millipore Sigma 156256) in 500 μL of dry
methanol, and the solution was evaporated to dryness under a
stream of nitrogen gas and then under high vacuum. The
resulting residue was taken in 0.5 mL of carbon tetrachloride
and filtered using a nylon 0.2 μm spin filter. This solution was
then added to 35.5 mg (0.25 mmol) of dimethyl squarate 5
(Millipore, Sigma 377406). The mixture was shaken at room
temperature for 18 h. The solvent was then evaporated under a
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stream of nitrogen gas and under high vacuum, resulting in 120
mg (99%) of 6 as a yellow oil.

ITA-Cys KLH and BSA Conjugate. 50 mg of 6 was mixed
with 10 mg of hemocyanin fromMegathura crenulata(keyhole
limpet, Millipore Sigma H7017) or with 10 mg of bovine
serum albumin (Millipore Sigma A9647) in 0.2 mL of 0.1 M
sodium carbonate solution at pH 11. The mixtures were gently
agitated by end-overrotation at 4 °C for 24 h after which they
were transferred into a dialysis cassette (MWCO 20 kDa) and
dialyzed at 4 °C against five 2 L changes (6 h each) of 10 mM
phosphate buffered saline PBS). The completion of the
hydrolysis reaction (full hydrolysis of methyl and ethyl esters)
was ensured by initially monitoring the reactions in D2O
solutions while registering liberation of the free methanol and
ethanol by NMR. The resulting conjugates were sterile-filtered
through a 0.2 μm membrane, and the protein content was
determined by BCA protein assay (Thermo Fisher 23227).
ELISA for Antibody Selectivity. Enzyme-linked immu-

nosorbent assays (ELISAs) were run in clear 96-well maleic
anhydride plates (Pierce; ThermoFisher cat. 15100). Wells
were treated with 50 μg/mL (+)-S-trityl-L-cysteine (Millipore
Sigma cat. 164739) in a bicarbonate buffer (pH 9) and sealed
overnight at 37 °C. Positive control wells were treated with 50
μg/mL ITA-Cys instead of (+)-S-trityl-L-cysteine. Wells were
washed with PBS and ethanol and dried at 50 °C. Protecting
groups were removed from cysteine with 3 mM triethyl silane
in trifluoroacetic acid for 30 min under nitrogen gas. Wells
were washed with cold methanol three times and then with
double distilled water three times. Antigen (various Michael
acceptors as depicted in Figure 2E) was added to the plate at
0.3 mM in water or water/DMSO as necessary for solubility.
The plate was sealed and incubated overnight at 37 °C. Wells
were washed with PBS and blocked with 5% milk in TBST for
1 h. Wells were washed with PBS, and the primary antibody
was added at 1:100 dilution in 5% milk in TBST, sealed, and
incubated overnight at 4 °C. Wells were washed with PBS, and
the rabbit antimouse superclonal IgG secondary antibody
HRP-conjugated (Thermo Fisher cat. A27025) was added at
1:5000 in 1% BSA in TBST for 1 h at room temperature. Wells
were washed with PBS, and tertiary antibody, goat antirabbit
HRP-conjugated (Thermo Fisher cat. A27036) was added at
1:5000 dilution in 1% BSA/TBST for 1 h while being
protected from light. Wells were washed with PBS and treated
with 3,3′, 5,5-tetramethylbenzidine chromogen solution
(Sigma-Aldrich cat. T4444) for about 10 min; the reaction
was stopped with 2 M HCl and plate was read at 450 nm on a
SpectraMax i3 plate reader.
Macrophage Differentiation. Bone marrow-derived

macrophages were acquired by isolating bone marrow cells
from a wild-type mouse (C57BL/6J, Jackson Laboratories)
and an IRG1 knockout mouse (C57BL/6NJ-Acod1em1(IMPC)J/
J, Jackson Laboratories). Cells were differentiated into
macrophages by treatment with mouse macrophage colony-
stimulating factor (mCSF; Miltenyi Biotec cat. 130-101-706)
at 40 ng/mL in DMEM media (Sigma-Aldrich cat. D6546)
with 20% fetal bovine serum and 1% antibiotic−antimycotic
for 6 days in tissue culture-treated dishes at 37 °C and 5%
humidity. Cells were monitored for differentiation based on
their appearance under a light microscope.
In Vitro Immunostaining. Differentiated macrophages

were plated at 200k/well in 18-well IBIDI chamber slides with
ibiTreat surface (IBIDI cat. 81816) in complete DMEM.
When cells had adhered, they were treated with lip-

opolysaccharide (Millipore Sigma cat. L2630) at 100 ng/mL,
itaconate (Millipore Sigma cat. 93598, pH-adjusted to 7.2) at 1
mM, or dimethyl itaconate (Millipore Sigma cat. 109533) at
0.125 mM for 24 h at 37 °C. Cells were then fixed by washing
in cold PBS and then treated with 4% paraformaldehyde in
PBS for 10 min. Wells were washed with TBST and then
blocked with 0.3% Triton X100 (Fisher Scientific cat.
MRKBP1512OL) in Aqua Block Reagent (Millipore Sigma
cat. 558300) for 30 min. The primary antibody was then added
at a 1:50 dilution in 0.3% Triton in an Aqua Block. Slides were
sealed and incubated at 4 °C overnight. Secondary antibodies
were added at 1:200 dilution in 2% BSA in TBST for 1 h.
Secondary antibodies corresponded to the isotype of the
primary antibody: goat antimouse IgG1 Alexa Fluor 647
(ThermoFisher cat. A-21240), goat antimouse IgG2a Alexa
Fluor 647 (ThermoFisher cat. A-21241), goat antimouse
IgG2b Alexa Fluor 647 (ThermoFisher cat. A-21242), and
donkey antirabbit IgG (H+L) Alexa Fluor 647 (ThermoFisher
cat. A-31573). Hoechst nuclear stain (ThermoFisher cat.
62249) was added to wells at a dilution of 1:1000 in PBS for
20 min at room temperature protected from light. Wells were
washed with PBS before imaging. Imaging was done on a
Keyence BZ-X710 microscope with a 620/660 filter.
IRG1 Overexpression in HEK293 Cells. A puromycin-

resistant stable HEK293 cell line overexpressing human IRG1
was produced as previously described by us.46 Briefly, HEK293
cells (ATCC cat. CRL-1573) were cultured in high-glucose
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. Transfection was performed using a human
ACOD1 (IRG1) plasmid under a CMV promoter and
puromycin resistance from Vector Builder, with X-tremeGENE
HP DNA Transfection Reagent (Millipore Sigma cat.
6366244001). The cells were treated at a 3:1 ratio of
transfection reagent to DNA for 48 h with a plasmid
concentration at 1 μg per million cells. After 48 h of
transfection, puromycin was added to the cells at 1.5 μg/mL
to maintain the expression of IRG1 in proliferating cells. The
puromycin concentration was determined by the kill curve in
wild-type HEK293 cells; 1.5 μg/mL was determined to be the
lowest concentration that was cytotoxic in wild type cells. The
overexpression of IRG1 was then confirmed through Western
blotting experiments in cell lysates with an antihuman IRG1
rabbit mAb (Cell Signaling Technology cat. 77510). Wild-type
and IRG1 HEK293 cells were then plated in six-well plates and
cultured at a density of 2 × 106/mL for 24 h, after which the
cells were lysed and subjected to Western blot immunoprobing
as described below using the CPTC-2MeSC-2 antibody at 10
μg/mL as a primary antibody and HRP-conjugated goat
antimouse IgG2b as polyclonal secondary antibody (Thermo
Fisher cat. M32407) at 1 μg/mL.
Dot Blot. For direct blotting experiments, a nitrocellulose

membrane was used. 2 μL of the ITA-Cys BSA conjugate was
spotted on the membrane at different concentrations per spot
(30, 3, 0.3, and 0.03 ng) and dried at 37 °C for 1 h. The
membrane was then blocked with 5% milk in TBS for 1 h at
room temperature. In some experiments, the immunodetection
was performed in the presence of a competitor: either
itaconate sodium (100 mM) or ITA-Cys (100 mM), with
primary antibody diluted at 1:500 (10 μg/mL) in Aqua Block
containing 0.1% Tween 20. The membrane was incubated at 4
°C overnight, after which it was washed in TBST four times
with shaking. The secondary antibody was trFluor europium
goat antimouse IgG (AAT Bioquest cat. 16755) that was
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diluted at 1 μg/mL in Aqua Block containing 0.1% Tween 20.
The incubation proceeded for 1 h at room temperature. After
washing with TBST four times and with distilled water 2 times,
the membrane was dried at 37 °C for 1 h. Dried membranes
were imaged using a time-resolved fluorescence module on a
SpectraMax i3 imager and analyzed using Molecular Devices
TRF Western blot software.
In Vivo Immunohistochemistry. C57BL/6J mice (Jack-

son lab) were injected with 500 mg/kg of DMI in DMSO
intraperitoneally. Two hours later, mice were euthanized with
isofluorane. Mice were perfused in the following order: PBS,
4% PFA in PBS, and 5% OCT in PBS. Each solution perfused
for 3 min. Hearts and livers were removed and placed in OCT
and frozen at −80 °C. Sections were sliced at 10 μm-thick and
adhered to glass slides with OCT. Slides were kept at −20 °C
until ready for use, at which point they were dried and washed
with PBS. Tissues were permeabilized with 0.5% Triton
(ThermoFisher cat. BP151-100) in Seablock (ThermoFisher
cat #37527) for 30 min at room temperature and then blocked
at room temperature for 30 min with Rodent Block M (Biocare
Medical cat. RBM961). The primary antibody was then added
at 1:50 dilution in 0.5% Triton in Seablock and incubated
overnight at 4 °C (antialbumin from Santa Cruz Biotechnology
cat. sc-271605; anti-laminin Sigma-Aldrich cat. L9393).
CPTC-2MeSC was preincubated with the secondary antibody
also at 1:50 dilution (ChromoTek Nanosecondary alpaca
antimouse IgG2b CoraLite Plus 647, Proteintech cat.
smsG2bCL647-1) for 1 h at room temperature before
incubation to reduce nonspecific binding by the secondary
species to other mouse proteins present in the tissues. Slides
were washed and then secondary antibodies (donkey anti-
Rabbit IgG Alexa Fluor Plus 488 (ThermoFisher cat. A32790)
and goat anti-Ms IgG1 Alex Fluor 488 (ThermoFisher cat.
A21121)) were added at 1:200 in 0.5% Triton in Seablock for
1 h at room temperature. Hoechst nuclear stain (Thermo-
Fisher cat. 62249) was added to slides at a dilution of 1:1000
in PBS for 10 min at room temperature protected from light.
Slides were washed and imaged on a Keyence BZ-X710
microscope.
Western Blot. Western immunoassays were performed by

using traditional immunoblotting techniques. ITA-BSA (pos-
itive control) and BSA (negative control) were loaded on a
Criterion TGX Precast gel (BioRad cat. 6571024). Samples
were conducted at a concentration of 10 μg/mL under
reducing conditions (200 ng total protein). Transfer of protein
from the precast gel to a PVDF membrane (Bio-Rad cat.
1704157) was performed by Bio-Rad Turbo-Blot at a “high
MW” setting for 10 min. Blocking of the membrane was
performed using Bio-Rad Blotting grade Blocker at 5% in 1×
PBS−0.5% Tween-20. Primary antibodies (1 mg/mL) were
diluted in 1× PBS−0.5% Tween-20 to a dilution of 1:5000 at a
total volume of 25 mL. Washing of the membrane was
conducted using 1× PBS−0.5% Tween-20 three times. The
secondary HRP-linked mouse specific antibody (Jackson
ImmunoResearch cat. 115-035-146) was diluted at 1:5000 in
1× PBS−0.5% Tween-20 at a volume of 25 mL. Immuno-
detection was performed using Clarity Western ECL Substrate
(BioRad cat. 1705061), following the manufacturer’s protocol.
Development of the immunoblot was captured by using the
Bio-Rad ChemiDocMP imaging system.
Simple Western. The Simple Western (Jess, ProteinSim-

ple, USA) system was used to detect the binding of the primary
antibody to ITA-BSA (positive control) and BSA (negative

control). Samples were run using the 12−230 kDa separation
module (Bio-Techne, ProteinSimple cat. SM-W004) and
detected with an Anti-Mouse Detection Module (Bio-Techne,
ProteinSimple cat. DM-002). Samples had a concentration of
0.2 mg/mL, and the antibodies were diluted to 1:500.
Surface Plasmon Resonance. The affinity and binding

kinetics of mouse antibodies CPTC-2MeSC-1 and CPTC-
2MeSC-2 and the corresponding ITA-BSA were measured
using surface plasmon resonance. All binding studies were
performed using a Cytiva Biacore T200 instrument. The
procedure is described in SOP M-140 on the antibodies.can-
cer.gov portal. All assays were performed in freshly prepared
running buffer containing 10 mM HEPES, 150 mM NaCl, 3
mM EDTA, and 0.05% (v/v) Surfactant P20 at 25 °C. Mouse
antibodies were captured onto a Series S Protein G biosensor
chip (Cytiva cat. 29179315) by injecting 1−2 μg/mL of the
antibody diluted in a running buffer for 60 s at a 10 μL/min
flow rate on active flow cells. 4-fold dilutions of the ITA-BSA
(0.0625−1024 nM) were injected using a contact time of 120 s
at 30 μL/min. The dissociation of the ITA-BSA from the
antibody was monitored for 300 s. At the end of each cycle, the
surface was regenerated for 30 s at 30 μL/min using 10 mM
glycine (pH 1.5). The data were analyzed using Biacore T200
Evaluation Software, version 3.2. All binding data were double-
referenced and analyzed globally using a 1:1 fitting model.
Bio-Layer Interferometry. The binding affinity and

kinetics of mouse antibodies CPTC-2MeSC-1 and CPTC-
2MeSC-2 and the corresponding BSA-conjugated ITA peptide
were measured using biolayer interferometry. All binding
studies were performed using the Sartorius Fortebio Octet Red
96e system (Sartorius, CA, USA). The procedure is described
in SOP M-141 on the antibodies.cancer.gov portal. Individual
Octet Protein G biosensors (Sartorius cat. 18-5082) were
hydrated in H2O for 10 min. Respective mouse antibodies
were loaded onto the Protein G biosensors for 300 s. After
equilibration with a 1× kinetics buffer for 2 min and a baseline
measurement of 2 min, the sensors were transferred into ITA-
BSA, 0.25−1024 nM, to evaluate binding. Association was
measured for 2.5 min, and dissociation was measured for 5
min. The data were analyzed using ForteBio Data Analysis HT
11.1 software (ForteBio, CA, USA). All binding data were
double-referenced and analyzed globally using a 1:1 fitting
model.
Indirect ELISA. EC50 values were determined for antibod-

ies CPTC-2MeSC-1 and CPTC-2MeSC-2 and BSA-conju-
gated ITA using indirect ELISA following SOP M-102. Briefly,
BSA-conjugated ITA was coated in triplicate on medium-
binding 96-well polystyrene microtiter plates (Corning cat.
9017). The fourth row of wells are not coated with antigen but
with only the coating buffer, and this is the blank wells. This is
used for blank subtracted data. Wells were incubated with
blocking buffer (PBS, 0.05% Tween-20, 0.5% milk) and
incubated for 1 h. Wells were washed 3× with PBS-T. The
antibody at respective dilutions was added to wells in triplicate
and incubated for 1 h at 37 °C while shaking. After washing
three times with PBS-T, wells were incubated with HRP-
conjugated antimouse antibodies for 1 h at 37 °C. Wells were
washed three times with PBS-T and were developed using the
TMB substrate. Reactions were stopped using 0.18 N sulfuric
acid. Absorbance at 450 nm was measured immediately by
using a Tecan spark microplate reader. Data were fit using a
four parameter logistic (4PL) regression model to obtain EC50
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values (https://www.myassays.com/four-parameter-logistic-re-
gression.html).
Immunization and Hybridoma Selection. OriGene

Technologies Inc. performed the immunizations of mice for
antibody generation. Female BALB/c mice (12 weeks old)
were injected subcutaneously with 80−160 μg of ITA-KLH
emulsified in complete Freund’s adjuvant. Two additional
injections of 40−80 μg of antigen emulsified in incomplete
Freund’s adjuvant were followed at biweekly intervals starting
4 weeks after the first immunization. Ten days after the second
boost, the serum antibody titer was tested using ELISA. Two
weeks after the second boost, the mice were given a final
booster injection intraperitoneally with 40−80 μg of protein.
Three days after the last injection, spleen cells from the
immunized mice were fused with myeloma Sp2/0 cells.47

Hybridoma Production and Antibody Purification.
OriGene Technologies Inc. isolated the hybridomas, subcloned
the clones of interest, and performed the final antibody
purification. Hybridoma was passaged and expanded when
cells were in the exponential phase of their growth cycle. The
supernatant was harvested when the desired volume and
viability were reached. Culture medium was harvested by
spinning the supernatant at 8000 rpm for 15 min at 4 °C and
then filtered using 0.45 μm filtration membranes. Protein A or
Protein G sepharose 4FF beads (Smart-Lifesciences; Protein A
beads [Cat: SA02301L], rProtein G beads, Cat: SA02001L)
were equilibrated with at least 3 column volumes of 1× PBS.
The filtered supernatant and Protein A or Protein G sepharose
4FF beads were mixed and bound for 4 h at 4 °C. The bound
antibodies were eluted using 0.1 M glycine (pH 2.8). Fractions
were collected. The eluted antibodies were neutralized using 1
M Tris-HCl (pH 9.0). Antibodies were dialyzed against two or
three changes of 1× PBS over 24−48 h.

■ ASSOCIATED CONTENT
Data Availability Statement
ITA-Cys, ITA-BSA, and ITA-KLH can be obtained from the
authors upon reasonable request. CPTC-2MeSC-1 and CPTC-
2MeSC-2 mAb can be obtained from the Developmental
Studies Hybridoma Bank at dshb.biology.uiowa.edu. Charac-
terization data related to these monoclonal antibodies can be
found at antibodies.cancer.gov.
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