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ABSTRACT: Metallodrug-induced immunogenicity offers signifi-
cant potential for improving the efficacy of cancer immunotherapy
with metals such as gold serving as a notable example. However,
heavy metals may concurrently disrupt immune cell function, and a
few of them can augment immunogenicity without compromising
immunological integrity. Here, we report sterically bulky Au(I)
complexes as catalytically active anticancer agents with the
capability to reprogram immunomodulatory function. Our initial
studies identified complex IPr—Au-Cl, characterized by bulky
substituents, which catalytically activated an alkyne probe in the
presence of GSH and triggered hydride transfer from NADH to
NAD". Subsequent structural optimization led to the development
of Au-8, which showed an increased catalytic activity and improved

Cancer cell

Immune cell

less bulky more bulky

cytotoxicity against cancer cells. Although Au-8 induced elevated ROS levels and immunogenic CRT exposure in cancer cells akin to
auranofin, it triggered unique proteomic responses, notably showing minimal inhibition of thioredoxin reductase 1 (TrxR1), a crucial
protein for maintaining immune cell function. Auranofin’s inhibition of TrxR1 resulted in immunosuppression at one-seventh of its
cytotoxic ICg, against cancer cells. In contrast, Au-8 not only maintained but also enhanced immune function in vitro, ex vivo, and in
vivo, including activated immunogenic phagocytosis and cytotoxic effects in human peripheral blood mononuclear cells isolated from
healthy donors. This study, therefore, presents a novel design for gold compounds that leverages steric hindrance to achieve catalytic
anticancer activity without affecting TrxR1, opening avenues for future gold-based therapeutics with desirable immunomodulatory

effects.

B INTRODUCTION

Reactive oxygen species (ROS) play critical yet paradoxical
roles in biological processes, acting as essential signaling
molecules while also causing cellular damage.' For cancer
development, ROS is beneficial to proliferation, metastasis, and
accumulation of tumorigenic mutations.” Consequently, many
cancers exhibit elevated baseline levels of ROS compared to
normal tissues.” This altered redox homeostasis makes
intracellular antioxidant defenses vital for cancer cells to
prevent cytotoxic ROS accumulation.* Exploiting this vulner-
ability through pro-oxidant agents represents a promising
therapeutic strategy. Notably among these targets is
thioredoxin reductase 1 (TrxRl), a key enzyme governing
cellular redox balance that is frequently overexpressed in
malignancies and has emerged as an attractive target for
anticancer drug development.” Indeed, analysis of TXNRDI
gene (coding TrxR1) in human patients showed that 17 out of
all tested tumor types exhibited a higher expression compared
to their paired normal tissues (Scheme 1a, data from GEIPIA
2,° see full list in Table S1). Critically, this elevated TXNRD!
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expression correlates with poorer survival outcomes across
multiple cancers.””

Due to the strong binding affinity of gold ion toward thiol
and/or selenol residues,'’™** the clinical antirheumatic drug
auranofin is a classic TrxR inhibitor under global investigation
for cancer therapy.”>~*’ In past years, extensive endeavors have
highlighted the great potential of gold(I/III) complexes in
anticancer therapies,”*~* with notable examples even inducing
exceptionally long-lived immunogenic cell death (ICD) in
vivo.**™* However, a reverse situation was observed in blood
samples, where normal cells exhibited a significantly higher
TrxR1 expression than cancerous ones. Noteworthily, the
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Scheme 1. (a) mRNA Levels of the TXNRD1 in Normal and
Tumor Samples of Different Human Organs® and (b)
Conceptual Scheme of Gold(I) Complexes with Large Steric
Hindrance That Avoid Inhibiting TrxR Proteins and
Reshape the Mode of Action Towards Cancer and Immune
Cells by Catalytically Promoting ROS in Cells”
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relative abundance of the TXNRDI gene (coding TrxR1)
expression level, described as transcripts per million (TPM), in
normal blood cells ranked among the highest (>150),
exceeding stomach cancer by 4.3-fold, colorectal cancer by
3.7-fold, and pancreatic cancer by S.1-fold (Scheme la and
Table S1). Previous studies have pointed out the protective
role of TrxR1 in the immune function of monocytes and
macrophages using auranofin as the canonical inhibitor.”’~>*
This ?rotein is also essential for the expansion of activated T
cells.”* Therefore, the ROS-promoting cancer treatment
targeting TrxR1 may hinder its ability to stimulate anticancer

immune responses once administered systemically, despite the
immunogenic potential in tumor cells.” ™’ Maintaining the
capability of ROS generation while keeping TrxR1 functional is
beneficial to the anticancer activity of gold complexes,**07>

Besides enzyme inhibition, gold also exhibits catalytic
activities with medicinal potential®> A surface-clean nano-
crystalline gold nanoparticle is currently being evaluated in
clinical trials for rescuing the energy production of damaged
neurons in patients with amyotrophic lateral sclerosis, multiple
sclerosis, or Parkinson’s disease.*®> On the other hand,
soluble gold complexes display remarkable activity in
homogeneous catalysis, including redox reactions potentially
useful for modulating ROS production.’”®” However, their
cellular catalytic activities can seldom be maintained due to
strong quenching by biological thiols, especially millimolar
concentrations of glutathione (GSH).**~"°

In view that the Cys residue in GSH is hindered by Gly and
Gly,”' 7" we conceived that sterically bulky gold complexes
could resist GSH binding, and this resistance should prevent
TrxR inhibition while preserving catalytic access to specific
biological substrates (Scheme 1b).”” In this work, we
evaluated the catalytic anticancer activities of gold complexes
beginning with NHC-Au(I)-Cl due to its easily tunable NHC
ligand and remarkable catalytic/bioactive properties.'”*~"
Notably, sterically hindered complexes such as IPr-Au(I)-Cl
(IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene; Au-
3), maintained catalytic activity in the presence of GSH while
efficiently triggering NADH-to-NAD" conversion. Subsequent
ligand optimization yielded Au-8, which exhibited enhanced
catalytic activity and superior anticancer efficacy against human
colorectal HCT116 cells. Importantly, while Au-8 shows ROS-
promoting and calreticulin-exposing behaviors in cancer cells
similar to auranofin, it does not inhibit TrxR1. This divergence
reprograms immunomodulatory functions typically associated
with auranofin while potentiating immune activation at
noncytotoxic concentrations of Au-8. To the best of our
knowledge, this represents the first demonstration of catalyti-
cally active gold anticancer complexes that enable reprog-
rammed immunomodulatory function.

B RESULTS AND DISCUSSION

Preparation of Gold Complexes and Evaluation of
Catalytic Activity in the Presence of GSH

First, we collected seven potentially catalytic-active Au(I)/
Au(Ill) complexes Au-1 to Au-7 (Figure la) either from
commercial source or preparation following the literature
procedure.””* These complexes are highly soluble in organic
solvents such as CH,Cl,, DMSO, DMF, and CH,CN.
Typically, these gold complexes were prepared as 10 mM
stock solutions in DMSO and then diluted with an aqueous
solution for subsequent experiments.

As mentioned in the literature, the Au—Cl bond could
undergo hydrolysis in aqueous solution,”*~”* which is critical
for their catalytic activities in aqueous solution.”®” Taking
NHC-Au-ClI type of complexes as an example, after dissolving
the compound in aqueous solution containing different organic
solvents, we detected NHC-Au-DMSO and NHC-Au-CH;CN,
with m/z = 371.0492, and 334.0618, respectively, in the case of
Au-1 (Figure Sla), and IPr-Au-DMF with m/z = 658.3074 for
Au-3 (Figure S1b), supporting the possibility of Au—Cl
breakage in aqueous solution.
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Figure 1. (a) Chemical structures of gold complexes Au-1 to Au-7 in
this study. The buried volume (% V) of gold by the cognate NHC
ligand was calculated based on SambVca 2.1.°° (b) Left: The
synthesized probe-1 for measuring the intramolecular cyclization
reaction catalyzed by gold compounds. Middle: Images under 365 nm
UV light of reaction mixture after 24 h of incubation at 37 °C. Right:
HPLC chromatogram of the reaction mixture. GSH (4 mM) was in
20-fold molar excess to gold catalysts.

Then, we screened their catalytic activities in aqueous
solution. An alkyne-based probe-1 (2’-ethynyl-[1,1’-biphenyl]-
2-amine derivative) was employed since it can be converted
into fluorescent phenanthridine-derived product-1 via hydro-
amination reaction by active gold catalysts (Figure 1b).”” After
incubating 1 mM probe-1 and 200 yM indicated gold
compounds in water (containing 50% CH;CN, v/v), we
immediately observed fluorescence in Au-1 to Au-6, with Au-§
showing the highest emission intensity (Figure S2). However,
the addition of 4 mM GSH (20-fold excess to gold) to the
reaction mixture significantly suppressed the catalytic activities
of these complexes. Despite this, after 24 h of incubation at 37
°C, Au-2 (IMes-Au-Cl, IMes = 1,3-bis(2,4,6-trimethylphenyl)
imidazol-2-ylidene) and Au-3 still maintained the fluorescence
intensity (Figure 1b, middle). HPLC analysis showed that Au-
2 and Au-3 triggered 46.6% and 83.8% conversion,
respectively, when GSH was coincubated (Figure 1b, right).
In the literature, it is known that the Au—Cyyc bond is
stronger than Au—P to resist thiol attack, leading to no/weak
fluorescence intensity and hence low catalytic activity for Au-4
and Au-S. In the type of NHC-Au-Cl, the buried volume (%
Viur), which is defined as the percentage of a sphere (r=354A)
around the gold ion occupied by the ligand,” increased from
Au-1 (26.6%) to Au-2 (36.5%) and Au-3 (45.6%). Thus, the
steric hindrance in NHC could help to prevent the interaction
of GSH from binding to active gold, while preserving catalytic
activities.

Au-3-Induced NADH-to-NAD* Conversion

The above-mentioned catalytic hydroamination reaction
suggests IPr-Au” displays 7 acidity, a form of Lewis acidity
that allows metal centers to accept Lewis bases.”® Since IPr-
Au® is known to stabilize the hydride intermediate,” we
examined whether the endogenous NADH can serve as a
hydride donor. After incubating Au-3 (20 yM) with S-fold
NADH in an aqueous solution (H,0/DMSO, 1:1, v/v) at 37
°C, UV—vis absorption analysis showed a time-dependent
decrease of absorbance at 320—400 nm, with an isosbestic
point at 307 nm (Figure 2a, b), which is typical of NADH-to-
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Figure 2. Complex Au-3 triggers NADH-to-NAD" conversion. (a)
UV—vis absorption spectra for the mixtures of 20 yM Au-3 with 100
uM NADH in H,0/DMSO (1/1, v/v) at 37 °C after different
incubation periods. (b) Plot of OD4y,,,, versus incubation time for the
UV—vis absorption spectra as shown in (a). (c) DFT calculations for
the energy barriers of the hydride transfer process.

NAD" oxidation.'”~"%* Further quantification of NADH was
performed by using a colorimetric assay based on WST-8, a
dye that reacts with NADH to produce a yellow color
measured at OD,q;,.,. The results indicated a conversion of
~50% after 6 h of incubation (Figure S3a,b). This indicates
that the process is catalytic despite the low turnover number
observed during this incubation period. Formation of NAD"*
was further confirmed by adding alcohol dehydrogenase, which
specifically converts NAD" back to NADH, resulting in a
further increased absorbance after addition of WST-8 (Figure
S3c). Notably, even in the presence of GSH, Au-3 still
maintained activity for triggering NADH-to-NAD" conversion
(Figure S4). Then, we replaced H,O in the reaction solvent
with saline (0.9% w/v NaCl in water) to better simulate the
physiological condition. We noted that Au-3 exhibited poor
solubility in a saline and DMSO mixture (1/1, v/v), but
additionally adding the solubilizer F127 could enhance the
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solubility of Au-3 and regain its activity to convert NADH to
NAD* (Figure SS).

To achieve insights into the mechanism of hydride transfer,
density functional theory (DFT) calculations were performed.
Initial attempts to capture the direct intermediate of hydride to
the Au—Cl transfer adduct resulted in a high energy barrier of
+39.26 kcal/mol, which is unfavorable for the reaction (Figure
S6). However, if the Cl ligand is hydrolyzed, it will then favor a
weak coordination of the carbonyl of NADH to the Au ion,
forming Int2 (note that a possible carbonyl to Au coordination
adduct, IPr-Au-DMF was captured by HRMS, Figure S1b).
This leads to a facile hydride transfer to Au (via TS1) with a
favorable energy barrier of +21.07 kcal/mol, subsequently
generating IPr-Au-H (Int3) with a comparable energy to Int2
(Figure 2c). This IPr-Au-H species is known to be unstable”
and may further react with molecular oxygen to form
multifaceted peroxide species.'”* ™%

Development of an Analogous Au-8 with Potent
Anticancer Activities

Despite the potential of NADH-to-NAD" oxidation to disrupt
cellular redox homeostasis and kill cancer cells,'’°™'"® the
cytotoxicity of Au-3 is moderate (Figure S7),''* likely due to
its low water solubility, which hampers hydrolysis of Cl ligand
and its cellular bioavailability. To address this, we tried to
modify Au-3 by retaining the IPr ligand scaffold while
replacing the auxiliary ligand by reacting with silver salts
containing weak donating anions such as NTf,” [bis-
(trifluoromethylsulfonyl)amide, OTf™ (trifluoro-methanesulfo-
nate), and TFA~ (trifluoroacetate). These modifications
resulted in improved water solubility and enhanced cytotox-
icity, especially in the case of TFA as an anion (Figure S7).
Afterward, we modified the IPr ligand by keeping the bulky
1,3-bis(2,6-diisopropylphenyl) groups while modifying the
imidazole moiety, and finally, we obtained Au-8 containing a
4,5-dimethoxy-4,5-dihydroimidazol-2-ylidene moiety. This
compound shows a similar steric hindrance (%Vy,,, = 45.5%,
Figure 3a) based on its crystal structure of the Cl analogue
(Figure 3a and Table S2). Of note, the two out-of-plane
methoxy groups additionally introduce steric rigidity. When
the dihedral angle between the phenyl plane and N-
heterocyclic ring is changed (C—N—C—C), the energy barriers
of Au-8, as calculated by DFT, are much higher than that of
Au-3 (Figure 3a). In an aqueous solution, Au-8 triggered the
cyclization of probe-1 (Figure S8) and NADH-to-NAD+
(Figure S9) conversion in a similar efficiency to Au-3 either
with or without GSH. Of note, when incubating the mixture of
Au-8 with 2 equiv of NADH in an aqueous solution (CH;CN/
H,0, 1/1 v/v) for 16 h, we successfully detected a signal with
an m/z of 671.2892 by HRMS (Figure 3b). The mass and
isotopic pattern of this signal correspond to the formation of
[NHC—Au-H + NaJ*.

While Au-3 and Au-8 demonstrated similar catalytic activity
in aqueous solutions, Au-8 retained its catalytic effectiveness
under cellular-like conditions—such as incubation with
concentrated, freshly prepared HCT116 cell lysates—by
successfully triggering the cyclization of probe-1. In contrast,
Au-3 exhibited minimal activity (Figure 3c, i). Moreover, if the
living HCT116 cells were treated with Au-8 for 0.5 h followed
by removing the medium and washing, and then adding probe-
1 for another 0.5 h incubation, clear emission can be found
(Figure 3c, ii). However, under similar conditions using Au-3,
no obvious fluorescence can be observed. These results
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Figure 3. Development of an analogous Au-8. (a) Upper left: the
chemical structure of Au-8 (note: the coordinated solvent may vary
depending on the preparation/purification condition); middle: the
crystal structure of the Cl analog of Au-8 (CCDC 2421111, Table
S2); upper right: the topographic steric map of the ligand. Lower
panel: the energy barriers when changing the dihedral angle by
rotating the phenyl plane of Au-3 and Au-8. (b) HRMS analysis for
the mixture of Au-8 with 2 equiv of NADH in an aqueous solution
(CH,;CN/H,0, 1/1 v/v) for 16 h. (c) Monitoring the catalytic
activity of Au-8 in the HCT116 cell lysates by adding 50 yM of gold
compounds and 100 uM of probe-1 in cell lysate for 24 h (i).
Examination of the cellular catalytic of Au-8 was carried out by
treating HCT116 cells with Au-8 for 0.5 h, followed by washing the
medium thrice before adding probe-1 for another 0.5 h incubation.
The images were taken under a DAPI fluorescence channel (ii).

indicate that Au-8 has a greater number of cellular catalytic
activities. Consequently, Au-8 exhibited enhanced cytotoxicity,
with an ICg, of 4.67 + 0.61 uM against HCT116 cells (note
that TFA anion display no cytotoxicity with IC, > 1 mM for
NaTFA), making it five times more potent than Au-3 (Figure
S7). Such a cytotoxicity is only slightly lower than that of
auranofin (IC5, = 2.90 + 0.36 uM). However, after treating
HCT116 cells with Au-8 or auranofin for S h, the gold content
in the Au-8 treatment group is <5% compared to the auranofin
group (Figure S10), suggesting a much more efficient cell-
killing mechanism that is different from auranofin.' ">

To elaborate the anticancer mode-of-action, we monitored
the proteomic responses of HCT116 cells after 24 h of
incubation with S uM Au-8 (Figure 4a, i). The results showed
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a high proteome depth with over 8,500 proteins and >110,000
peptides detected in each sample (Figure 4a, ii, left). There
were S5S proteins significantly upregulated, and 29 proteins
downregulated compared to the control group (Figure 4a, ii,
right). The altered proteins are centered by two transcriptional
regulators, Jun and ATF3 (Figure S11). These regulators have
been linked to cellular stresses such as ER (endoplasmic
reticulum) stress''” and oxidative stress."'® Next, we compared
the proteome changes of the treated HCT116 cells with known
anticancer agents using the DeepCoverMOA server.''” This
recently developed database collected the 24-h proteomic
responses of HCT116 cells toward more than 800 anticancer
compounds. The comparative analysis unveiled the most
similar hit (Pearson r = 0.71, positively correlated) as celastrol,
a kllzl(?vglz ROS-promoting natural product (Figure 4a,
iii). "~

Indeed, Au-8 displayed a high ROS-inducing capability.
After treating HCT116 cells with Au-8 for 6 h, a significant
elevation in the cellular NAD*-to-NADH ratio was observed in
the cell lysates (p < 0.05, Figure 4b), consistent with its activity
in converting NADH to NAD" in solution (Figure S9). This is
along with a substantial accumulation of intracellular ROS, as
revealed by strong green emission after staining by DCFH-DA,
a fluorescent probe measuring total cellular ROS, in the treated
HCT116 cells (Figure 4c). To assess the specific ROS under
such treatment conditions, four probes were employed,
including BES-H,0,-Ac for H,0,, aminophenyl fluorescein

(APF) for HOe radicals, singlet oxygen sensor green (SOSG)
for 'O, and dihydroethidium (DHE) for O,*". As shown in
Figure S12, HCT116 cells treated with Au-8 showed signals of
H,0, and HOe radicals, but not 'O, or O,°". Such results are
consistent with formation of Au-peroxide species (Figure S13),
which reinforced the catalytic mechanism: the NHC-Au
species accepts a hydride from NADH, forming NAD" and
NHC—Au-H; the Au-hydride species can then undergo O,
insertion, generating Au-peroxide species for subsequent
oxidative reactions (Figure S14).

Au-8, Unlike TrxR-Targeting Auranofin, Does Not
Attenuate Immune Responses

The FDA-approved gold drug auranofin confers immunosup-
pressive activity in activated immune cells. It is thus used as an
antirheumatic drug to suppress overactive immune systems.
Unlike auranofin, Au-8 holds a large steric hindrance to avoid
attacking the thiol/selenol enzymes like TrxR1. This drives us
to identify the different intracellular mechanisms of these two
agents, even though both can induce oxidative stress. The
human monocytic cell line THP-1 cells were treated with
phorbol 12-myristate 13-acetate (PMA), a stimulus that can
induce macrophage differentiation, for 24 h followed by a one-
day resting in no-PMA medium. The cytotoxicity ICs, values
of auranofin and Au-8 to the THP-1-derived macrophages
were determined to be 189 + 1.2 and 28.1 + 2.1 uM,
respectively, the potencies of which are much lower than that
toward cancer cells.

Then, these macrophages (Mg) were incubated with the
gold compounds for 24 h at a low concentration of 1 uM (less
than one-tenth of their cytotoxicity ICyy). The proteomic
profiling was conducted to compare cellular responses to
different treatments. Results showed that auranofin induced
the downregulation of key immunological proteins CD14,
CD86, TGFB3, CD163, and TNF, whereas Au-8 displayed
negligible activity (Figure Sa). Of note, in the upregulated
proteins, TrxR1 is one of the significantly upregulated proteins
in the auranofin group (AF) versus the Au-8 group. A
STRING'*® map of protein—protein interactions indicates a
centered role of TrxR1 in all the upregulated proteins (Figure
Sa). Such a higher expression is possibly a compensatory
mechanism in response to the strong inhibition of this protein
by auranofin, matching the previous studies identifying TrxR1
as the primary target of auranofin.'”*'** Inspired by this, we
conducted assays measuring the enzyme activities by using
purified TrxR1. According to the results (Figure Sb), Au-8
exhibited much weaker inhibitory effects than auranofin (57.3
nM versus 2.4 nM). An assay of cellular TrxR activities using
the lysates of treated HCT116 cells demonstrated a similar
trend (17.4 versus 1.5 uM; Figure Sb). Besides, the TrxR
activity, measured by the fluorescence of a TrxR-specific
TRFS-green probe'*® in living cells, was severely inhibited by
auranofin but not by Au-8 at their IC, concentrations on both
HCT116 cells and THP-1 macrophages (Figure Sc). These
data together suggested that Au-8 functions differently from
auranofin with significantly reduced TrxR inhibition.

Next, we sought to verify whether Au-8, without targeting
TrxR1, exhibits a different effect on immunity. In the previous
work, auranofin has been discovered to boost ROS and ER
stress inside cancer cells,"”” as well as ICD induction.”” The
fluorescence imaging and flow cytometry data indicated that
Au-8-treated HCT116 cells conferred a strong calreticulin
(CRT) surface exposure, which is known to deliver robust pro-

https://doi.org/10.1021/jacs.5c19777
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19777/suppl_file/ja5c19777_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19777/suppl_file/ja5c19777_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19777/suppl_file/ja5c19777_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19777/suppl_file/ja5c19777_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c19777/suppl_file/ja5c19777_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19777?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19777?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19777?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c19777?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c19777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
a . . ) b c Bright Field / TRFS-green
— Proteomic analysis on THP-1-derived M¢p — o g
TrxR inhibitory activity
Upregulated proteins (AF vs Au-8) Purified Cellular g‘
FaDD @ P ¢t 80 30 <
MLKL —@ 60 g
\_PKLR = £ =22 I =
€
Nt 3 40 3
KLHL24 S S 10
O\OKLHLzl 20 ©
N 0 0 =
) < W» < D [$)
\ HMOX1 Vo v T
NQO1 d Immunogenic, HCT116 e
6 Au-8 vs ctrl — 89AlT vs ctrl AF Au-8
Sl 117 cD86 d Two- ||t A - AF
5 TGFB3 * AF s
g 2
34 il Lo 21 /\ 219 % @ 100
© o et 3 o
g , s 3 8
g3 ’ Re:, = © # Secreted TNF-a
2 2 . m . ] 2> 50
= kY . [} =
g 2 g :
1 1 m
COntI’Ol v T T T T T T T
0 ! 13.9 % SRRV ™
4 2 0 2 4 4 2 0 2 4 — Vo
Log,(Fold Change) Log,(Fold Change) # Surfac?FCI?TRCT) staining Gold agent, uM

Figure 5. Au-8 reprogrammed immunomodulatory function. (a) Proteomic profiling of THP-1-derived Mg treated with 1 M auranofin or Au-8
for 24 h. Three biological replicates were applied. The protein—protein interaction network was generated by STRING.'** Proteins are represented
as dots with gene names, and the lines represent the experimentally verified interactions. The thickness of each line reflects the strength of the data
support. The most connected protein, TRXNRDI (TrxR1), was highlighted. The volcano plots in the lower part show the relative changes of each
gold treatment relative to the untreated control (Ctrl). Monocytic or macrophage markers only reduced by auranofin have been listed in the plot.
(b) The TrxR inhibitory IC, based on purified human TrxR1 or cell lysates were measured after a 0.5-h incubation of the gold compounds with
the enzyme or with HCT116 cells. (c) Microscopy imaging of cellular TrxR activity using TRES-green probe in the living HCT116 cells or THP-1-
derived Mg under indicated treatments. One X ICj, of each gold compound for the indicated cell types was used for a 0.5-h incubation followed
staining by TRES-green at 10 M. Images were shown as the merged picture of a bright field and a green fluorescence channel. (d) Flow cytometry
experiments quantifying the HCT116 cell surface CRT under indicated conditions. Gold compounds were used at a 1 X ICs,. (e) TNF-a secretion
by THP-1-derived Mg was measured using ELISA under the treatment of each gold compound. The dashboards in d and e were created with

Biorender.com.

phagocytic signals to myeloid cells, including the engulfment
by dendritic cells to initiate ICD and direct activation of
natural killer (NK) cells.””®'* The proportion of CRT-
positive cells in the Au-8 group is 25.7% and that in auranofin
group is 21.9% (Figure 5d and S15), compared to 13.9% of the
control group, suggesting similarly high immunogenic potency
of the two gold compounds.'*”"** In contrast, we discovered a
huge difference between the two gold compounds toward
THP-1-derived macrophage in the TNF-a secretion at their
sublethal concentrations. As shown in Figure Se, consistent
with the previous reports, auranofin inhibited TNF-a secretion
beginning at a low concentration of 0.125 uM, exhibiting an
inhibitory ICs, of 0.39 uM, which is approximately one-fiftieth
(1/50) of its cytotoxicity against THP-1 macrophage (ICs, =
18.9 uM) and one-seventh that against HCT116 cell (IC, =
2.90 uM). This aligns with the truth that auranofin can
interfere with macrophage function even at nontoxic doses. In
contrast, Au-8 not only failed to inhibit TNF-a secretion but
appeared to increase its levels at concentrations below 1 uM; it
showed negligible inhibitory activity up to 4 uM, a
concentration approaching its cytotoxic half-maximal inhib-
itory concentration for cancer cells such as HCT116. This
indicates a potential therapeutic window enabling selective
antitumor efficacy without compromising the immune cell
function.

Au-8, but Not Auranofin, Boosts Immunogenic
Phagocytosis and Cytotoxicity in Human Primary Immune
Cells

We further evaluated the two compounds on peripheral blood
mononuclear cells (PBMCs) isolated from the whole blood of
healthy human donors (Figure 6a). Cytotoxicity assay revealed
that Au-8 displayed an average of 2.5-fold lower cytotoxicity
than auranofin across five batches of PBMCs (Figure 6b, left).
Additionally, CD14+ monocytes, which are the largest type of
white blood cells in humans and can differentiate into
macrophages and dendritic cells, playing a crucial role in
both innate and adaptive immune responses, were further
isolated for analysis. Cytotoxicity studies again demonstrated
that Au-8 showed 2.5-fold less cytotoxicity compared to
auranofin in these monocytes (Figure 6b, right). Therefore,
while the two compounds show similar cytotoxicity to cancer
cells, their distinct mechanisms of inducing ROS result in a
lower toxicity of Au-8 to immune cells compared to auranofin.

Subsequently, we assessed the immunological phagocytic
capability of isolated human PBMCs. Phagocytosis is a key
mechanism of the innate immune defense and serves as one of
the initial responses to infection as well as a critical initiator of
the adaptive immune response. This experiment utilized
pHrodo particles, which are nonemissive in the medium but
become highly fluorescent in the acidic environment of late
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Figure 6. Effects of Au Compounds on PBMCs. (a) Description for
isolation of PBMCs (created with Biorender.com). (b) Cytotoxicity
of gold compounds toward human PBMCs and CD14+ monocytes
isolated from the blood of healthy donors. For the PBMC, cells
isolated from the blood of five healthy donors were tested. For
CD14+ monocytes, triplicates were tested using cells from a single
donor. (c) Phagocytosis assays using pHrodo particles and PBMCs.
The percentage of positive-stained cells were shown. (d) The
immunogenic cytotoxicity (as revealed from the activity of released
LDH from dead cells) after preincubation of HCT116 cells and Au-8
or AF at their 1 X ICs, concentration for 12 h, followed by adding
PBMC for another 12 h incubation, or direct coincubation of
HCT116 cells, PBMCs, and Au-8 or AF for a total 12 h incubation.

endosomes once they are internalized by immune cells (Figure
6¢c). After human PBMCs were treated by different
concentrations of gold compounds for 12 h, followed by
additional incubation with pHrodo particle for 30 min, the
cells were analyzed by flow cytometry. Data in Figure 6¢
showed that the control group exhibited 31.5% of the
phagocytosis-positive cells, which decreased to 12.3% and
10.4% under 0.25 yM and 1 uM of auranofin treatment
(Figure 6c), correlating with its potent inhibitory effects

toward cytokine release under similar concentrations (Figure
Se). By contrast, Au-8 further boosted phagocytosis to over
40% under the same treatment conditions, possibly due to its
non-TrxR-associated prooxidant activity, which boosted
phagocytes in PBMCs." "'

To further investigate whether Au-8 can activate immune
cells to target and eliminate cancer cells, the following
experiments were performed. At first, HCT116 cells were
pretreated with Au-8 or auranofin for 12 h to allow exposure of
immunogenic signals, followed by adding PBMCs (ratio of
20:1 to HCT116 cells) for another 12 h incubation. Then cell
killing effects were examined by measuring the activity of
lactate dehydrogenase (LDH) released from dead or damaged
cells. As the results show in Figure 6d and S16, while Au-8 and
auranofin did not show direct cytotoxicity to cancer cells or
PBMCs, the pretreatment significantly boosted the cytotoxicity
of PBMC:s to cancer cells, with a slightly higher activity of Au-8
than auranofin.

However, when HCT116 cells, PBMCs, and gold com-
pounds were directly combined in a single mixture and
incubated for 12 h, the two gold complexes exhibited different
effects. As shown in Figure 6d, auranofin resulted in slightly
higher LDH activity in the combination group. However, this
increase was not statistically significant and was due to its
direct cytotoxicity toward PBMCs (Figure S16) rather than
any immunogenic properties, suggesting that auranofin might
damage immune cells before exerting any potential immuno-
genic activity. In contrast, Au-8 led to a significantly higher
LDH content in the combination group. In the absence of
either HCT116 cells or PBMCs, no significant increase in the
LDH content was observed following Au-8 treatment (Figure
S16). This suggests that the observed cytotoxicity in the
combination is due to Au-8’s ability to activate immune
responses, which target and eliminate cancer cells.

Au-8 Reprograms the Immunomodulatory Function in
Vivo

To examine the possible immunological activity in vivo,
immunocompetent mouse models were employed. In brief, the
mice bearing MC38 colorectal tumor xenografts were treated
with solvent, auranofin, or Au-8 (both gold compounds at 10
mg/kg) once per 2 days. Results showed that both compounds
can inhibit tumor growth with an inhibition rate of 82% for
auranofin and 90% for Au-8 after 14 days of treatment without
mouse death or body weight loss (Figures 7a, b and S17). It
appears that the inhibition pattens of the two compounds are
different. Auranofin started to inhibit tumor growth since the
first injection (measured on day 2) but it only slows down the
tumor growth. However, In the Au-8 treatment group, there
was no inhibition after the first 3 times treatment, but after 6
days, the tumor volume started to decline until day 14 of
sacrifice. This prompts us to examine whether the tumor
immunity plays a role for the observed tumor inhibition.

To achieve this, we stained the cells from isolated tumors
with immune cell markers. The results (Figure 7c—e) indicated
that tumors treated with Au-8 exhibited significant immune
activation, evidenced by more than a 3-fold increase in the
expression of inflammatory INF-y and significant increase of
CD11b+. In contrast, auranofin treatment did not result in
changes in INF-y, although it appeared that there was an
increase in the number of CD4+ T cells. However, further
analysis incorporating Foxp3 revealed that the increase in
CDA4+ T cells was primarily due to a significant upregulation of
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Figure 7. Antitumor activities in immunocompetent mouse models.
(a, b) The tumor volume (a) and body weight (b) after treating mice
bearing MC38 cells by Au-8 or auranofin at 10 mg/kg once per 2 days
for a successive 14 days. Each group contains 7 mice. The arrows
indicate drug treatment. (c—e) Detection of immune cell markers
within the tumors, showing altered expression of INF-y, CD4, CD11b
after treatment (c), the varied expression of immune suppressive
CD4+Foxp3+ T, cells (d, e).

CD4+Foxp3+ regulatory T cells (Trezg) , which contribute to an
immune-suppressive environment.'*” In contrast, Treg cells in
the Au-8 group is downregulated. Therefore, catalytically
active Au-8 can indeed effectively reprogram the immunomo-
dulatory function of auranofin and suppress tumor growth
under in vivo conditions.

B CONCLUSION

For thiol-reactive gold complexes, intracellular ligand exchange
often leads to the primary targeting of TrxR, as this type of
protein carries Cys/Sec residues with a high gold-binding
affinity. Gold complexes may strongly inhibit TrxR1 even at
nontoxic concentrations. Since many immune cells heavily rely
on the proper function of TrxRl, especially during their
activated states, using gold drugs such as auranofin in cancer
therapy may suppress the immune system before exerting
cytotoxic/immunogenic effects on cancer cells. As our data
showed above, auranofin at merely one-seventh of the
cytotoxic ICs, concentration suppressed cytokine release
from human macrophages. This raises a significant concern
that repurposing auranofin for cancer therapy may strongly
dampen the patients’ anticancer immunity without exerting its
potential immunogenic activity on tumor cells.

In this study, we discovered that NHC-Au-Cl complexes
with bulky substituents, such as Au-3 and Au-8, can display
catalytic activities even in the presence of millimolar amounts
of GSH and effectively facilitate the oxidation of NADH to
NAD". Remarkably, although Au-8 exhibits a much lower
cellular uptake compared to auranofin, it demonstrates

comparable cytotoxicity against cancer cells by acting as an
ROS-promoting agent without inhibiting TrxR1. This
mechanism substantially reduces its toxicity toward immune
cells and redirects the immune response from immunosup-
pression toward activation. Such properties could potentially
enhance therapeutic applications of gold compounds in
immunotherapy combinations. We anticipate these findings
will inspire further exploration into ligands that impart novel
catalytic functions and associated bioactivities to gold
complexes for drug development.
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