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Abstract

Reactive oxygen species (ROS) are by-products of metabolism of oxygen and they play an
important role in normal homeostasis and cell signaling, as well as in the initiation of diseases
including cancer when their production is upregulated. Thus, it is imperative to understand

the cellular and molecular basis by which ROS impact on various biological and pathological
processes. In this report, we show that human keratinocyte cell line (HaCaT) treated with
hydrogen peroxide displayed an increased activity of AhR, leading to enhanced expression of its
downstream targets including cytochrome P450 genes. Intriguingly, preincubation of the complete
culture medium with hydrogen peroxide accelerated AhR activation and its downstream signaling.
Subsequent mass spectrometric analysis reveals that the oxidant elicits the production of oxindole,
a tryptophan catabolic product. We further demonstrate that 2-oxindole (a major form of oxindole)
is capable of activating AhR, strongly suggesting that ROS may exert a significant impact on AhR
signaling. Consistent with this, we also observe that hexavalent chromium [Cr(V1)], a heavy metal
known to generate ROS /n vivo, enhances AhR protein levels, as well as stimulates expression

of CYP1AZ2 in an AhR-dependent manner. Significantly, we show that hydrogen peroxide and
2-oxindole induce expression of IDO1 and PD-L1, two immune checkpoint proteins. Given the
role of IDO1 and PD-L1 in mediating T cell activity and/or differentiation, we postulate that ROS
in the tumor microenvironment may play a crucial role in immune suppression via perturbing AhR
signaling.
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Introduction

The aryl hydrocarbon receptor (AhR) is an evolutionarily conserved ligand-dependent
transcription factor [1]. AhR was initially characterized as a transcription factor regulating
responses to xenobiotics [2]. In the absence of a ligand, AhR aggregates with other
chaperone proteins in the cytoplasm and ligand binding triggers the translocation of

AhR into the nucleus where it heterodimerizes with Aryl hydrocarbon Receptor Nuclear
Translocator (ARNT) [3], forming an active transcription complex. The AhAR/ARNT
complex recognizes xenobiotic-responsive elements (XRES) and transactivates expression
of a superfamily of metabolizing enzymes known as cytochrome P450 enzymes including
CYP1A1, CYP1A2, and CYP1BL1 [4].

Extensive research in the past two decades leads to the realization that AhR functions far
beyond metabolism of xenobiotic compounds. In fact, AhR possesses essential physiological
functions including development, metabolic homeostasis, and DNA damage responses [5-7].
As the transcription factor, AhR also controls expression of immune checkpoint proteins,
thus functioning as an important component in mediating immune tolerance and immune
suppression [8, 9]. For example, AhR is involved in transcriptional activation of PD-1 and
PD-L1, two important immune checkpoint proteins [10, 11]. PD-L1 is highly expressed in a
fraction of tumor cells [12]. PD-L1 expressed on tumor cells physically engages with PD-1
on T lymphocytes, leading to suppression of T cell cytotoxicity [13]. AhR also transactivates
indoleamine 2’3’-dioxygenase 1 (IDO1), an enzyme also involved in immune suppression
[14]. IDO1 functions to enzymatically converts tryptophan (Trp) into kynurenine (Kyn), the
latter being an oncometabolite because of its ability to suppress T cell cytotoxicity in the
tumor microenvironment by depletion of Trp [15].

Reactive oxygen species (ROS) are by-products of metabolism of oxygen, and they are
essential in normal homeostasis [16]. However, an excess amount of ROS due to exposure
to environmental toxicants or deregulated metabolic processes can be harmful or detrimental
to organisms. It has been shown that ultraviolet light (UV) irradiation elicits ROS production
in cells [17]. UV-induced generation of ROS is partly mediated through up-regulating the
synthesis of nitric oxide synthase [18]. Moreover, it is known that UV (UVA and UVB)
induces the photo-conversion of Trp into 6-Formylindolo[3,2-b]carbazole (FICZ), a potent
AhR agonist [19]. It is also known that malignantly transformed cells contain an elevated
level of ROS, which are thought to facilitate the survival and growth of tumor cells in the
tumor microenvironment [20].

We are interested in the functional interaction between ROS and AhR, an environmental
sensor molecule. We showed that treatment of HaCaT cells with H,O, induced expression
of CYP1A2 which depended on AhR. We also identified oxindole as a compound whose
concentration in the culture medium was significantly increased after treatment with H,05.
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Oxindole was capable of inducing expression of CYP1AZ2 in a concentration- and AhR-
dependent manner. Furthermore, we showed that HoO, and oxindole induced expression of
IDO1 and PD-L1 in multiple cell types, suggesting that oxidative stress may compromise
immune responses in the tumor microenvironment through perturbing the AhR signaling
axis.

Materials and methods

Cell culture and chemicals

HaCaT (immortalized human keratinocytes) and A549 (lung adenocarcinoma) cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Corning, NY) supplemented
with 10% fetal bovine serum (Atlanta biologicals) and 1% antibiotic/antimycotic (GIBCO™)
and seeded 1 x 10° in a 100 mm cell culture dish (Corning, NY).

Hydrogen peroxide was purchased from Thermo Fisher Scientific (Waltham, MA)
Hexavalent chromium, 2-oxindole, L-kynurenine, 6-formylindolo(3,2-b) carbazole-(FICZ),
CH-223191 (an AhR antagonist) were all purchased from Sigma (St. Louis, MO).

Cell lysate preparation and immunoblotting

All cell samples were rinsed once with ice-cold PBS before harvesting. Cells were lysed

in a RIPA buffer [50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1% IGEPAL, 0.1% SDS, and
0.5% sodium deoxycholate, 10 mM B-glycerophosphate, 1 mM DTT, 1 mM NazVOyg4, 1 mM
PMSF, 0.001x protease inhibitors, and Benzonase (Pierce™, 88700)], or cell lysis buffer [10
mM Tris-HCI (pH 7.4)] containing 1% SDS (Sigma-Aldrich) and 1 mM NazVOy (Fisher
Scientific Co.). Cells mixed with the RIPA lysis buffer were incubated on ice for 30 min
with gentle vortex every 10 min. Cell lysates were subjected to centrifugation at 4°C at
15,000 RCF for 10 min. After centrifugation, the supernatant was collected, and protein
concentrations were determined with the use of Pierce™ BCA protein assay kit (Thermo
Fisher Scientific, Inc.) according to the manufacturer’s protocol.

Specific signals were visualized using enhanced chemiluminescence (ECL, Pierce), or
Enhanced Chemifluorescence (ECF, Amersham) acquired by scanning with a phospho-
imager (Typhoon FLA 7000, GE). Antibodies against CYP1A2 (D1tkt5), AHR (A-3)

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against
GAPDH (14C10), HIF-1B/ARNT(D28F3), IDO-1(D5J4E), PD-L1(E1L3N), Nrf2(D1Z9C),
HO-1(E3F4S), NQO1(A180) and PARP-1 were purchased from Cell Signaling Technology
(Danvers, MA). Antibody against tubulin was purchased from Proteintech (Rosemont,

IL). Antibody against vinculin(MAB374) was purchased from Millipore. For western blot
quantification, imageJ was used to measure blot integrated density.

Quantifications of Western Blots with ImageJ

All western blots quantifications with ImageJ reflect the relative amounts as a ratio of each
protein band relative to the lane’s loading control. All western blot data films are scanned
with high resolution (300 dpi) and performed in ImagelJ. All blot values are measured by
integrated density then record in excel file (Supplement Dataset S1).
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Real-Time PCR

HaCaT cells were lysed in a Trizol solution and total RNAs were isolated with ethanol
precipitation. RNAs (400 ng) from each treatment were used for subsequent analyses with
real-time polymerase chain reaction (real-time PCR) using a kit from Applied Biosystems
(Foster City, CA). In brief, aliquots of a master mix containing RNAS, specific primers
(refer to Supplement Table 1 for details), and other components were dispensed into a
plate for real-time PCR reactions according to instructions provided by the supplier. Each
reaction was carried out in triplicates. Specific conditions for PCR were as follows: 15 sec
at 95°C and 1 min at 60°C, which were performed for 40 cycles. After that, samples were
denatured by heating. Signals (MRNA expression) of each gene of interest relative to those
of B-actin MRNA in each sample was determined using the 2-22CT method. Raw Ct values
of gRT-PCR data are shown in Supplement Dataset S2. All RT-qPCR data are means + SEM
of three independent experiments performed in triplicate.

Gene silencing by siRNA

AhR siRNAs, Nrf2 siRNAs and control siRNAs were separately purchased from Dharmacon
and Thermo fisher. HaCaT Cells seeded at 50% confluency in an antibiotic-free culture
medium were transfected with siRNA duplexes specific for AhR, Nrf2 or control at a final
concentration of 100 nM for 24 h using DharmaFECT I. The transfected cells were then
incubated at 37°C in 5% CO, with 90% humidity. Transfected cells were collected and lysed
for immunoblotting as described above.

Flow cytometry

Cells were seeded 1 x 106 in 60mm dishes with the complete medium until they reached
about 60% confluence at the time of treatment. Cr(IV) treated cells were incubated with
Cell-ROX (Invitrogen) dye for 30min. Cells were then collected and washed with 0.1%
BSA / 1x PBS. All samples were filtered and analyzed on BD LSRII flow cytometer. Flow
cytometric data were analyzed using FlowJo v10 software.

Mass spectrometry

Mass spectrometry was performed in conjunction with the Metabolomics Core Resource
Lab facility of Grossman School of Medicine. Samples were analyzed on the hydrophobic/
nonpolar platform with a custom skeleton input for the previously validated targeted
compounds. The data were analyzed by manual annotation, principal components analysis,
unsupervised hierarchical clustering, volcano plots, and other statistical comparisons. For
untargeted analysis, the available MS/MS spectra were broadly searched against an upgraded
data analysis pipeline which now includes both the NIST17MS/MS and METLIN spectral
library database, as well as tolerating multiple ion types for a given metabolite. The resulting
data were analyzed by principal components analysis, unsupervised hierarchical clustering,
volcano plots, and other statistical comparisons. For targeted analysis, 2-oxindole, 6-
formylindolo[3,2-b] carbazole (FICZ), tryptophan, and kynurenine were extracted in a 10
UM cocktail and run inside of the control block during LC/MS data acquisition to ensure
that the compounds were not lost during the extraction phase. Each compound survived
extraction, and each peak was isolated at the expected retention value. For all analysis,
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instrument performance was assessed using the internal standards added to the samples
during metabolite extraction. The raw values of mass spectrum are shown in Supplement
Dataset S3.

Cell lysate fractionation

Cytosolic and nuclear extracts were obtained as described previously [21]. In brief, cell
extracts were prepared in the harvest buffer (10 mm HEPES (pH 8.0), 50 mm NacCl,

0.5 msucrose, 0.1 m EDTA, 0.5% Triton X-100) containing both protease inhibitors

(1 mm dithiothreitol (DTT), 2 mg/ml pepstatin, 4 mg/ml aprotinin, 100 mm PMSF)

and phosphatase inhibitors (10 mm tetrasodium pyrophosphate, 100 mm NaF, 17.5 mm
B-glycerophosphate). The low speed supernatant (500 x g) containing cytoplasmic proteins
was collected, and nuclear extracts were made by vortexing the nuclei for 15 min at 4 °C

in a buffer containing 20 mm HEPES (pH 7.9), 400 mm NaCl, 1 mm EDTA, 1 mm EGTA,
0.1% IGEPAL CA-630, and protease inhibitors. Protein concentrations were measured using
the bicinchoninic acid protein assay reagent kit (Pierce). Equal amounts of protein lysates
from various samples were used for SDS-PAGE analysis followed by immunoblotting.
Specific signals on immunoblots (polyvinylidene difluoride) were visualized using enhanced
chemiluminescence (ECL, Pierce).

Statistical analysis

Results

The Mann-Whitney test was conducted to evaluate the statistical significance of the
difference in each treatment. The Kruskal-Wallis test (one-way non-parametric ANOVA)
is used for comparing two or more independent samples of equal or different sample sizes.
Statistical analyses were performed using SPSS version 24 (IBM Corporation, New York,
NY) and GraphPad Prizm 9 (GraphPad Software, San Diego, CA). All data was graphed as
mean £ SEM of independent experiments performed in triplicate. P value of less than 0.05
was considered statistically significant.

Oxidative stress activates AhR

Given that oxidative stress exerted by UVB induces the generation of FICZ [22], a potent
AR ligand, we investigated the relationship between cellular oxidative stress and AhR
activation. HaCaT cells were directly treated with H,O5 at various final concentrations

for 24 h. Cell lysates were blotted for AhR and CYP1AZ2, the latter being a classical
transcription target of AhR [23]. We observed that CYP1A2 expression was induced

by H,05 in a concentration-dependent manner, peaking around 0.5 mM (Fig. 1A). We

then treated these cells with H,O, (0.2 mM) for various times. We observed that H,O,
induced CYP1A2 expression in a time-dependent manner (Fig. 1B). Interestingly, HoO»
also increased AhR protein levels. To determine whether the increase in expression of AhR
and its downstream target occurred at the transcription level, we measured mRNA levels

in cells treated with the oxidant using real-time PCR. We observed that mRNA levels of
CYP1A1, CYP1B1, and CYP1A2 were all briefly increased about 4 h after H,O, treatment
and then greatly elevated 24 h after the treatment. (Fig. 1C). Intriguingly, AhR mRNA level
was slightly increased after H,O, treatment for 4 h and stable in the later time points. To
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determine whether CYP1A2 expression induced by H,0, was AhR-dependent, we treated
HaCaT cells with H»O» in the presence or absence of CH233191, an AhR antagonist [24].
We observed that CH233191 completely suppressed CYP1A2 induction by H,0O», indicating
that the induced expression of CYP1A2 depends on AhR (Fig. 1D).

Hexavalent chromium [Cr(V1)] is a well-known environmental carcinogen [25]. Upon
entering cells, Cr(\V1) undergoes rapid reduction to chromium (V) and chromium (111),
which is accompanied by the generation of reactive oxygen species including superoxide
[26]. Superoxide is known to be converted to H,O, by the action of superoxide dismutase
[27]. To confirm our assertion that hexavalent chromium induces oxidative stress, we
detected cellular ROS generation with various hexavalent chromium concentrations by flow
cytometry. Flow cytometry data indicated that hexavalent chromium elevated cellular ROS
level at the sub-micromolar concentrations (Fig. 2A). Given the connection, we treated
HaCaT cells with various concentrations of Cr(V1) for 24 h. We observed that expression
of both AhR and CYP1A2 was increased after Cr(V1) treatment and that their levels of
expression were correlated with Cr(V1) concentrations (Fig. 2B). Subsequent experiments
demonstrated that AhR and CYP1A2 expression induced by Cr(V1) was time-dependent as
well (Fig. 2C).

To determine whether induced expression of CYP1A2 depended on AhR, we transfected
HaCaT cells with AhR siRNAs, or with control siRNAs, for 24 h before treatment with
Cr(VI). We observed that downregulation of AhR by RNA interference compromised the
induction of CYP1A2 by Cr(VI) (Fig. 2D), suggesting that AhR is essential in regulating
increased expression of CYP1A2 after Cr(VI) treatment. To further determined whether
induced expression of CYP1A2 by Cr(VI) depended on AhR, we treated HaCaT cells
with Cr(VI) in the presence or absence of CH233191. We observed that the basal and
Cr(VI)-induced levels of CYP1A2 were completely suppressed by CH233191 (Fig. 2E),
again supporting the notion that Cr(VI)-induced expression of CYP1AZ2 is dependent on
AhR signaling.

Preincubation of culture medium with H,O, accelerates AhR activation

Nrf2 is known to function as a master transcription factor in response to the oxidative

stress [28]. To differentiate the roles of AhR and Nrf2 in response to the oxidative

stress, we transfected HaCaT cells with Nrf2 siRNAs, or with control siRNAs, for 24 h
before treatment with H,O,. We showed that downregulation of Nrf2 by RNA interference
compromised expression of Nrf2 downstream target genes including NQO1 and HO-1

(Fig. 3A), indicating that Nrf2 transactivation capacity was inhibited. However, increased
expression of CYP1A2 induced by H,O, was not significantly affected by Nrf2 silencing
(Fig. 3A). These combined results thus strongly suggest that induction of CYP1A2 by H,0,
is largely mediated by the AhR signaling axis, but not the Nrf2 activation.

Given that neither H,O, nor Cr(VI) are known AhR ligands, we speculated that these
oxidants might provide a condition for the generation of an AhR agonist(s) in the culture
medium. To test this possibility, we preincubated the medium with H,O, for 30 min and
then added the medium to the HaCaT cell culture. We observed that AhR expression

was rapidly induced by H,O5,* (namely, H,O,-preincubated medium for 30 min), peaking
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around 8 h post-treatment (Fig. 3B). The AhR increase was immediately followed by the
induction of CYP1A2. These results suggest that an AhR ligand(s) is generated during H,0,
pre-incubation, which in turn activates AhR and its signaling axis.

Upon ligand binding, AhR undergoes nuclear translocation where it interacts with ARNT,
forming an active transcription complex [3]. To determine whether CYP1A2 induction was
correlated with AhR nuclear translocation, we treated HaCaT cells with H,O,* for 1.5, 3,
and 6 h, respectively. As a positive control, we also treated these cells with TCDD for 6 h.
We fractionated cells into both cytoplasmic and nuclear parts. We observed that nuclear AhR
peaked around 1.5 h after H,O,* treatment, which was followed by increased expression

of CYP1AZ2 in the cytoplasm (Fig. 3C). Protein fractionation was efficient as revealed by
blotting with compartment-specific markers tubulin (cytoplasmic) and PARP-1 (nuclear),
respectively. To further determine whether H,O,*-induced expression of CYP1A2 depended
on AhR, we employed both pharmacological and genetic approaches as described above. We
observed that specific knockdown of AhR with siRNAs suppressed induction of CYP1A2 by
H,0,* (Fig. 3D). Consistent with this, treatment with CH233191 also blocked the induction
of CYP1A2 by H,0,* (Fig. 3D)

an AhR ligand generated by H,0,

Several Trp metabolic/catabolic products function as AhR ligands that include FICZ and
kynurenine [22] [29]. Given the observation that the culture medium preincubated with
H,0, rapidly activates the AhR signaling pathway, we postulated that the strong oxidant
might induce an AhR ligand(s) in the medium which was rich in Trp. Subsequent mass
spectrometric analysis revealed no significant increase of FICZ in the HoOo-treated medium
(data not shown). On the other hand, we noticed that oxindole was significantly increased
in the H,O,-preincubated culture medium (Figure 4A and 4B). Given that oxindole is

also a Trp metabolic product [30], we directly tested whether it was capable of activating
AhR signaling. We treated HaCaT cells with 2-oxindole (a major form of oxindole) at
various final concentrations for 24 h. We showed that 2-oxindole induced expression

of CYP1AZ2 in a concentration- and time-dependent manner (Fig. 4C & 4D). Moreover,
CYP1A2 expression induced by 2-oxindole depended on the activity of AhR as treatment
with CH233191 abolished CYP1A2 induction by the compound (Fig. 4E). These combined
studies thus support our hypothesis that the strong oxidant H,O, catalyzes the formation of
new compounds including oxindole to activate the AhR signaling axis.

H>0, and 2-oxindole stimulate expression of immune checkpoint proteins

AhR plays an important role in both innate and adaptive immunity, partly through mediating
expression of immune checkpoint proteins including IDO1, PD-1 and PD-L1 [10, 11, 14].
We then determined whether the medium preincubated with H,O, was capable of inducing
expression of IDO1. We showed that IDO1 was induced by H,O»* in a time-dependent
manner (Fig. 5A and B) and that the induction of IDO1 by H,O,* was dependent on

AR as co-treatment with CH233191 significantly suppressed the induction (Fig. 5C). To
further investigate whether the increase in expression of IDO1 occurred at the transcription
level, we measured mRNA levels in cells treated with the oxidant using real-time PCR.

We observed that mRNA levels of IDO1 was significantly induced after oxidant treatment
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and strongly suppressed by AhR antagonist, again supporting the notion that H202-induced
expression of IDO1 is dependent on AhR signaling (Fig. 5D). We next determined the
ability of 2-oxindole in induction of IDO1 expression. We showed that 2-oxindole induced
expression of IDOL1 in a concentration- and time-dependent fashion in HaCaT cells (Fig. 5E
and 5F).

Given the importance of PD-L1 in mediating immune evasion of many types of tumor cells,
we determined whether 2-oxindole had any effect on expression of PD-L1. We chose A549

cells as it expresses a low level of PD-L1. We showed that 2-oxindole induced expression of
PD-L1, as well as IDO1, in A549 cells in a concentration-dependent fashion (Fig. 6A).

Since PD-L1 expression is inducible by interferon-y (IFN-y) [31, 32], we also treated
A549 cells with 2-oxindole and/or IFN-y. We observed that although IFN-y alone induced
PD-L1 expression co-treatment with 2-oxindole significantly boosted induction of PD-L1
expression by the cytokine (Fig. 6B). As expected, 2-oxindole induced expression of
CYP1A2 in A549 cells but its induction was suppressed by IFN-vy treatment (Fig. 6B).
Combined, this series of studies strongly suggest that 2-oxindole potentially functions as
an important ligand in modulating expression of immune checkpoint genes /7 vivo and that
the oxidative stress may significantly compromise immune responses via deregulating AhR
signaling.

Discussion

One school of thoughts is that AhR functions as a ROS inducer [23]. For example, the
increase in ROS parameters is observed in liver when AhR downstream targets including
cytochrome P450 (CYP) enzymes are activated to metabolize chemical compounds during
the detoxification process [33]. One major rationale for AhR as an oncogene is that

ROS accumulation due to increased CYP activities, leading to severe oxidative stress

and increased DNA damage, favoring malignant transformation [33, 34]. Several lines of
recent evidence suggest that ROS play an essential role in activating AhR, thus enhancing
expression of its downstream targets. In breast cancer cells, ROS accumulation strongly
correlates with high AhR expression, triggering AhR nuclear translocation, and promoting
its transcriptional activity [20]. In addition, UVB irradiation or hydrogen peroxide treatment
causes the accumulation of FICZ, which is mediated by inhibitory effect of CYP enzymes,
thereby activating AhR [35]. In the current study, we have obtained lines of new evidence
that support ROS as AhR activators. We have found that the oxidative stress promotes the
generation of oxindole, a newly-identified AhR agonist. Oxindole is also a Trp catabolic
derivative and H,O, can facilitate its generation from Trp /n vitro [36]. It is generally
thought that /7 vivo oxindole is derived from Trp through the activities of microbiome in the
intestine [30].

Nrf2 is the major transcription factor regulating redox homeostasis [37]. Activated

Nrf2 is translocated to the nucleus where it binds to antioxidant response elements

(AREs), promoting transcription of genes involved in antioxidant activities including heme-
oxygenase 1 (HO-1) and NAD(P)H: quinone oxidoreductase 1(NQO1) [38]. In our current
study, we also analyzed Nrf2-mediated transactivation in Nrf2-silenced HaCaT cells treated
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with HpoO,. We observed that expression of HO-1 and NQO1 genes was induced by H,05
treatment and that Nrf2 downregulation via RNA interference greatly suppressed expression
of these genes, consistent with early observations that HO-1 and NQO1 genes are primarily
regulated by Nrf2. Moreover, our current study reveals that ROS-induced expression of
CYP1A2 was not significantly affected by Nrf2 downregulation (Fig. 3A), suggesting AhR,
but not Nrf2, plays a major role in mediating CYP1A2 expression under the oxidative stress.
On the other hand, Nrf2 is known to directly regulate expression of AhR [39]. Therefore,
we speculate that ROS may modulate the AhR signaling pathway in two different manners:
namely, (1) facilitating the generation of AhR ligands, and (1) transactivating AhR by Nrf2,
leading to enhanced expression of AhR.

In our mass spectrometry analysis, we did not detect FICZ in the medium treated with H,Oo,
which may be partly due to a short treatment time. On the other hand, we have identified
oxindole as a new compound in the culture medium whose concentration is quickly
increased after H,O, treatment. It is well known thar many environmental toxicants and
carcinogens are capable of inducing ROS including superoxide /in vivo [40]. As superoxide
is converted to hydrogen peroxide by superoxide dismutase [27], it is conceivable that H,O»
produced /n vivo can lead to increased levels of oxindole, thus activating the AhR signaling
axis. Oxindole is a Trp-metabolic product, primarily derived from metabolism by intestinal
microbiota [30]. It has been reported that oxindole can be predictive of the AhR activity

in modulating gastrointestinal homeostasis and intestinal microbiome [30]. Thus, it is of
significance that oxindole also functions as an AhR agonist given that AhR downstream
targets include immune checkpoint components. Supporting this notion, we have shown that
2-oxindole induces expression of both IDO-1 and PD-L1. Therefore, it would be crucial to
identify the presence and induction of oxindole (or its derivatives) /n vivo under oxidative
stress and study its role in the tumor microenvironment in various mouse models.

In conclusion, we have established a molecular connection between oxidative stress and
AhR activation. Our observations suggest the following model that may explain the
activation of AhR and its downstream signaling /77 vivo under oxidative stress (Fig. 7).
Environmental factors including UV and various toxicants will elicit the production of
ROS in cells whereas cellular metabolism also leads to the production of ROS /n vivo.
Hydrogen peroxide derived from ROS converts Trp into oxindole which in turn functions
as an AhR agonist, activating its downstream signaling. Ligand-bound AhR associates with
ARNT, forming an active transcriptional factor. The AhRR/ARNT complex binds to specific
cis-acting elements in the genome, transactivating expression of CYP family genes, as well
as immune checkpoint genes including IDO1, PD-1, and PD-L1. High levels of expression
of immune checkpoint genes in malignantly transformed cells lead to the suppression of T
cell cytotoxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. ROS increases the AhR activity, and enhances the expression of CYP genes.
. 2-oxindole is identified as a tryptophan catabolic product by ROS.
. ROS enhances expression of CYP1A2 in an AhR-dependent manner.
. ROS and 2-oxindole induces expression of IDO1 and PD-L1.

. ROS play a crucial role in immune suppression via perturbing AhR signaling.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2023 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kou et al.

Page 14
B
H2O)
Ko
SN
SO TP~ (mw)
- CYP1A2
. GAPDH
CYP1A1
ARR . CYP1A2 CYP1B1
* % - 6 *
2.0 * | I | S 1
.E 1 c 4 S e ﬁ
0 K=} ‘B =
5 157 g, KR 5 4
5 g 5 S |l
fé 1.0 22 S 24 %
E E E S 24
2 05 g 4 24 2
k] B B o
[7] o] [7]
% 0.0 ) % o ® o
CT 2 4 8 12 24(h) CT 2 4 8 12 24(h) s 12 24 (h) cT 4 8 12 24(h)
H,0, H,0, H,0,
D
5 937 *k *kk
CH233191 + - 4+ £ f 11
H)Op - - + + =3 089
: FS
110— W AR 53 04
e og
55— &  <«CYPIA2 L
§O O
[}
['4
36— - GAPDH 0.0-
> o N
o°°‘(° 'i"& < & s
& &
@
oY
Qs"b
Figure 1.

Oxidative stress activates AhR. (A) HaCaT cells were treated with various concentrations
of H,0, for 24 h. Equal amounts of cell lysates were blotted for CYP1A2 and GAPDH.

(B) HaCaT cells were treated with H,O, (0.2 mM) for various times as indicated. Equal
amounts of cell lysates were blotted for AhR, CYP1A2 and GAPDH. (C) HaCaT cells
were treated with H,O5 (0.2 mM) for various times as indicated. Total RNAs were isolated.
Levels of mRNAs for AhR, CYP1A1, CYP1B1, and CYP1A2 were analyzed by real-time
PCR analysis as described Materials and Methods. (D) HaCaT cells were treated with HoO5
for 24 h in the presence or absence of CH233191, an AhR antagonist. Equal amounts of cell
lysates were blotted for AhR, CYP1A2, and GAPDH. Western blot (left) is representative
of one experiment and triplicated western blot quantifications (right) were analyzed by
statistical analysis as described Methods.
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Figure 2.
Hexavalent chromium activates AhR. (A) HaCaT cells were treated with various

concentrations of Cr(VI) as indicated. Levels of cellular ROS were measured and analyzed
by flow cytometry as described Material and Methods. (B) HaCaT cells were treated with
various concentrations of Cr(VI) as indicated. Equal amounts of cell lysates were blotted

for AhR, CYP1A2 and GAPDH. (C) HaCaT cells were treated with Cr(VI) at 0.4 uM for
various times as indicated. Equal amounts of cell lysates were blotted for AhR, CYP1A2 and
GAPDH. (D) HaCaT cells were transfected with AhR-specific SiIRNAs or control sSiRNAs
for 36 h before treatment with Cr(V1) for 24 h. At the end of experiments, cells were

lysed and equal amounts of cell lysates were blotted for AhR, CYP1A2, and GAPDH. (E)
HaCaT cells were treated with Cr(V1) (0.2 uM and 0.4 uM) in the presence or absence of
CH233191 for 24 h. Equal amounts of cell lysates were blotted for AhR, CYP1A2, and
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GAPDH. Western blot (left) is representative of one experiment and triplicated western blot
quantifications (right) were analyzed by statistical analysis as described Methods.
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Oxidant H,O» induces an AhR agonist(s) in the culture medium. (A) HaCaT cells were
transfected with Nrf2-specific sSiRNAs or control siRNAs for 24 h before treatment with
H,0, for 24 h. At the end of experiments, cells were lysed, and equal amounts of cell lysates
were blotted for Nrf2, HO-1, NQO1, CYP1A2, and actin. (B) H»O, (at a final concentration
of 0. 2 mM) was supplemented to the warmed culture medium (DMEM with FBS) for 30
min in dark before it (H,O,-containing medium) was added to HaCaT cells. Cells were
incubated with H,O,-containing medium for various times before they were harvested for
lysis. Equal amounts of cell lysates were blotted for AhR, CYP1A2 and GAPDH. (C)
HaCaT cells were treated with H,O, for 1.5, 3, or 6 h before they were collected for
fractionation into the cytoplasmic or nuclear parts. Cells treated with TCDD (5nM) or
vehicle were also fractionated as control. Equal amounts of cell lysates of various treatments
were blotted for AhR, ARNT, CYP1A2. Cell lysates were also blotted for compartmental
markers including a-tubulin (cytoplasmic) and PARP-1 (nuclear). (D) HaCaT cells were
transfected with AhR siRNAs or control siRNAs for 48 h before they were cultured

in H,O,-pretreated medium for 8 h. HaCaT cells incubated in HoO»-pretreated medium
were also treated with CH233191 or vehicle for 8 h. At the end of cultures, cells were
collected and lysed. Equal amounts of cell lysates were blotted for AhR, CYP1A2 and
GAPDH. Western blot (left) is representative of one experiment and triplicated western blot
quantifications (right) were analyzed by statistical analysis as described Methods.
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Figure 4.

Oxindole induced by H,0O, activates AhR. (A) Unsupervised clustering analysis of global
metabolites in DMEM Medium (triplicates) vs. HoOo-treated DMEM medium (triplicates).
Red color denotes those compounds increased in the samples whereas Blue color denotes
the compounds that were decreased in HoOo-treated panels. (B) Mass spectrometric
guantification of oxindole in control samples (medium with FBS) and treated samples
(medium with FBS incubated with H,O, for 30 min). (C) HaCaT cells were treated with
2-oxindole at various final concentrations, or treated with vehicle, for 24 h. Equal amounts
of cell lysates were blotted for AhR, CYP1A2, and GAPDH. (D). HaCaT cells were treated
with 2-oxindole (10 uM) or vehicle for various times as indicated. Equal amounts of cell
lysates were blotted for AhR, CYP1A2, and GAPDH. (E) HaCaT cells were treated with
2-oxindole (10 uM) for 8 h in the presence or absence of CH233191. Equal amounts of cell
lysates were blotted for AhR, CYP1A2, and GAPDH. Western blot (upper) is representative
of one experiment and triplicated western blot quantifications (lower) were analyzed by
statistical analysis as described Methods (D and E).
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Figure 5.

H»0, and 2-oxindole induce expression of immune checkpoint proteins. (A) HaCaT cells
were treated with H202 (0.2 mM) for various times as indicated. Total RNAs were isolated.
Levels of mRNAs for IDO1 was analyzed by real-time PCR analysis as described Materials
and Methods. (B) HaCaT cells were treated with H,O, (0.2 mM) for various times as
indicated. Equal amounts of cell lysates were blotted for IDO1 and GAPDH. (C) HaCaT
cells were treated with FICZ, TCDD, H,0,, H,O,* (medium preincubated with H,0,), or
vehicle for 24 h in the presence or absence of CH233191. H,0, either directly added to

the cell culture or preincubated with the culture medium before adding to cells was used

at the same final concentration of 0.2 mM. Equal amounts of cell lysates were blotted for
IDO1 and GAPDH. Western blot is representative of one experiment and triplicated western
blot quantifications were analyzed by statistical analysis as described Methods (D). (E)
HaCaT cells were treated with 2-oxindole for 8 h at various concentrations as indicated.
Equal amounts of cell lysates were blotted for IDO1 and GAPDH. (F) HaCaT cells were
treated with 2-oxindole (10 uM) or vehicle for various times as indicated. Equal amounts of
cell lysates were blotted for IDO1 and GAPDH. Western blot (left) is representative of one
experiment and triplicated western blot quantifications (right) were analyzed by statistical
analysis as described Methods.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2023 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kou et al.

Page 20

A 2-Oxindole
005 5 1 5 10 (uM)

55— s o v oo v CYP1A2

e wm = " s W |DOT

40—
55—
a6 "5 e we. e B @l PD-L1
35— e e e = e @ GAPDH
kDa
B
2-Oxindole 0 5 10 0 5 10 (uM)
IFN-gamma . - - 4+ + + (I1ng/ml)
55— J'! [ B CYP1A2
pa R
40— > ¥
35— GAPDH
kDa
A549 Cells

Figure 6.
Oxindole induces expression of PD-L1. (A) A549 cells were treated with 2-oxindole of

various concentrations as indicated for 24 h after which cells were lysed. Equal amounts
of cell lysates were blotted for CYP1A2, IDO1, PD-L1, and GAPDH. (B) A549 cells were
treated with 2-oxindole (5 and 10 uM) and/or IFN-y (1 ng/ml) as indicated for 24 h. Equal
amounts of cell lysates were blotted for CYP1A2, PD-L1, and GAPDH.
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Figure 7.
A model depicting regulation of AhR and its signaling axis under oxidative stress.
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Table 1.
Primers used for real-time PCR analyses.
Gene Type | Description | Sequence
B-Actin DNA | Forward CTGGAACGGTGAAGGTGACA
DNA | Reverse AAGGGACTTCCTGTAACAATGCA
AhR DNA | Forward CAAATCCTTCCAAGCGGCATA
DNA | Reverse CGCTGAGCCTAAGAACTGAAAG
CYP1A1 | DNA | Forward AAGGGGCGTTGTGTCTTTGT
DNA | Reverse ATACACTTCCGCTTGCCCAT
CYP1B1 | DNA | Forward CTTCACCAGGTATCCTGATG
DNA | Reverse GCAGGCTCATTTGGGTTGGC
CYP1AZ2 | DNA | Forward CTTCGCTACCTGCCTAACCC
DNA | Reverse GACTGTGTCAAATCCTGCTCC
IDO1 DNA | Forward TCTCATTTCGTGATGGAGACTGC
DNA | Reverse GTGTCCCGTTCTTGCATTTGC
GAPDH | DNA | Forward GTCTCCTCTGACTTCAACAGCG
DNA | Reverse ACCACCCTGTTGCTGTAGCCAA
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