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Abstract

The cytokine interferon-c (IFNc) can induce expression of MHC
class II (MHCII) on many different cell types, leading to antigen
presentation to CD4+ T cells and immune activation. This has also
been linked to anti-tumour immunity and graft-versus-host
disease. The extent of MHCII upregulation by IFNc is cell type-
dependent and under extensive control of epigenetic regulators
and signalling pathways. Here, we identify novel genetic and
chemical factors that control this form of MHCII expression. Loss
of the oxidative stress sensor Keap1, autophagy adaptor p62/
SQSTM1, ubiquitin E3-ligase Cullin-3 and chromatin remodeller
BPTF impair IFNc-mediated MHCII expression. A similar phenotype
is observed for arsenite, an oxidative stressor. Effects of the latter
can be reversed by the inhibition of HDAC1/2, linking oxidative
stress conditions to epigenetic control of MHCII expression.
Furthermore, dimethyl fumarate, an antioxidant used for the treat-
ment of several autoimmune diseases, impairs the IFNc response
by manipulating transcriptional control of MHCII. We describe
novel pathways and drugs related to oxidative conditions in cells
impacting on IFNc-mediated MHCII expression, which provide a
molecular basis for the understanding of MHCII-associated
diseases.
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Introduction

Antigen presentation by major histocompatibility complex class II

(MHCII) molecules is critical for the initiation of an adaptive CD4+

helper T-cell response and for efficient CTL responses to infections

and cancer [1,2]. Many MHCII alleles are correlated to specific

autoimmune disorders, for example, HLA-DRB1*1501 to multiple

sclerosis [3,4], and it is anticipated that MHCII antigen presentation

sensitizes to many autoimmune diseases. Expression of MHCII is

limited to antigen-presenting immune cells such as dendritic cells

and B cells. However, under inflammatory conditions normal tissue

cells can also express and present peptides on MHCII following

release of various cytokines, predominantly interferon gamma

(IFNc) [5]. This is important in a series of pathologies, including the

onset of graft-versus-host disease (GVHD) [6,7], transplant rejection

[8,9], autoimmune diseases [10], as well as T-cell priming by

tumour cells [11,12].

Transcription of MHCII, as well as the associated invariant chain

(Ii), which aides MHCII trafficking and occupies the peptide binding

groove before antigen loading, is governed by transcriptional master

regulator CIITA [13,14]. CIITA does not bind the MHCII promoter

directly, but rather assembles a complex of transcription factors at

the MHCII promoter, which includes RFX5, CREB and NF-Y [15].

Furthermore, CIITA alters the chromatin environment by recruiting

remodelling factors such as BRG-1, histone acetyltransferases

(HATs) and deacetylates (HDACs) [16–18], as well as by its intrinsic

HAT activity [19]. CIITA itself is transcribed from different promot-

ers in different cell types, with its IFNc-induced isoform being initi-

ated by transcription factor IRF-1 [20].

Besides upregulating MHC class II antigen presentation, IFNc
induces a broad pro-inflammatory gene signature in both immune

and non-immune cells and is important for clearance of viral and

bacterial infections [21]. For these reasons, cancer cells promote

resistance to immunotherapy by altering their IFNc signalling path-

way [22,23], illustrating the importance of an intact IFNc response

for immune recognition. Sustained IFNc signalling can lead to

uncontrolled activation of the immune system, causing MHCII-

dependent transplant rejection [24] as well as autoimmunity, but its

importance in the disease pathology for different autoimmune

diseases is ambiguous [25–29]. At the molecular level, engagement

of the IFNc receptor by IFNc leads to the activation of JAK kinases,

which phosphorylate and stimulate nuclear translocation of tran-

scription factor STAT1 [30]. STAT1 subsequently induces transcrip-

tion of IRF-1 that controls the expression of many pro-inflammatory

genes including CIITA [31]. While the central pathway leading to
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transcription of IRF-1, CIITA and MHCII is conserved in most cells,

many IFNc-induced genes are expressed in a cell type-specific

manner [16,32–34], suggesting additional regulation by epigenetic

modifiers and signalling pathways to steer the response. This is

illustrated by the observation that HDAC inhibitors increase the

expression of IFNc-target genes in different tumours, thereby sensi-

tizing tumour cells to immune checkpoint inhibition [35,36]. Under-

standing the factors regulating the IFNc response and MHCII

expression could thus provide novel means of interfering with this

important signalling pathway.

Here, we identified several novel regulators of IFNc-mediated

MHCII expression, including oxidative stress sensor Keap1, auto-

phagy adaptor p62, E3-ligase Cullin-3 and chromatin remodeller

BPTF. We illustrate the role of oxidative stress on MHCII expression

with the immunotoxic agent arsenite and the autoimmune suppres-

sive drug dimethyl fumarate, providing additional mechanisms of

action for these compounds. Our experiments show that the expres-

sion MHCII is controlled by complex pathways, allowing chemical

intervention for controlling MHCII-based pathologies.

Results

Keap1 regulates IFNc-induced expression of MHCII

The highly variable induction of MHCII by IFNc in different cell

types implies that additional proteins are in charge of regulating this

process. Previously, using an RNAi screen focused on de-ubiquiti-

nating enzymes, we identified OTUD1 as a regulator of constitutive

MHCII transcription in melanoma cells (A. Sapmaz, I. Berlin, E.

Bos, R. H. Wijdeven, H. Janssen, R. Konietzny, A. E. Erson-Bensan,

R. I. Koning, B. M. Kessler, J. Neefjes & H. Ovaa, submitted). A

secondary siRNA screen for potential interactors of OTUD1 [37] in

different cell types yielded E3-ligase adaptor Keap1 as the most

prominent hit. Keap1 is a multifunctional protein that is best known

for inhibiting oxidative stress responses by facilitating Cullin-3-

dependent ubiquitination and degradation of Nrf2, a transcription

factor for antioxidant genes [38]. In addition, Keap1 regulates NF-jB
signalling [39,40], autophagy [41], DNA repair [42], drug resistance

[43] and cell migration [44], through binding to a variety of

substrates, but it has not been linked to MHCII expression. Silencing

Keap1 attenuated IFNc-induced MHCII expression in HeLa and U118

cells, but not constitutive expression in MelJuSo melanoma cells,

setting it apart from OTUD1 (Figs 1A and B, and EV1A). Similarly,

no downregulation of constitutive MHCII expression in THP-1 cells

and U937 cells was observed after Keap1 depletion (Fig EV1B).

However, IFNc-induced MHCII expression on both cells was also

not (THP-1) or only marginally (U937) affected in these cells,

suggesting that Keap1 is more important in non-hematopoietic cells

or cells not expressing MHCII constitutively.

We then deciphered in which step of the MHCII pathway Keap1

controls MHCII surface expression. To analyse defects in biosynthe-

sis and cell surface transport of MHCII, the subcellular localization

of MHCII was visualized. Cells silenced for Keap1 contained signifi-

cantly reduced total amounts of MHCII, but the intracellular distri-

bution was not affected (Fig EV1C). qPCR analyses of different

genes in HeLa cells stimulated with IFNc for 24 h indicated that

Keap1 silencing inhibited the transcription of HLA-DRa, as well as

Ii, but not CIITA (Fig 1C). To assess whether Keap1 controls the

activity of CIITA or the associated transcription factors, a luciferase

construct under control of the MHCII promoter was utilized. In

contrast to the control knockdown of STAT1, depletion of Keap1

had no effect on MHCII promoter activity (Fig 1D), indicating that

Keap1 does not control any of the factors involved in promoter acti-

vation. Furthermore, Keap1 did not affect the stability of HLA-DRa
transcripts, since inhibition of RNA polymerase II by actinomycin D

followed by culturing did not yield any differences in degradation

rates (Fig 1E). Thus, Keap1 is a novel regulator of MHCII transcrip-

tion, independently of promoter activation or mRNA stability.

HDAC1/2 inhibition negates effect of Keap1 on MHCII expression

The discrepancy between the effect of Keap1 on endogenous MHCII

transcription and the effect of Keap1 on exogenous MHCII promoter

activity suggested a role for epigenetic regulation controlled by

Keap1 to influence IFNc-induced MHCII transcription. MHCII

expression is reportedly controlled by various epigenetic markers,

including H3K27me3, DNA methylation and histone deacetylation

[18,45,46]. Treatment of cells with inhibitors of EZH2, which

prevent H3K27me3 modifications [47,48], as well as HDAC inhibi-

tors, induced MHCII expression in HeLa cells (Fig 2A), whereas

inhibition of DNA methylation by decitabine had no effect (data not

shown). Whereas the relative effect of Keap1 depletion remained

intact upon treatment with EZH2-inhibitors, all three HDAC inhibi-

tors corrected the inhibition of IFNc-induced MHCII expression

following Keap1 silencing. This suggested that Keap1 controls

MHCII expression by manipulating histone acetylation/deacetyla-

tion activity.

SAHA is a pan-HDAC inhibitor, while MGCD0103 specifically

targets HDAC1/2 and MS-275 inhibits HDAC1 and to a minor extent

HDAC2 [49], arguing that HDAC1 or HDAC2 is the primary regula-

tor of MHCII expression, which is in line with data that overexpres-

sion of HDAC1 or HDAC2 represses MHCII expression [18].

However, silencing of HDAC1 did not upregulate MHCII expression,

while knockdown of HDAC2 had only a minor effect (Fig 2B and C).

HDAC1 and HDAC2 have partly overlapping functions and can

compensate for each other [50]; therefore, we simultaneously

silenced both HDACs. This strongly increased IFNc-induced MHCII

expression and decreased the sensitivity of cells to Keap1 depletion

(Fig 2B and C). This suggests that both HDAC1 and HDAC2 are

involved in the inhibition of IFNc-induced MHCII expression in a

pathway that intermingles with Keap1. However, Keap1 does not

directly regulate the activity of HDAC1 and HDAC2, as concluded by

determining HDAC activity in cells either or not depleted of Keap1

(Fig 2D).

Keap1 interactors p62/SQSTM1, Cul3 and BPTF regulate
MHCII expression

How does Keap1 interfere with MHCII expression in non-profes-

sional antigen-presenting cells (APCs)? Keap1 mainly serves as a

substrate adaptor for Cul3 and binds many proteins via its Kelch-

domain, including Nrf2 and other substrates containing an ETGE

motif, to properly position these for Cul3-mediated ubiquitination

[51]. Two point mutants of Keap1 were generated, one that renders

Keap1 unable to bind ETGE motif-containing proteins (Y572A) [52]
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and one that eliminates ubiquitin transfer to substrate proteins

(G186R) [53]. Stable expression of wild-type RNAi resistant Keap1

allowed rescue of IFNc-induced MHCII expression upon Keap1

silencing, confirming that the effect of the siRNAs relied on Keap1

depletion. Yet, MHCII expression could not be rescued by either

point mutant of Keap1 (Fig 3A and B), indicating a role for both

substrate binding and ubiquitination in IFNc-induced MHCII expres-

sion by Keap1. This effect was independent of the canonical

substrate Nrf2, as co-depletion of Nrf2 did not restore IFNc-induced
MHCII expression to normal levels (Fig 3C).

To identify proteins that cooperate with Keap1 in the control

IFNc-induced MHCII transcription, we performed an RNAi screen

targeting all 106 described Keap1 interactors (gene search on www.

ncbi.nlm.nih.gov) and measured the effect on IFNc-induced MHCII

surface expression by flow cytometry. Using this screen, several

proteins were identified as regulating IFNc-induced MHCII expres-

sion (Fig 3D). Of the top ten hits, only the three most significant

hits—BPTF/FALZ, p62/SQSTM1 and Cullin-3—regulated MHCII at

the transcriptional level. BPTF is a chromatin remodeller that binds

histone modifications H3K4me3 and H4K16ac and unwinds local

A

C

D E

B

Figure 1. Keap1 positively regulates IFNc-mediated MHCII expression.

A HeLa cells were transfected with siCtrl or siRNAs targeting Keap1 and stained 72 h later for peptide-loaded MHCII (L243-cy5), stimulated or not with 100 ng/ml IFNc
for the indicated time. Representative histogram and quantifications are shown. Right: Keap1 silencing was determined by Western blot analysis (bottom) and qRT–
PCR (top, normalized to GAPDH).

B U118 cells were analysed for MHCII levels according to the same protocol as in (A).
C HeLa cells transfected with siCtrl or siKeap1 were either or not exposed to IFNc for 24 h, and mRNA expression of the indicated genes was analysed using qRT–PCR.
D MHCII promoter activity was analysed using a luciferase under control of the MHCII promoter (DR300) in cells transfected with the indicated siRNAs and treated with

IFNc when indicated. siSTAT1 was used as a positive control, and signals were normalized to a Renilla control plasmid.
E Cells transfected with siCtrl or siKeap1 were treated with IFNc for 24 h and lysed, or actinomycin D (2 lM) was added and cells were lysed 2, 4 or 8 h later. mRNA

expression level of HLA-DRa and IRF1 was analysed using qRT–PCR, and IRF1 was used as a control for effectivity of actinomycin D. Individual data points are
represented by dots, and the line is the average of the two experiments.

Data information: Experiments shown represent mean + SD of at least three independent experiments (except E, n = 2). Statistical significance was calculated as
compared to control cells using a Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
Source data are available online for this figure.
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chromatin for transcription [54,55], p62 is an adaptor protein

involved in autophagy, perinuclear endosome positioning and cell

signalling [56–58], and Cullin-3 (Cul3) the ubiquitin ligase that

executes the ubiquitination reaction of proteins selected by adaptors

such as Keap1 [59]. Like for Keap1, depletion of these genes also

reduced IFNc-induced MHCII expression in U118 cells (Fig 3E) and

controlled Ii but not CIITA or IRF1 expression (Fig 3F). However,

the depletion phenotype of none of these three genes could be

restored using HDAC inhibitors (Fig 3G), suggesting that the func-

tion of these genes does not fully overlap with that of Keap1.

Arsenite regulates IFNc-induced MHCII expression

Keap1 contains several cysteine residues that are modified during

oxidative stress, rendering it inactive and facilitating NRF2-depen-

dent expression of antioxidant genes. Oxidative stress could then

also impair IFNc-induced MHCII expression by inactivating Keap1.

In vivo exposure to sodium arsenite (AS(III)), an oxidative stressor

that activates NRF2, has already been reported to decrease the

expression of different MHCII alleles and is linked to an impaired

immune response [60,61]. To assess a direct role for AS(III) in

IFNc-induced MHCII expression, HeLa and U118 cells were exposed

to different concentrations of AS(III) during stimulation with IFNc.
A dose-dependent decrease in MHCII expression was observed,

indicating a role for AS(III) in the regulation of IFNc-induced
MHCII expression (Fig 4A). Arsenite indeed targeted Keap1, since

Nrf2 target NQO1 was upregulated in a dose-dependent manner

(Fig 4B). Similar to Keap1 depletion, this decrease was transcrip-

tion-dependent and confined to MHCII and Ii, but not CIITA

(Fig 4B). Furthermore, treatment with HDAC inhibitor MGCD0103

fully restored IFNc-induced MHCII expression (Fig 4A). However,

AS(III) can also target the H4K16-specific histone acetyltransferase

MYST1 [62], suggesting it could exert its effect also via MYST1. In

support of this, MYST1 knockdown reduced IFNc-induced MHCII

expression (Fig 4C). When cells were depleted for either Keap1 or

MYST1 and exposed to AS(III), a very minimal additional effect

A B

C D

Figure 2. Keap1 regulates MHCII expression through HDACs.

A HeLa cells transfected with the indicated siRNAs were treated for 48 h with IFNc and indicated EZH2 or HDAC inhibitors; expression of MHCII was analysed by flow
cytometry and normalized to MFI of control HeLa cells. Maximum non-toxic doses of the inhibitors were used: EPZ6438 (2 lM), GSK343 (10 lM), SAHA (5 lM), MS-
275 (0.1 lM) and MGCD0103 (1 lM). Right: Western blot for H4ac, to test effectivity of the HDAC inhibitors.

B Cells transfected with siCtrl (75 nM), siHDAC1 (37.5 nM siHDAC1 + 37.5 nM siCtrl), siHDAC2 (37.5 nM siHDAC2 + 37.5 nM siCtrl) or siHDAC1 + 2 (37.5 nM
siHDAC1 + 37.5 nM siHDAC2). Cells were exposed for 48 h to IFNc, and expression of MHCII was analysed by flow cytometry and MFI normalized to siCtrl. Bottom:
silencing efficiency was evaluated using Western blot.

C Cells transfected with the indicated siRNAs (37.5 nM HDAC1, 37.5 nM HDAC2 and 37.5 nM Keap1 or siCtrl) were stimulated for 48 h with IFNc, and expression of
MHCII was determined by flow cytometry. Left: representative histogram. Right: bar graph of the average of three independent experiments. Signal for siKeap1 was
normalized to the respective siCtrl.

D HeLa cells transfected with indicated siRNAs were lysed after 3 days, and HDAC activity was determined using Fluor de Lys assay reagents.

Data information: All experiments shown represent mean + SD of at least three independent experiments. Statistical significance was calculated compared to control
cells using a Student’s t-test (*P < 0.05, **P < 0.01).
Source data are available online for this figure.
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Figure 3. Keap1 interaction partners regulate MHCII expression.

A HeLa cells stably expressing GFP or RNAi resistant GFP-Keap1 with the indicated mutations were transfected with siRNAs and stimulated with IFNc for 48 h before
analysis by flow cytometry. Shown is MFI relative to siCtrl. Bottom panel: Western blot for expression of the indicated GFP-Keap1 constructs.

B HeLa cells as in (A) were stimulated for 24 h with IFNc, and mRNA levels of HLA-DRa were measured using qRT–PCR and related to siCtrl.
C MHCII expression on HeLa cells transfected with the indicated siRNAs and stimulated with IFNc for 48 h was measured using flow cytometry and related to siCtrl.

Bottom: Western blot analyses for expression of the indicated proteins.
D Screen for effect of silencing Keap1 interacting proteins on MHCII surface levels. HeLa cells transfected with 106 different siRNAs targeting Keap1-interacting proteins

were stimulated with IFNc for 48 h and analysed by flow cytometry. Right: summary of screening data for the indicated proteins.
E U118 cells were transfected with the indicated siRNAs and the next day stimulated with IFNc. 48 h later, MHCII expression was analysed by flow cytometry.
F HeLa cells transfected with the indicated siRNAs were stimulated for 24 h with IFNc and mRNA transcript levels were quantified using qRT–PCR, signal was

normalized to GAPDH and siCtrl + IFNc for each sample. Right graph: knockdown efficiency of the different siRNAs.
G HeLa cells transfected with the indicated siRNAs were stimulated for 48 h with IFNc and the indicated HDAC inhibitors, followed by MHCII expression by flow cytometry.

Data information: All experiments shown represent mean + SD of at least three independent experiments. Statistical significance was calculated compared to control
cells using a Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
Source data are available online for this figure.
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was observed (Fig 4D), substantiating the notion that AS(III) acts

through these molecules. Thus, sodium arsenite impaired IFNc-
mediated MHCII expression, probably via Keap1 and MYST1, and

this effect could be negated by HDAC inhibitors.

Antioxidants control IFNc-induced MHCII expression

Besides oxidative stress, Keap1 is also a primary target for antioxi-

dants such as tert-butylhydroquinone (tBHQ) and dimethyl fumarate

(DMF) [38,63]. Both of these drugs display immunomodulatory

activity, with their mechanism of action not fully understood

[64,65]. DMF has been approved by the FDA for the treatment of

psoriasis and multiple sclerosis (MS) [66–68], both autoimmune

diseases that have been linked to IFNc expression and activation of

CD4+ T cells [26,69,70], implying a possible role for IFNc-induced
MHCII expression in disease pathology. To test whether DMF, like

Keap1 inhibition, reduces IFNc-induced MHC class II expression, we

exposed various cell lines to IFNc in the absence or presence of

DMF. DMF reduced IFNc-induced MHCII expression in all cell lines,

whereas constitutive MHCII expression by monocyte-like THP-1

cells was unaffected (Fig 5A). Similarly, tBHQ specifically reduced

IFNc-induced MHCII expression (Fig 5A). In multiple sclerosis

(MS), as well as experimental autoimmune encephalomyelitis (EAE,

a mouse model for MS), macrophages play an important role in the

initiation of the inflammatory response [71]. To assess whether

DMF also affects MHCII expression by these cells, monocyte-derived

macrophages (MDMs), as well as MDMs that were cultured in the

presence of myelin to generate foamy macrophages, which are

present in brain lesions of MS patients [72], were treated with dif-

ferent doses of DMF. In both types of macrophages, DMF caused a

dose-dependent decrease in IFNc-induced MHCII expression but not

constitutive MHCII expression (Fig 5B and C). Constitutive MHCII

expression by B cells was also not affected by these drugs (Fig 5D).

mRNA analysis of macrophages and HeLa cells revealed that the

effect was transcriptional, since levels of HLA-DRa and Ii transcripts

were reduced (Fig 5E). No significant decrease was observed for

IRF1, whereas the response of CIITA was highly variable between

donors and in HeLa cells only observed for the highest concentra-

tion of DMF. As reported for keratinocytes and peripheral blood

mononuclear cells (PBMCs) [73], DMF also reduced the expression

of the IFNc-inducible pro-inflammatory chemokines CXCL9 and

CXCL10 in macrophages, suggesting a broad reduction in the IFNc
signature following DMF treatment (Fig 5E). We then tested

whether DMF would control MHCII expression in a Keap1-HDAC-

dependent manner. Inhibition of MHCII expression by DMF could

not be relieved by HDAC inhibitors (Fig 5F). Thus, DMF is a broad

A

B

C

D

Figure 4. Arsenite controls IFNc and histone acetylation-dependent MHCII expression.

A HeLa and U118 cells were stimulated with IFNc for 48 h in combination with the indicated concentration of NaAs2O3 in the presence or absence of 1 lM MGCD0103
and analysed for MHCII expression by flow cytometry. MGCD0103-treated samples were normalized to corresponding measured in the absence of NaAs2O3.

B HeLa cells either or not exposed to NaAs2O3 were stimulated for 24 h with IFNc, and mRNA levels were measured by qRT–PCR. Data normalized within each sample
to condition lacking NaAs2O3.

C MHCII levels on HeLa cells transfected with the indicated siRNAs and stimulated with IFNc for 48 h were determined by flow cytometry. Data were normalized to
siCtrl condition.

D HeLa cells transfected with the indicated siRNAs and stimulated with IFNc for 48 h in the presence or absence of 5 lM NaAs2O3 were analysed for MHCII expression
by flow cytometry. Data were normalized to untreated siCtrl condition.

Data information: All experiments shown represent mean + SD of at least three independent experiments. Statistical significance was calculated compared to control
cells using a Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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F

Figure 5. Dimethyl fumarate inhibits IFNc-induced MHCII and chemokine expression.

A THP-1, HeLa and U118 cells either or not exposed to IFNc for 48 h were cultured in the presence of DMF (left) or tBHQ (right) at indicated concentrations before
analyses of MHCII expression by flow cytometry. Since THP1 express constitutive MHCII, MHCII expression is normalized by subtracting MFI of non-IFNc exposed
THP1. Data normalized to MFI measured in the absence of drugs. Shown is mean + SD, n = 3.

B Monocyte-derived macrophages were treated with the indicated concentration of DMF and either or not stimulated with IFNc for 48 h. MHCII expression was determined
by flow cytometry. Shown is mean + SD of four independent experiments. For IFNc-treated samples, MFI of control unstimulated macrophages was subtracted.

C Foamy macrophages were treated with the indicated concentrations of DMF and either or not activated with IFNc for 24 h when indicated before MHCII expression
was determined by flow cytometry. Shown is mean + SD, n = 3.

D Primary human B cells were cultured for 24 h in different concentrations of DMF as indicated, and surface MHCII expression was analysed by flow cytometry. Shown
is mean + SD, n = 4.

E Macrophages (left) or HeLa cells (right) were cultured for 24 h in the presence of IFNc and DMF when indicated before mRNA expression analysis of the indicated
proteins using qRT–PCR. Shown is mean + SD of experiments repeated eightfold (macrophages) or threefold (HeLa).

F HeLa cells were cultured for 48 h with IFNc in the presence or absence of the indicated inhibitors, and expression of MHCII was determined by flow cytometry.
Concentrations: SAHA (5 lM), MGCD0103 (1 lM). Shown is mean MHCII expression + SD of triplicate experiments.

Data information: Statistical significance was calculated compared to control cells using a Student’s t-test (#P = 0.069, *P < 0.05, **P < 0.01, ***P < 0.001).
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regulator of IFNc-induced MHCII and chemokine expression, via a

mechanism independent of HDACs.

Discussion

Cytokine-stimulated non-hematopoietic cells have often been

discarded as functional contributors to MHCII-dependent immune

activation, due to their lack of co-stimulatory receptors. Yet, tumour

recognition, transplantation rejection, graft-versus-host disease and

specific autoimmune diseases have been shown to rely at least in

part on MHCII expression by non-professional APCs. The details of

this MHCII control are unresolved but would provide interesting

leads for drug development or explain the activity of already exist-

ing drugs. Here, we identified several genetic factors and

compounds that interfere with IFNc-induced MHCII expression

(Fig 6). One of these, DMF, is an antioxidant used in the treatment

of psoriasis and MS and acts as a broad inhibitor of the IFNc
response, offering an additional mechanism of action for this

immunomodulatory drug.

Dimethyl fumarate (DMF) has recently been FDA approved for

the treatment of relapsing-remitting MS, but its exact mechanism of

action is still under debate [74,75]. Several immunomodulatory

actions have been ascribed to this drug, including skewing dendritic

cell differentiation to a protective type II subset [76,77], inhibition

of dendritic cell and monocyte maturation [65,78], inhibition of T-

cell activation [79], skewing T cells to a Th2 subtype [80,81] and

inhibition of leucocyte infiltration and migration [82]. Our data

show that DMF also acts as an inhibitor of IFNc-induced chemokine

and MHCII expression. DMF also inhibited IFNc-induced expression

of the chemokines CXCL9 and CXCL10 in macrophages and tumour

cells, as also demonstrated for keratinocytes and PBMCs [73]. Inter-

estingly, in MS patients, DMF treatment most strongly decreased

the number of CXCR3+ helper T cells. CXCR3 is a receptor for

CXCL9 and CXCL10 [83]. The inhibitory effect of DMF extends to

IFNc-induced expression of MHCII, suggesting that DMF dampens

both antigen presentation and immune cell recruitment to

inflammatory sites. Since DMF did not affect constitutive expression

of MHCII on macrophages and B cells, it probably acts as a context-

specific inhibitor of MHCII expression. The sensitivity of different

cell types to DMF varied, with non-hematopoietic cell types signifi-

cantly reducing MHCII expression at concentrations around 10 lM,

while macrophages required at least 50 lM DMF for a similar

response, although the latter is still below the clinical dose of 70 lM
[84]. This could be the result of the higher expression of antioxidant

genes in macrophages, which quench DMF activity [85]. Recent data

in a mouse model for MS suggest that the immunomodulatory and

protective activity of DMF does not involve NRF2 [65]. This obser-

vation is in line with our data that suggest that the effect of DMF on

the IFNc-axis is independent of the Keap1-NRF2 antioxidant

response pathway. Besides targeting Keap1, DMF is known to

inhibit many proteins and signalling pathways [78,79,86]. It is

therefore not surprising that we failed to link any of the common

signalling pathways (NF-jB, MAPK, AKT, ERK1) to the effect

observed for DMF on MHCII expression. Thus, DMF controls the

IFNc response and its immunomodulatory action could result from

interfering with multiple pathways.

Besides antioxidants, other drugs and pathways are also opera-

tional in controlling IFNc-induced MHCII expression. This includes

the oxidative stressor arsenite. Arsenic contamination of drinking

water is a persistent problem in many countries and induces

immunotoxicity [87]. Our data suggest that attenuated IFNc-induced

Figure 6. The complex transcriptional regulation of IFNc-induced regulation of MHCII expression.

Transcription of MHCII genes is controlled by master regulator CIITA. This study adds various factors and compounds involved in oxidative stress conditions including

Keap1, Cul3, p62 and BPTF, as depicted in green. Regulation by Keap1 could involve HDAC1 and HDAC2. Arsenite controls IFNc-induced MHCII expression by inhibiting

MYST1, as well as Keap1, while the antioxidant and immunosuppressive compound dimethyl fumarate (DMF) inhibits IFNc-induced expression of MHCII via a different

mechanism.
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expression of MHCII could contribute to these effects. Arsenite

impaired MHCII expression was restored by inhibition of HDAC1/2,

arguing that arsenite alters epigenetic regulation of MHCII expres-

sion in the context of high cellular HDAC activity. Molecularly,

arsenite targets both Keap1 [88,89] and MYST1, an H4K16 histone

acetyltransferase [62,90,91]. IFNc-induced MHCII expression was

impaired after depletion of either Keap1 or MYST1, suggesting that

arsenite control of MHCII expression involves both of these

proteins. The effects of oxidative stress induced by arsenite on

MHCII expression raise the possibility that other forms of oxidative

stress, such as ionizing irradiation, could also control MHCII expres-

sion. Indeed, oxidative stress can inhibit T-cell responses in the

tumour microenvironment [92], and ionizing irradiation modulates

MHCII expression [93]. However, since many cellular pathways are

initiated by this form of stress, including mTOR activation and the

production of detoxifying enzymes, it remains to be established

whether oxidative stress per se attenuates MHCII expression and the

concurrent relevance for anti-tumour immunity in vivo.

We also identified various factors controlling IFNc-induced MHCII

transcription: Keap1 and its interactors p62/SQSTM1, BPTF and

Cullin-3. Keap1 did not affect MHCII promoter activity or mRNA

stability, leaving (epi-)genetic control of MHCII expression. Indeed,

chemical or genetic removal of HDAC1/2 activity from cells neutral-

ized the necessity for Keap1 to properly induce MHCII expression.

Surprisingly, this revival was not observed for any of its interaction

partners. This could be because these genes act independently of each

other in this process. However, Keap1 mutants failing to bind Cul3 or

substrates could not rescue the effect of Keap1 depletion, suggesting

that it requires both Cul3 and a substrate for full activity. Cul3 part-

ners with many substrate adaptors to control ubiquitination and

potentially regulates MHCII expression via several different path-

ways, explaining why its effect is not dependent on HDAC activity. In

line with this, the reduction in MHCII mRNA levels with Cul3 deple-

tion is stronger than that of Keap1 depletion (90% versus 65%).

Thus, Keap1 and Cul3 could act together in regulation of MHCII

expression, with Cul3 having additional functions independently of

Keap1. The HDAC dependence of Keap1 depletion suggests that

Keap1 participates in (de-)acetylation processes. Since the total cellu-

lar HDAC activity is not affected by Keap1 depletion, Keap1 could

affect targeting of HDACs to a specific protein or genomic region, or

regulate activity of acetyltransferases. Of note, our studies were

performed on cell lines, but since the four genes identified in this

study are widely expressed [94], it is likely that they also regulate

IFNc-induced MHCII expression in non-transformed cells and tissues.

Interestingly, our study supports a role for two epigenetic regula-

tors that revolve around H4K16ac: H4K16 acetyltransferase MYST1

and BPTF, a chromatin remodeller that specifically binds H4K16ac

(in combination with H3K4me3) to support chromatin accessibility

at enhancer and transcription start site regions [54,95]. These two

factors could act in tandem where BPTF could function at the MHCII

promoter or enhancer region to open its chromatin by binding

H4K16ac.

Collectively, our data identify several novel regulators of IFNc-
induced MHCII expression, as occurs in inflamed tissue. Four

genetic factors, Keap1, p62/SQSTM1, Cullin-3 and BPTF, mediate

IFNc-mediated MHCII expression. Arsenite, an immunosuppressive

compound that induces oxidative stress, also controls IFNc-
mediated MHCII expression. The effects of Keap1 depletion and

arsenite on MHCII expression could be overcome by HDAC inhibi-

tors, implying epigenetic regulation by these factors. Finally, we

demonstrate that the drug DMF impairs IFNc-induced MHCII and

chemokine expression, providing an additional mechanism of action

for a drug that is used in the treatment of several MHCII-linked

autoimmune diseases.

Materials and Methods

Cell culture, treatments and constructs

HeLa, U118, FM3 and FM78 cells were cultured in DMDM supple-

mented with 10% FCS, MelJuSo cells were cultured in IMDM with

10% FCS and THP-1 and U937 in RPMI with 10% FCS. Cells were

stimulated with 100 ng/ml IFNc (eBioscience) for the indicated

times. For generation of stable cell lines, Keap1 was cloned into a

GFP-C1 vector and mutagenized to avoid targeting by Keap1

siRNA#1 using the primers: fw 50-ggggctttgacgggacaaatcgtctaaactca
gctgagtgttac-30, rv 50-gggtagtaacactcagctgagtttagacgatttgtcccgtcaa
agc-30. Subsequent mutagenesis was performed using the following

primers: Y572A fw: 50-ctacgtccttggaggcgctgatggtcacacgttc-30, Y572A
rv: 50-actgtccaggaacgtgtgaccatcagcgcctccaaggacg-30 G186R fw: 50-ccc
agcaatgccatccgcatcgccaacttcg-30, G186R rv: 50-gctcagcgaagttggcgat
gcggatggcattg-30. GFP and GFP-Keap1 mutants were recloned into a

retroviral pMX vector and upon retroviral transduction cells selected

using puromycin (4 lg/ml, Gibco). Keap1 stable knockdown cells

were generated by transduction with lentiviral vectors containing an

shRNA sequence targeting Keap1. Keap1 sh1 targeted the 50-GCG
AATGATCACAGCAATGAA-30 sequence of Keap1 and Keap1 sh2 the

50-CGGGAGTACATCTACATGCAT-30 sequence while cultured in the

presence of puromycin (2.5 lg/ml).

Macrophage and B-cell cultures

Peripheral blood mononuclear cells were separated from buffy coats

(Sanquin, Amsterdam) by density gradient centrifugation using

Ficoll-Paque Plus (GE Healthcare). Monocytes and B cells were

isolated by positive selection using CD14 and CD19 microbeads,

respectively, and the autoMacs Pro Separator (Miltenyi Biotec). Cell

purities were validated by FACS using anti-CD3, CD19, CD45, CD14

and CD56 mAbs. For differentiation into macrophages, monocytes

were cultured for at least 5 days in Teflon conical flasks (Nalgene;

2*10E6/ml) in RPMI 1640 without HEPES (Lonza) supplemented

with 5% human AB serum (Sanquin) and 1% penicillin/strepto-

mycin (Lonza). To obtain foamy macrophages, myelin was isolated

from human white matter tissue (Netherlands Brain Bank, Amster-

dam), sonicated and added to these macrophage cultures (50 lg/
ml) for 48 h. Cells (8*10E5/ml) were stimulated with DMF at dif-

ferent concentrations in the absence or presence of IFNc (0.1 mg/

ml; eBioscience) for 24 h.

Transfections

For expression studies, HeLa cells were transfected using Effectene

(Qiagen) according to the manufacturer’s instructions. For siRNA

silencing, cells were reverse-transfected according to the manufac-

turer’s protocol with DharmaFECT transfection reagent #1 and
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50 nM total siRNA. Briefly, siRNAs and DharmaFECT were mixed

and incubated for 20 min in a culture well, after which cells were

added and left to adhere. Three days later, cells were harvested for

analysis. Catalog numbers: siCtrl: D00120613-20, siSTAT1 D-003543,

siHDAC1 D-003493, siHDAC2 D-003495, siBPTF M-004025-01-0005,

sip62 D-010230 of the Human siGenome SMARTpool, Dharmacon.

siRNA sequences targeting Keap1: #1 GGACAAACCGCCUUAAUUC

and #2 GGGCGUGGCUGUCCUCAAU, siRNA sequence targeting p62

for validation: #4 GAAGUGGACCCGUCUACAG, all from Dharmacon.

Reagents and antibodies

Rabbit aHDAC1 NB100-56340 (Novus Biologicals), rabbit aHDAC2
SC-7899, mouse ap62 SC-28359 (both from Santa Cruz), rabbit

aH3ac 06599 (Millipore), rabbit aH4ac ab177790, rabbit aH3
ab1791 (both from Abcam), mouse aKeap1 60027-1-IG (Protein-

tech), mouse aActin A5441 (Sigma), rabbit aGFP (as described

before [96]). SAHA, sodium (meta)arsenite, dimethyl fumarate and

GSK343 were acquired from Sigma, and EPZ6438, MS-275 and

MGCD0103 were acquired from Selleckchem.

Flow cytometry

Three days after siRNA transfection, HeLa and U118 cells were tryp-

sinized and stained with Cy5-labelled L243 antibody [97], before

analysis using flow cytometry (BD FACSArray or BD FACS Calibur

for GFP co-detection). For macrophages and B cells, cells were first

detached from the culture plates using PBS (Westburg) supple-

mented with 0.03% EDTA (Sigma-Aldrich) and blocked using FACS

buffer (PBS/0.2%BSA/0.01% sodium azide) containing 10% AB

serum (Sanquin) at 4°C. Surface staining was performed using

mAbs against HLA-DR APC-H7 (L243; BD Biosciences). Anti-CD68

APC mAb (BioLegend) was used to confirm macrophage differentia-

tion. Stained cells were measured using an LSRII flow cytometer

and analysed by FACSDiva software (both BD).

Microscopy

Cells were seeded on coverslips with siRNA transfection reagents.

After 2 days, cells were stimulated with IFNc and the next day fixed

in 3.7% formaldehyde for 10 min and permeabilized with 0.1%

Triton X-100 before blocking and staining with the antibodies indi-

cated above in combination with 40,6-diamidino-2-phenylindole

(DAPI, Invitrogen) to stain DNA. Images were acquired using a Leica

TCS SP8 confocal microscope (Leica Microsystems, Wetzlar,

Germany) at 63× magnification. Quantification was performed using

ImageJ, and images were processed using Adobe Photoshop and

Illustrator.

Co-immunoprecipitation and Western blotting

For protein expression analysis, cells were directly lysed in SDS–

PAGE loading buffer and proteins were separated by SDS–PAGE and

transferred to nitrocellulose or PVDF filters by Western blotting.

Antibody incubations and blocking were done in PBS supplemented

with 0.1 (v/v)% Tween and 5% (w/v) milk powder. Blots were

imaged using the Odyssey Imaging System (LI-COR) or Chemidoc

(Bio-Rad).

RNA isolation, cDNA synthesis and qPCR

RNA isolation, cDNA synthesis and quantitative RT–PCR were

performed according to the manufacturer’s (Roche) instructions. For

macrophages, total RNA was extracted using the GenElute RNA

Purification kit (Sigma-Aldrich). Signal was normalized to GAPDH

and calculated using the Pfaffl formula. Primers used for detection

were as follows: GAPDH fw: 50-TGTTGCCATCAATGACCCCTT-30,
GAPDH rv: 50-CTCCACGACGTACTCAGCG-30, HLA-DRa fw: 50-CAT
GGGCTATCAAAGAAGAAC-30, HLA-DRa rv: 50-CTTGAGCCTCAAA
GCTGGC-30, Ii fw: 50-CACCTGCTCCAGAATGCTG-30, Ii rv: 50-CAGT
TCCAGTGACTCTTTCG-30, IRF1 fw: 50-GCACCAGTGATCTGTACA
AC-30, IRF1 rv: 50-GCTCCTCCTTACAGCTAAAG-30, CIITA fw: 50-CCT
GCTGTTCGGGACCTAAA-3, CIITA rv: 50-GGATCCGCACCAGTT
TGG-30, Keap1 fw: 50-CTGGAGGATCATACCAAGCAGG-30, Keap1 rv:

50-GAACATGGCCTTGAAGACAGG-30, NQO1 fw: 50-GGGCAAGTCCA
TCCCAACTG-30, NQO1 rv: 50-GCAAGTCAGGGAAGCCTGGA-30,
CXCL9 fw: 50- GTGGTGTTCTTTTCCTCTTG-30, CXCL9 rv: 50-GTAGG
TGGATAGTCCCTTGG-30, CXCL10 fw: 50- TGATTTGCTGCCTTATCT
TTCTGA-30, CXCL10 rv: 50- CAGCCTCTGTGTGGTCCATCCTTG-30.

Luciferase assays

HeLa cells reverse transfected with the indicated siRNAs were

transfected the next day with a luciferase construct under the

control of the MHCII locus (pGL3-DRA) [98], as well as a SV40-

Renilla pGL3 reporter construct [99]. Twenty-four hours later,

cells were stimulated with IFNc for 24 h when indicated and

lysed and analysed the day after using the dual-luciferase reporter

assay (Promega). Data were normalized to Renilla luciferase

signal.

HDAC activity assay

Three days after transfection, HDAC activity in HeLa cells was anal-

ysed using the Fluor de Lys assay (Enzo Life Sciences), according to

the manufacturer’s instructions. Read-out was performed on the

BMG Labtech Clariostar.

Statistical analysis and experimental set-up

All experiments shown in the paper were performed independently at

least three times. Statistical significance was calculated using a two-

sided paired Student’s t-test for all the normalized data, for the non-

normalized signals an unpaired two-sided t-test was done. All error

bars represent the standard deviation (SD). Statistical values are as

following: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Expanded View for this article is available online.
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