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Figure 1. Identification of melanocyte specific marker CLEC12B in human skin
Microarray data comparing lesional skin (LS) from vitiligo subjects to healthy skin (HV) (a) or to non-lesional skin
(NLS) from vitiligo subjects (b). N = 10 patients. Volcano plots (Left panel) showing the distribution of differentially
expressed mRNA between samples. Differentially expressed mRNA were selected using an adjusted P-value
(FDR) < 0.05. Down-regulated mRNA (Log2(Fold Change) < -1) are shown in green and up-regulated mRNA
(Log2(Fold Change) > 1) are shown in red. Heatmaps (center panels) depicting relative mRNA expression (Z-
score) changes for the top 20 most differentially expressed genes. Boxplots (right panels) comparing the mRNA
expression levels of genes differentially expressed between samples. P-values were calculated by the Wilcoxon
rank sum test. (c) Immunofluorescence staining performed on human skin samples demonstrated co expression
between CLEC12B (green) with a melanocyte-specific transcription factor (red, MITF) Scale bars = 25μm. (d)
CLEC12B mRNA relative quantity was examined by qPCR in the 3 main cell types of human skin (fibroblasts,
keratinocytes and melanocytes). n = 4 skin samples from individual donors, Nonparametric Kruskal-Wallis test with
Dunn’s multiple comparisons test, qPCR results are normalized to house-keeping gene SB34 and expressed as a
fold-change in mRNA expression relative to the fibroblasts samples. Results were represented using ImageJ
analysis tools and shown as box and whisker plots with bars representing 5 to 95% confidence interval. (e)
CLEC12B mRNA relative expression level was examined by qPCR in light and dark pigmented donors. n = 5
donors per condition. qPCR results were normalized to house-keeping gene SB34 and expressed as a fold change
in mRNA expression relative to the light pigmented donor samples. Non parametric Mann-Whitney test was used,
differences were considered significant when P<0.05. (f) IHC of CLEC12B was performed on human skin samples
of light pigmented skin (phototype I/II = subjects 1 ,2, 3) and dark pigmented skin (phototype V/VI = subjects 4, 5,
6). Melanin was visualized as brown and CLEC12B as red stain. Inset represent enlarged images of a positive
staining zone. Scale bars = 25μm.
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Figure 2. CLEC12B modulates melanogenesis in normal human melanocytes.
Lentiviral infection was used to silence (Sh-CLEC12B) or overexpress CLEC12B (Ov-
CLEC12B) in phototype III/IV melanocytes. (a) CLEC12B mRNA relative quantity was
examined by qPCR. qPCR results were normalized to house-keeping gene SB34 and
expressed as a fold change relative to control. The variation of pigmentation observed in cells
pellets (b) and in live cells (c) was semi-quantitated using a melanin assay (d). Melanin
production was calculated by normalizing the melanin values with protein content. Results
were expressed as a Log2(fold change) of melanin content relative to the control and shown
as individual columns per donor (sh-CLEC12B : n=7 donors , Ov-CLEC12B : n = 6 donors,
Nonparametric Wilcoxon test). (e) Tyrosinase activity was assessed by a tyramide-based
tyrosinase assay (Scale bars = 20μm) and fluorescence intensity was quantitated (f) using
ImageJ analysis tools with bars representing 5 to 95% confidence intervals (n=15 sh-Control,
n=38 sh-CLEC12B#3, Differences between groups were tested using nonparametric Mann-
Whitney test and were considered significant when P<0.05.
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Figure 3. CLEC12B modulates pigmentation in reconstructed human skin.
Reconstructed skins were composed of keratinocytes cultured in presence of phototype III/IV
melanocytes transduced with lentivirus to silence (Sh-CLEC12B) or to overexpress
CLEC12B (Ov-CLEC12B). The variation of pigmentation was observed in (a) skin constructs
and (b) by transmitted light microscopy. Melanin pigments were visualized with Fontana-
Masson and Eosin stain (c) and quantitated using image J software (d) Scale bars = 50 μm,
n=30 quantitated images per condition) Kruskal-Wallis test with Dunn’s multiple comparisons
test was used and results are shown as box and whisker plots with bars representing 5 to
95% confidence interval. (e) Melanin production was assessed using a melanin assay.
Melanin values was normalized with protein content. (N = 4 reconstructed skin per condition)
Results are expressed as a Log2(fold change) of melanin content relative to the control and
shown as individual column representing each quantitated reconstruct skin). Differences
between groups were tested using nonparametric Friedman test with Dunn’s multiple
comparisons test and considered significant when P<0.05.
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Figure 4. CLEC12B regulates melanogenesis pathway by recruiting SHP1 and 2.
(a) CREB, MITF, TYR and DCT protein expression levels were analysed by western blot in
Sh-control, Sh-CLEC12B, Ov-control and Ov-CLEC12B melanocytes. (b) Treatment with 1
μM of a proteasomal degradation inhibitor (Mg132) for 4h abolished the decrease
of CREB protein levels in Ov-CLEC12B. Beta-actin was used as a loading control. (c)
Lentiviral infection was used to overexpress wt CLEC12B (Ov-CLEC12B) or an ITIM mutant
of CLEC12B (Ov-CLEC12B ITIM mutant) in phototype III/IV melanocytes. Lysates were
immunoprecipitated using control IgG or anti-CLEC12B antibodies and samples were
analysed by Western blotting for co-immunoprecipitated SHP-1 and SHP-2 and total
immunoprecipitated CLEC12B. (d) Western blot analysis in Ov-control, Ov-CLEC12B and
Ov-CLEC12B ITIM mutant transduced melanocytes. Beta-actin was used as a loading
control.
The variation of pigmentation observed in cell pellets (e) was semi-quantitated using a
melanin assay (f) (n= 6 donors per condition, Nonparametric Wilcoxon test). Melanin
production was calculated by normalizing the melanin values with protein content. Results
were expressed as Log2(fold change) of melanin content relative to the control and shown as
individual columns representing each donor.
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DAPI CLEC12B GFP fusion CLEC12B antibody Merge

Figure S1. Cytoplasmic and membrane subcellular localization of CLEC12B in

melanocytes

(a) Immunofluorescence staining of CLEC12B performed on fixed melanocytes shows

cytoplasm subcellular localization. Alexafluor 594 phalloidin staining of actin cytoskeleton

was used to visualize cell morphology, Alexafluor 488 secondary antibody was used to reveal

CLEC12B staining. Nuclei were stained with DAPI (b) Immunofluorescence staining was

performed with CLEC12B antibody on CLEC12B GFP fusion protein transduced

melanocytes. Alexafluor 594 secondary antibody was used to reveal CLEC12B staining and

DAPI for nucleus staining. (c) Lentiviral infection was used to overexpress CLEC12B GFP

fusion protein. Scale bars = 20 μm.
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Figure S2. Glycosylated form of CLEC12B is detected at 40kDa in CLEC12B

overexpressed melanocytes.

(a) CLEC12B mRNA relative quantity was examined by qPCR in melanocytes transduced

with Sh-Control, Sh-CLEC12B sequence #1, #2 or #3. qPCR results were normalized to

house-keeping gene SB34 and expressed as fold change relative to Sh-Control. (b) Western

Blot analysis of CLEC12B protein expression level in normal human melanocytes transduced

with Sh-control and sh-CLEC12B sequence #1 and #3. HSP90 was used as a loading

control. (c) Mass spectrometry analysis of proteins contained into gel slices were treated by

DTT/IAA and digested by trypsin. Peptides extracted were analyzed by nanoLC-MS/MS.

Data reprocessing was done using Protein Discoverer 2.2 against the human reviewed

database (Human_reviewed_180910). (d) Glycosylation pattern of CLEC12B in normal

human melanocytes transduced with Ov-control or Ov-CLEC12B and treated with 200nM and

400nM for 4h before protein extraction and western blotting. HSP90 was used as a loading

control.
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Figure S3. CLEC12B modulates MITF and pigmentation in reconstructed human skin

(a) The variation of pigmentation observed in each skin constructs was quantitated using ImageJ

software and shown as scatter plot with bars representing mean with SD. (Sh-control and Sh-

CLEC12B : N = 6 , Ov-control and Ov-CLEC12B : N = 8). Differences between groups were tested

using nonparametric Mann-Whitney test and considered significant when P<0.05. (b) Western blot

analysis of proteins extracted from reconstructed epidermis.
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Figure S4. CLEC12B does not affect CREB transcriptional regulation

Relative expression of CLEC12B and CREB mRNA was determined by qPCR in Ov-control

and Ov-CLEC12B overexpressed melanocytes. qPCR results were normalized to house-

keeping gene SB34 and expressed as fold change relative to control.
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Melanocytes Sense Blue Light and Regulate
Pigmentation through Opsin-3
Claire Regazzetti1, Laura Sormani1, Delphine Debayle2, Françoise Bernerd3, Meri K. Tulic1,
Gian Marco De Donatis1, Bérengère Chignon-Sicard4, Stéphane Rocchi5 and Thierry Passeron1,6

The shorter wavelengths of the visible light spectrum have been recently reported to induce a long-lasting
hyperpigmentation but only in melano-competent individuals. Here, we provide evidence showing that
OPN3 is the key sensor in melanocytes responsible for hyperpigmentation induced by the shorter wavelengths
of visible light. The melanogenesis induced through OPN3 is calcium dependent and further activates CAMKII
followed by CREB, extracellular signal-regulated kinase, and p38, leading to the phosphorylation of MITF and
ultimately to the increase of the melanogenesis enzymes: tyrosinase and dopachrome tautomerase. Further-
more, blue light induces the formation of a protein complex that we showed to be formed by tyrosinase and
dopachrome tautomerase. This multimeric tyrosinase/tyrosinase-related protein complex is mainly formed in
dark-skinned melanocytes and induces a sustained tyrosinase activity, thus explaining the long-lasting hy-
perpigmentation that is observed only in skin type III and higher after blue light irradiation. OPN3 thus
functions as the sensor for visible light pigmentation. OPN3 and the multimeric tyrosinase/tyrosinase-related
protein complex induced after its activation appear as new potential targets for regulating melanogenesis but
also to protect dark skins against blue light in physiological conditions and in pigmentary disorders.

Journal of Investigative Dermatology (2018) 138, 171e178; doi:10.1016/j.jid.2017.07.833

INTRODUCTION
Human skin pigmentation is a complex and tightly regulated
process. Solar irradiation is known to be the main factor for
stimulating the pigmentation of the skin. Although UVA and
UVB have both been shown to induce melanogenesis, UVB-
induced pigmentation is by far the best studied process. Most
of the effects of UVB on melanogenesis are mediated by the
keratinocytes through the secretion of several cytokines and
hormones that stimulate not only the melanogenesis but also
dendritogenesis, melanosome transfer, and melanocyte pro-
liferation (Passeron, 2016). The main mechanism is mediated
by UVB-induced DNA damage that activates the p53 protein.
Then, p53 binds the POMC promoter and induces the pro-
duction of aMSH, which is the main pro-pigmenting hor-
mone (Cui et al., 2007).

Although most of the known effects of solar exposure on
the skin are linked to UVR, UVR accounts for only 2e5% of
the solar spectrum. Visible light represents almost half of the
solar spectrum, and its effects on the skin are still largely

unknown. Visible light has been shown to activate metal-
loproteinases and to decrease collagen production by
inducing oxidative stress (Liebel et al., 2012). An intra-
individual study performed on the backs of healthy volun-
teers also showed that visible light is able to induce a more
potent and more long-lasting pigmentation compared with
UVA1 (Mahmoud et al., 2010). Only dark skin-type subjects
respond to visible light irradiation, whereas subjects with skin
types I and II do not present any induced hyperpigmentation.
Using LEDs, we further showed in the backs of healthy vol-
unteers that the shorter wavelengths of visible light (i.e., blue-
violet light at w415 nm) induced hyperpigmentation,
whereas red light (630 nm) showed no effect on pigmentation
(Duteil et al., 2014). The impact of the shorter wavelengths of
visible light extends beyond the induced hyperpigmentation
on dark skinned individuals and contributes to the relapses of
pigmentary disorders such as melasma. Thus, sunscreens
protecting against these shorter wavelengths of visible light in
addition to UVA and UVB showed better effectiveness for
protecting against melasma relapses compared with a sun-
screen having the same UVA and UVB protection but devoid
of a shield against visible light (Boukari et al., 2015). This led
to the development of new types of sunscreens for this
medical indication. However, up to now, the mechanisms
involved in visible light-induced pigmentation are
completely unknown, and the absence of p53 activation after
blue light irradiation suggests different factors from those
known in the response to UVB (Duteil et al., 2014).

Here we dissected the mechanisms involved in visible
light-induced pigmentation, and we showed a direct effect of
the shorter wavelengths of visible light on melanocytes by the
activation of a dedicated sensor called OPN3. The melano-
genesis induced through OPN3 is calcium dependent and
further activates the protein kinase CAMKII and then CREB,
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team 12, Nice, France; 2IPMC, Institut de Pharmacologie Moléculaire et
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Abbreviations: DCT, dopachrome tautomerase; ERK, extracellular signal-
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extracellular signal-regulated kinase (ERK), and p38, leading
to the phosphorylation of MITF and, ultimately, to the in-
crease of the melanogenesis enzymes tyrosinase and dop-
achrome tautomerase (DCT). Furthermore, blue light induces
the formation of a protein complex that we showed to be
formed by tyrosinase and DCT. This complex is mainly
induced in dark skin melanocytes and leads to sustained
tyrosinase activity, thus explaining the long-lasting hyper-
pigmentation that is observed only in skin type III and higher
after blue light irradiation.

RESULTS
Blue light stimulates melanogenesis by acting directly on
melanocytes

Blue light, and more precisely a stimulation with 415-nm
light, induces hyperpigmentation of the skin. The pathway
involved seems to be different from pigmentation induced
by UVR. To determine the mechanism implicated, we
studied the consequence of blue light stimulation on
melanocytes. We irradiated normal human melanocytes
(NHMs) with 415-nm light, and we studied the
melanogenesis pathway. First, we observed immediately
after irradiation an increase of the upper band on the blot in
MITF, the master gene of pigmentation (Figure 1a). It was
previously shown that this band corresponds to the phos-
phorylated form of MITF (Hemesath et al., 1998). To check
if blue light induces the phosphorylation and the trans-
location of MITF (and by consequence the activation) to the
nucleus, we extracted the cytoplasmic and nuclear fraction
of melanocytes; lamin-b1 was used as nuclear control and
glyceraldehyde-3-phosphate dehydrogenase as cytoplasmic
control. MITF was mostly found in the nucleus and a slight
fraction in the cytoplasm, but phosphoMITF was localized
exclusively in nuclear extract and was increased upon blue
light exposure (see Supplementary Figure S1a online). We
confirmed the translocation of MITF after blue light stimu-
lation by immunofluorescence (see Supplementary
Figure S1b). In a dose-response experiment, we noted a
slight response at 20J/cm2, but the phosphorylation of MITF
requires a stimulation of 50J/cm2 (see Supplementary
Figure S2 online). Two days after irradiation, tyrosinase,
DCT (Figure 1b and c), melanA, and PMEL4 (see
Supplementary Figure S3a online) are significantly up-
regulated and the level of MITF returned to the basal level
(Figure 1b and c). As expected, 10 days after the blue light
exposure we observed an increase of melanin in NHMs
(Figure 1d). Blue light has no effect on cell proliferation (see
Supplementary Figure S3b).

The main modulation of melanogenesis induced by UV in
melanocytes is mediated by the production of cytokines and
hormones by keratinocytes. To assess the effect of keratino-
cytes in response to blue light, we used NHMs and normal
human keratinocytes obtained from the foreskin of children
with skin types IIIeIV. Normal human keratinocytes were
stimulated with blue light and maintained in co-culture with
NHM stimulated (or not) with blue light. We noted that
normal human keratinocytes irradiated with blue light do not
activate melanogenesis, and the up-regulation of tyrosinase
and DCT was observed only when NHMs were stimulated
directly with blue light (see Supplementary Figure S4 online).

We conclude that blue light directly stimulates the melano-
genesis pathway in melanocytes.

The tyrosinase and DCT increase after blue light irradiation
was confirmed in ex vivo experiments. Abdominoplasty skin
(phototype IV) was irradiated with 5e90 J/cm2 of blue light.
Just after stimulation, we observe an immediate pigment
darkening depending on light intensity (Figure 1e). Skin bi-
opsy samples were maintained in ex vivo culture for 5 days.
Total lysate confirmed the up-regulation of tyrosinase and
DCT as in in vitro experiments, along with an increase in
MITF (Figure 1f).

Together, these results show that blue light is able to target
directly melanocytes in the skin to stimulate the melano-
genesis pathway.

OPN3 senses blue light in melanocytes and mediates
melanogenesis

Because most of the known effects of visible light on the
skin have been related to the production of radical species,
we first investigated whether this process was also involved
in blue light-induced melanogenesis. We irradiated NHMs
with 415-nm light and evaluated the potential protective
effect of adding an antioxidant, N-acetylcysteine. N-ace-
tylcysteine had no effect on the activation of the melano-
genesis pathway (see Supplementary Figure S5a online).
Thus, we investigated whether melanocytes could express
direct sensors for visible light. Opsins are light-sensitive G
protein-coupled receptors initially described in the eyes;
several opsins have been reported in the epidermis
(Haltaufderhyde et al., 2015). OPN1-SW, OPN2, OPN3,
OPN4, and OPN5 have an absorption spectrum in the
shorter wavelengths of visible light. Because some of them
have been reported to be expressed in keratinocytes and
melanocytes at least at the mRNA level, we checked their
expression in NHMs. We used a primer set from previous
studies in SYBR green (ThermoFisher Scientific, Waltham,
MA) quantitative PCR (data not shown) and finally TaqMan
probes (ThermoFisher Scientific), but we never detected
OPN1-SW, OPN2, OPN4, and OPN5 in basal conditions or
after blue light exposure. Only OPN3 (also called ence-
phalopsin or panopsin) was significantly expressed in
NHMs (Figure 2a). Its expression is 5 times higher compared
with normal human keratinocytes (see Supplementary
Figure S6a online). However, we did not observe modula-
tion of OPN3 mRNA level after blue light irradiation (see
Supplementary Figure 6c).

To investigate whether OPN3 could mediate the effects of
blue light in NHM melanogenesis, we knocked down OPN3
in NHMs with small interfering RNA (siRNA). Because we
failed to find a specific antibody against OPN3 working in
our conditions, we checked the efficiency of siRNA by
quantitative PCR (Figure 2b). In NHMs with siRNA directed
against OPN3, blue light irradiation no longer had effect on
MITF phosphorylation (Figure 2c) or on tyrosinase or DCT
levels (Figure 2d). In the unstimulated conditions, the
expression of MITF and DCTwere found to be decreased after
OPN3 siRNA. The absorption peak of OPN3 is 465 nm. We
stimulated NHMs with 62.5 J/cm2 of 465 light based on the
415/465-nm light ratio in solar radiation. We obtained the
same results on pathways activated with 415 and 465 nm (see
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Supplementary Figure S5b online). Thus, in melanocytes,
OPN3 senses blue light and activates melanogenesis.

Melanogenesis induced by blue light and OPN3 stimulation
are calcium dependent

Previous studies showed that the activation of opsin re-
ceptors leads to an increase of calcium flux. To determine if
blue light induces calcium flux in melanocytes, we measured
it with Fluo-4 probes (ThermoFisher Scientific) in NHM
irradiated with blue light. We observed an increase of cal-
cium flux in NHM irradiated with blue light (Figure 3a) and
the up-regulation of pCAMKII, a key enzyme in the calcium
pathway (Figure 3b). The calcium flux increase seems to be
specific to blue light, because the irradiation of NHMs with
red light at 630 nm had no effect (see Supplementary
Figure S7a online). This mechanism occurs specifically in
melanocytes but not in keratinocytes (see Supplementary

Figure 7b) and is dose dependent (see Supplementary
Figure 7c). In addition to the calcium pathway activation,
blue light also induces the phosphorylation of the tran-
scription factor CREB and the mitogen-activated protein ki-
nases p38 and ERK, implicated in the melanogenesis
pathway (Figure 3c). We then showed that the down-
regulation of OPN3 in NHMs with siRNA blocks the
calcium flux induced with blue light (Figure 3d) and the
phosphorylation of CAMKII, CREB, ERK, and p38 (Figure 3e).
Finally, to determine if the calcium flux and downstream
CAMKII are responsible for melanogenesis activation, we
used the calcium chelator BAPTA and the CAMKII inhibitor
KN-93. These two compounds inhibit the phosphorylation of
MITF, CREB, ERK, and p38 in response to blue light, con-
firming the role of calcium in this mechanism (Figure 3f).

We conclude that in melanocytes, blue light activates
OPN3 receptor, leading to increased calcium flux. In

Figure 1. Blue light stimulates

melanogenesis. NHMs (skin type IV)

were stimulated with 50J/cm2 of

415-nm light. Cells were lysed

(a) immediately after stimulation or

(b, c) 3 days later. (a, b) The lysate was

analyzed by Western blot with

indicated antibodies, and (c) the

relative protein level was quantified

(n ¼ 5). NHMs (skin type V) from two

different donors were stimulated one

time with 50J/cm2 of 415-nm light.

(d) After 10 days, cells were observed

with bright field microscopy. Scale

bar ¼ 100 mm. (e) Skin

abdominoplasty was stimulated with 5

to 90 J/cm2 of 415-nm light, biopsied,

and placed in ex vivo culture for 5

days. (f) Biopsy samples were lysed,

and proteins were analyzed by

Western blot with indicated

antibodies. **P < 0.005. DCT,

dopachrome tautomerase; GAPDH,

glyceraldehyde-3-phosphate

dehydrogenase; NHM, normal human

melanocyte.
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response to calcium, CAMKII is phosphorylated and induces
the phosphorylation of CREB, ERK, p38, and finally MITF to
up-regulate melanogenesis.

Blue light induces formation of a multimeric tyrosinase/
tyrosinase-related protein complex, leading to sustained
tyrosinase activity in dark skin-type melanocytes

Experiments in healthy volunteers clearly showed that blue
light induced a potent and long-lasting hyperpigmentation,
but only in skin types III and higher (Duteil et al., 2014). We
further investigated these characteristics in vitro. In addition
to phosphorylation of MITF, we systematically observed on
tyrosinase Western blot one additional band between 130
and 170 kDa in NHMs irradiated with blue light (Figure 4a).
A previous study suggested the possibility of tyrosinase
complexes with TYRP1 or DCT or tyrosinase itself that could
lead to sustained tyrosinase activity (Orlow et al., 1994). To
assess whether the band observed on tyrosinase blot corre-
sponds to multimeric tyrosinase/tyrosinase-related protein
(TYR/P) complexes (TYR/P proteins), we performed a prote-
omic assay. The assay showed the presence of tyrosinase and
DCT at the molecular weight where we observed the addi-
tional band on Western blot only when NHMs were previ-
ously irradiated with blue light, suggesting the formation of
tyrosinase-tyrosinase and tyrosinase-DCT complexes in
response to blue light stimulation (Table 1). TYRP1 was also
found at this molecular weight but in stimulated and not
stimulated conditions, without significant difference between
the two conditions (data not shown). The multimeric TYR/P
complex formation depends on the presence of OPN3 in
NHMs (Figure 4b). When we compared the response to blue
light of NHMs from different skin types, we did not see any

difference concerning phosphorylated forms of MITF, CAM-
KII, ERK, and p38 (data not shown) and also no difference in
OPN3 level (see Supplementary Figure S6b), but we observed
higher expression of TYR/P complexes in skin types IIIeVI
compared with skin types I and II (Figure 4c). Finally, we
measured the tyrosinase activity in response to blue light
irradiation in different skin types. In lightly pigmented NHMs,
the tyrosinase activity did not change after irradiation,
whereas the activity increased in dark NHMs (Figure 4d). The
intense and long-lasting pigmentation observed in dark skin
types could thus be explained by the formation of multimeric
tyr/p complexes in response to blue light irradiation.

DISCUSSION
OPN3 is a G-protein coupled membrane receptor expressed
in the human eyes but also in the brain, liver, and kidneys,
suggesting that OPN3 may confer photosensitivity in extra-
ocular tissues (Koyanagi et al., 2013). However, the role of
OPN3 in the skin was still unknown. We showed here that
the shorter wavelengths of visible light act directly on mela-
nocytes to stimulate melanogenesis and that OPN3 serves as
the sensor for blue light in melanocytes. In contrast to the
skin, the effects of visible light on the eyes are well studied.
Visible light allows us to see our environment thanks to the
stimulation of specific sensors called Opsins. Although
OPN1-SW, OPN2, OPN3, and OPN5 have previously been
reported to be expressed at the mRNA level in keratinocytes
and melanocytes (de Assis et al., 2016; Haltaufderhyde et al.,
2015), we could only detect the expression of OPN3 in
melanocytes. This difference could be explained by the dif-
ference in culture conditions of melanocytes. Although in the
Haltaufderhyde et al. study melanocytes were maintained in

Figure 2. OPN3 senses blue light in

melanocytes and mediates

melanogenesis. Relative expression

level of opsins in NHMs (skin type IV)

analyzed by quantitative PCR.

(a) OPN levels were normalized with

actin level (n ¼ 6). NHMs (skin type

IV) were transfected with siRNA

directed against OPN3 or control. Two

days later, cells were stimulated with

50 J/cm2 of 415-nm light and lysed

(c) immediately or (d) 3 days later. The

lysate was analyzed by Western blot

with indicated antibodies. The

efficiency of siRNAwas determined by

(b) quantitative PCR. Ctl, control; ct,

control; DCT, dopachrome

tautomerase; GAPDH,

glyceraldehyde-3-phosphate

dehydrogenase; si, small interfering;

TYR, tyrosinase.
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rich medium (254 Cascade medium; ThermoFisher Scienti-
fic), we cultured the cells in physiological medium
MCDB153 (Sigma-Aldrich; Saint Louis, MO). We cannot
exclude the possibility that NHMs express only a very low
level of other OPNs that are not detectable in our conditions
but that could reach the level of detection in a medium where
the cells are more activated. In the Assis et al. study, OPNs
were measured in Melan-a: murine immortalized melano-
cytes and B16-F10: murine melanoma cells. In addition to
the type of medium used, the other difference may be due to
differences in expression between species (Human vs. mu-
rine) and between primary normal cells and immortalized or
tumoral cells. Although the peak absorption of OPN3 is 465
nm, a recent article reported a strong absorption of OPN3 in
all the shorter wavelengths of the visible spectrum with a

rapid decrease after 465 nm. (Sugihara et al., 2016). This is in
agreement with our in vitro/ex vivo (this study) and in vivo
(Duteil et al., 2014) data showing that only the shorter
wavelengths are involved in visible light-induced hyperpig-
mentation. OPN3 appears to play a key role in this process,
because when it is silenced the blue light is no longer able to
stimulate melanogenesis. After stimulation of OPN3 by the
blue light, a calcium flux is induced and activates CAMKII,
then CREB, ERK, and p38, leading to the phosphorylation of
MITF, increased tyrosinase and DCT, and finally the increase
of melanin in cells. The demonstration of the pathway that
induces melanogenesis after visible light irradiation provides
potential targets to prevent this type of hyperpigmentation.
Indeed, so far only physical shield (mainly iron oxide) can be
used to protect skin from visible light irradiation. Targeting

Figure 3. Melanogenesis induced by

blue light and OPN3 stimulation is

calcium dependent. NHM (skin type

IV) were stimulated with 50J/cm2 of

415nm light. Immediately after the

stimulation, calcium flux was

quantified with Fluo4 (a) and protein

lysate was analyzed by western blot

(bec). NHM transfected with siRNA

directed against OPN3 or control

were stimulated with 50J/cm2 of

415nm light, calcium flux was

quantified with Fluo4 (d) and protein

lysate was analyzed by western blot

(e) NHM treated with BAPTA (3mM) or

KN-93 (5mM) were stimulated with

50J/cm2 of 415nm light and protein

lysate was analyzed after stimulation

(f). **P < 0.005. ct, control; Ctrl,

control; ERK, extracellular signal-

regulated kinase; NHM, normal

human melanocyte; p,

phosphorylated.
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OPN3 activation or the downstream pathway, such as the
calcium pathway, should allow a chemical prevention
against hyperpigmentation induced by blue light that could
be of great interest for several hyperpigmentary disorders
such as melasma.

Most of the known effects of visible light on skin have been
linked to the production of radical species (Liebel et al.,
2012). We showed here that the antioxidants are not pro-
tective against blue light-induced melanogenesis. The
absence of any effect of radical species on pigmentation
appears logical, because radical species are mostly produced
after UVA1 irradiation and are also produced after irradiation
of the whole spectrum of visible light up to the near-infrared
radiations (Lohan et al., 2016), whereas the pigmentation
induced by visible light occurs only with the shorter wave-
lengths of the visible spectrum. The use of an antioxidant in

combination with UVA-UVB sunscreen is not superior to
sunscreen alone for preventing worsening of melasma after
sun exposure (Ahmed et al., 2013). To the contrary, a physical
protection against the shorter wavelengths of visible light in
addition to UVA and UVB protection was shown to be more
effective than a sunscreen with the same UVA and UVB filters
but devoid of protection against the shorter wavelengths of
visible light (Boukari et al., 2015). All these data argue
against a role for radical species in blue light-induced
pigmentation.

The key characteristics of visible light induced-
pigmentation in human skin is that it is restricted to
melano-competent individuals (skin types III and higher) and
its long-lasting duration compared with UVA- or UVB-
induced hyperpigmentation (Duteil et al., 2014; Mahmoud
et al., 2010). We assessed whether OPN3 expression was

Figure 4. Blue light induces

formation of tyr/p complex leading to

a sustained tyrosinase activity in dark

phototype melanocytes. NHM (skin

type IV) were stimulated with 50 mJ/cm2

of 415-nm light. (a) Multimeric

tyrosinase/TYRP protein was observed

on tyrosinase Western blot. NHMs were

transfected with siRNA directed against

OPN3 or control. (b) Two days later,

cells were stimulated with 50 J/cm2 of

415-nm light and lysed immediately.

NHMs from phototypes I and II or V and

VI (two lots/conditions) were stimulated

with 50 mJ/cm2 of 415-nm light. (d) Two

weeks later, tyrosinase activity was

visualized by immunofluorescence

(scale bar ¼ 100 mm), and (c) the lysate

after stimulation was analyzed by

Western blot. Ct, control; GAPDH,

glyceraldehyde-3-phosphate

dehydrogenase; NHM, normal human

melanocyte; si, small interfering.
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increased in melanocytes from dark skin compared with light
skin donors, but we found no significant difference (see
Supplementary Figure S6b). Other factors regulating its ac-
tivity or the G-protein coupled receptor pathway might
explain the differences between skin types. Most of the actual
data concern the visual phototransduction, where several
factors that could modulate opsin activity have been reported
such as phosphodiesterase, arrestin, rhodopsin kinase, and
recoverin (Smith et al., 2009). This area warrants further
studies to try to understand the associated factors. However,
we found that melanocytes extracted from skin types IIIeVI
donors had significantly higher expression of proteins that
were detected using antibodies against tyrosinase between
130 and 170 kDa only after blue light irradiation. Such
proteins were suspected to be tyrosinase/TYRP1/DCT com-
plexes and to induce a sustained tyrosinase activity (Orlow
et al., 1994). However, the exact composition of this com-
plex or its physiological role had not been determined to our
knowledge. Using proteomic analysis, here we have shown
that this band after blue light stimulation associates mainly
tyrosinase and DCT. The multimeric TYR/P proteins are
observed despite the denaturing conditions of experiments,
suggesting that covalent linking is induced by blue light
irradiation. Stronger formation of multimeric TYR/P proteins
in dark skin types is correlated with a higher tyrosinase ac-
tivity after the exposure to blue light. We conclude that at
least one of the physiological roles of these multimeric TYR/P
proteins is to participate in the response to blue light in
melanocytes. The multimeric TYR/P proteins are not seen
under basal conditions, and we did not observe differences in
the formation of these complexes between skin types IIIeVI.
We could thus hypothesize that they have no role in main-
taining skin color type but are involved only in the response
to visible light. The mechanisms involved in the formation of
the multimeric TYR/P proteins require further investigation,
but we hypothesize that one of the pathways activated by
OPN3 and calcium pathway, such as protein kinase C, could
be implicated (Wu and Park, 2003). Our results also help
explain why only individuals with skin types III and higher
are responsive to blue light and why it induces a long-lasting
hyperpigmentation.

Taken together our results show the physiological role of
OPN3 in an extraocular tissue. They explain the mechanistic
process leading to hyperpigmentation of dark skinned in-
dividuals after irradiation with the shorter wavelengths of the
visible light. Literally, human melanocytes of melano-
competent skins are able to see the blue light and respond

by inducing a potent and long-lasting pigmentation through
the OPN3 sensor. Furthermore, OPN3, its downstream
pathway, and the multimeric TYR/P proteins appear as new
potential targets for regulating melanogenesis and in pro-
tection of dark skinned individuals against blue light in
physiological conditions and in pigmentary disorders.

MATERIALS AND METHODS
Reagent and antibodies

We obtained antibodies against MITF (#ab12039), pCAMKII

(#ab32678), b-actin (#ab8226), PMEL (ab137062), and melanA

(ab51061) from Abcam (Cambridge, MA); phosphorylated ERK

(#9101), phosphorylated CREB (#9198), and phosphorylated p38

(#9211) from Cell Signaling Technology (Beverly, MA); glyceralde-

hyde-3-phosphate dehydrogenase (#sc-25778) and lamin-b1
(sc20682) from Santa Cruz Biotechnology (Santa Cruz, CA); phos-

phoMITF (Ser180/73) (SAB4503940) from Sigma Aldrich; and

tyrosinase and DCT from V. Hearing.

BAPTA AM (1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-

tetraacetic acid tetrakis(acetoxymethyl ester)) were obtained from

Tocris Bioscience (Bristol, UK) and KN93 from Santa Cruz

Biotechnology. N-acetylcysteine was obtained from Sigma Aldrich.

Ex vivo skin culture

Skin from abdominoplasty surgery (phototype IV) was used for the

ex vivo skin experiment as previously described (Regazzetti et al.,

2015). Patient consent for experiments was not required because

French laws consider human tissue left over from surgery as dis-

carded material. Nonopposition to the use of their discarded skin

was asked of each patient. The subcutaneous fat was removed, and

the epidermis was irradiated with 5e90 J/cm2 of 415-nm LED.

Biopsy samples of 6 mm were taken from skin composed of dermis

and epidermis and rapidly placed into a 0.4-mm Transwell chamber

(Becton Dickinson, Franklin Lakes, NJ) and maintained under air-

liquid interface culture conditions in skin culture medium (Bio-

predic, Saint Grégoire, France). The skin was maintained at 37�C in

a 5% CO2 atmosphere.

LED stimulation

The light sources used to irradiate the cells are a blue/violet LED

(l ¼ 415 � 5 nm) and a blue LED (l ¼465 � 5 nm) (Dele-

oluminotherapy, St. Raphael, France). It consists of a parallelepiped-

shaped aluminum box (24 � 14 cm) equipped with 154 LEDs on

one face (11 lines of 14 LEDs). During stimulation, cells were main-

tained in phosphate buffered saline (to avoid generation of toxic

molecules) at approximately 30�C, 15 cm above the light during

33 minutes to deliver 50J/cm2 of 415nm or 66 minutes to deliver

62.5 J/cm2 of 465-nm light. The doses used are equivalent to those

Table 1. Proteomic analysis

Molecular
Weight Condition

Gene
Symbol FDR Description Coverage Peptides

Unique
Peptides

130e170

kDa

Control TYR

130e170

kDa

Irradiated TYR High Tyrosinase

Homo sapiens

3 1 1

130e170

kDa

Control DCT

130e170

kDa

Irradiated DCT High Dopachrometautomerase

Homo sapiens

8 4 4
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received by the skin during summer after proximately 90 minutes of

sun exposure.

The 630-nm red light source is a parallelepiped-shaped aluminum

box (7 � 10� 3cm) equipped with six LEDs on one face (two lines of

three LEDs). The cells are irradiated with 50 J/cm2 of 630-nm light

for 27 minutes.

The light source used to irradiate the skin from abdominoplasty is a

blue/violet LED (l ¼415 � 5 nm) (Deleoluminotherapy). It consists of a

parallelepiped-shaped aluminumbox (7� 10� 3 cm) equippedwith six

LEDs on one face (two lines of three LEDs). The doses delivered by this

system were 5, 15, 20, 50, 70, and 90 J/cm2 between 4 and 72 minutes.

Surface of exposed test areas was a circle of 2-cm diameter.

Statistical analyses

Statistical differences between groups were analyzed with a Student

t test. Differences were considered significant at P < 0.01.

Additional method information is provided in the Supplementary

Materials online.
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ARTICLE

Innate lymphocyte-induced CXCR3B-mediated
melanocyte apoptosis is a potential initiator of
T-cell autoreactivity in vitiligo
Meri K. Tulic 1, Elisa Cavazza1, Yann Cheli 2, Arnaud Jacquel 3, Carmelo Luci 4, Nathalie Cardot-Leccia5,

Hanene Hadhiri-Bzioueche1, Patricia Abbe1, Maéva Gesson 6, Laura Sormani1, Claire Regazzetti1,

Guillaume E. Beranger 1, Cedric Lereverend 2, Caroline Pons1, Abdallah Khemis7, Robert Ballotti2,

Corine Bertolotto2, Stéphane Rocchi1 & Thierry Passeron 1,7

T-cells play a crucial role in progression of autoimmunity, including vitiligo, yet the initial

steps triggering their activation and tissue damage remain unknown. Here we demonstrate

increased presence of type-1 innate lymphoid cells (NK and ILC1)-producing interferon

gamma (IFNγ) in the blood and in non-lesional skin of vitiligo patients. Melanocytes of vitiligo

patients have strong basal expression of chemokine-receptor-3 (CXCR3) isoform B which is

directly regulated by IFNγ. CXCR3B activation by CXCL10 at the surface of cultured human

melanocytes induces their apoptosis. The remaining melanocytes, activated by the IFNγ
production, express co-stimulatory markers which trigger T-cell proliferation and subsequent

anti-melanocytic immunity. Inhibiting the CXCR3B activation prevents this apoptosis and the

further activation of T cells. Our results emphasize the key role of CXCR3B in apoptosis of

melanocytes and identify CXCR3B as a potential target to prevent and to treat vitiligo by

acting at the early stages of melanocyte destruction.
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During the past decade significant advances in the under-
standing of vitiligo pathophysiology have been made.
Large GWAS studies showed the role of allelic variations

in genes involved in melanogenesis and immunity in vitiligo
patients1–3. The development of mouse models provided very
useful clues on the implication of the adaptive immune system in
the disappearance of melanocytes in the skin and hair follicles4–7.
Recent data emphasized the key role of the interferon gamma
(IFNγ) pathway in vitiligo. It has been recently shown that under
IFNγ stimulation, keratinocytes are stimulated to produce che-
mokines, such as CXCL9 or CXCL10, that further attract and
activate CD8+ T cells8. Chemokine (C-X-C motif) receptor 3
(CXCR3) is the main receptor for these chemokines and it has
been reported to be increased in vitiligo patients9. Targeting total
CXCR3 by using depleting antibodies has provided encouraging
results in vitiligo mouse model10. However, the initial source of
IFNγ remains obscure. Using transcriptional analysis, we recently
demonstrated a significant increase in CXCL10 in the non-
lesional (NL) vitiligo skin compared to healthy controls11. Sig-
nificant increases were also seen for natural killer (NK) receptors
including NKTR and KLRC1 as well as trends for increased
EOMES (master regulator of NK cells), CCL20 and NK-related
cytokines (TNFα and IL-15) which were all increased at least 1.5-
fold but did not reach statistical significance11. These data are in
accordance with the first transcriptome analysis comparing gene
expression profiles of skin from vitiligo patients with normal skin
of healthy volunteers that showed an increased expression of
genes associated with innate immune responses, particularly NK
cell function, activity and cytoxicity12. These included multiple
NK cell activation markers such as KLRK1 (also known as
NKG2D), KLRC2 and KLRC4, ligands for NK receptor
(CLEC2B), as well as markers of oxidative stress (CANP and
POSTN) and innate immunity (DEFB103A). Interestingly, all of
these genes were also upregulated in the NL skin of vitiligo
patients, suggesting that the activation of the innate immunity
may be present throughout the entire skin surface of vitiligo
patients.

NK cells are part of the group 1 innate lymphoid cells (ILC1)
that act as first line defense against microbial and viral infections,
early cellular transformation and tumour growth13. NK cells have
potent cytotoxic function and are able to discriminate and
eliminate stressed-cells because of a large panel of activating and
inhibitory receptors. Furthermore, NK cells also produce a wide
array of cytokines and chemokines to recruit and instruct other
immune cells for subsequent priming (adaptive response)14,15.
For this reason, NK cells are described as a bridge between innate
and adaptive immune system. It’s been known for almost 30 years
that there is an increase in circulating NK cells in the blood of
vitiligo patients16, yet their role in vitiligo skin remains largely
unexplored. In addition to NK cells, the ILC family encompasses
ILC1, ILC2, ILC3 and ILC regulatory subclasses. Similarities
between ILCs subsets have led to suggestions that ILCs are the
innate counterparts of T cell subsets. These are equivalent to

adaptive immune system T-helper (Th)1, Th2, Th17 and Treg-
like, respectively. ILCs are scarce cells in normal human skin but
are upregulated in atopic dermatitis (ILC2) and psoriasis skin
(ILC3)17. Latest research suggests that ILCs are highly hetero-
geneous cell types between individuals and tissues and they can
even convert to a different subtype during inflammation and
disease (eg., ILC3 converting to ILC1 in colorectal cancer)18.

Together these data suggest that NK cells and innate immune
system may play an important role in the early stages of vitiligo
which may begin in normal-appearing, NL skin of the patient. On
the other hand, it has been demonstrated that melanocytes from
vitiligo patients have intrinsic defects19. Moreover, there have
been some clues in the literature from work published over 20
years ago showing that melanocytes themselves can present
antigens20,21. Clinical and histological data showing a restrained
immunity against melanocytes in halo nevi22 or in localized
depigmentation of genital melanosis23 strongly suggest the key
role of melanocytes in initiating the anti-melanocytic immunity.
However, the exact role of melanocytes in trigerring the initial
steps of auto-immunity in vitiligo is far from being fully
understood.

We hypothesized that vitiligo is initiated by dysregulation in
innate immunity and melanocytes, and that innate immune cells
are the initial source of IFNγ production in the skin. Due to their
potent IFNγ producing capacity, we chose to focus on NK/ILC1
in this study. Our objective was to assess the role of the innate
immunity and melanocytes in the initial steps of vitiligo by using
melanocytes and blood extracted from vitiligo patients compared
to healthy volunteers. Here we show data suggesting that vitiligo
is likely to be initiated in the normal-appearing skin of vitiligo
subjects through activation of local innate lymphocyte-induced
melanocyte apoptosis and subsequent activation of adaptive and
memory immune responses. This apoptosis is mediated by mel-
anocytic CXCR3B, identifying this isoform of CXCR3 chemokine
receptor to be critical in melanocyte destruction and initiation of
the disease.

Results
Increased NK and ILC1 in vitiligo skin and blood. To char-
acterise the innate immune cells present in the skin and blood of
vitiligo patients and to examine whether these cells were the
source of IFNγ, we used specific antibodies directed against NK
and ILC1 subpopulation of innate immune cells and examined
their presence in vitiligo patients compared to healthy controls24.
Characteristics of vitiligo and control populations are presented
in Table 1. Our immunofluorescence results have shown that
indeed, cytotoxic NK cells (defined as CD56+Granzyme B+)
containing IFNγ (CD56+ IFNγ+) were present in NL human
vitiligo skin (Fig. 1a, b). Their presence was confirmed by
immunohistochemistry, and these cells were located just under
the epidermis of NL but not in lesional (L) skin (Fig. 1c). Semi-
quantification of their detection has shown significantly higher

Table 1 Patient characteristics

Characteristics Healthy Vitiligo

Subjects (n) 8 14
Age (years), median (IQR) 51 (39–74) 48 (43–56)
Gender (male/female) 5/3 7/7
Disease duration – 4 months–14 years
Family history (%) – 1 (7%)
Auto-immune thyroid disease (%) – 2 (14%)
Location of biopsy (n) Inner arm (3), leg (2), back (1), abdomen (1) and

buttock (1)
Inner arm (5), leg (3), back (2), abdomen (2) and
buttock (2)
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number of CD56+Granzyme B+ cells and CD56+ IFNγ+cells
in NL compared to L skin of vitiligo patients (n= 6) and a higher
number in NL skin of vitiligo patients compared to healthy skin
(n= 5) (Fig. 1a, b). We have also detected presence of Tbet+
CD161+ ILC1 in vitiligo skin (Fig. 1d) which were confirmed to
be negative for CD3 and CD56 and positive for IL-7Rα CD127.
Like NK cells, ILC1 cells were significantly more detected in NL
vitiligo skin compared to L vitiligo skin or to healthy controls
(Fig. 1d).

Next, we went on to examine whether similar differences in the
number of innate immune cells was seen in the peripheral blood.
Total NK cells make up ~1–5% of total PBMC in healthy subjects
(Fig. 1e). The majority of NK cells were CD56dim, that is, the
cytotoxic phenotype (~90%). Total NK population (CD3-CD56+),
cytokine-producing CD56bright NK cells as well as cytotoxic
CD56dim NK populations were significantly increased in the blood
of vitiligo patients (n= 11) compared to healthy controls (n= 6)
(Fig. 1e and Supplementary Fig. 1a). The higher increase was
observed for CD56bright NK cells. ILCs are rare cells making up
< 0.1% of total PBMC. In healthy subjects, ILC1 and ILC3 (defined

as Lin-CD127+CRTh2-CD117− and Lin-CD127+CRTh2-
CD117+cells, respectively), each made up 30–40% of total ILC
population, with ILC2 (defined as Lin-CD127+CRTh2+CD117+
cells) making up the rest (Fig. 1f and Supplementary Fig. 1b). We
have shown the proportion of ILC1 in PBMC of vitiligo subjects
(n= 10) to be significantly increased compared to controls (n= 8)
while the proportion of ILC3 was significantly decreased and ILC2
remained unchanged (Fig. 1f).Together, these results have shown
that there is increased presence of NK and ILC1 in the NL skin of
vitiligo patients and in their peripheral blood.

Stressed NK/ILC1 produce IFNγ and induce melanocytic che-
mokines. Hydrogen peroxide can damage DNA, lipids, and pro-
teins and induces damage-associated molecular pattern (DAMP)
molecules that are one of the main activating factors for innate
cells. It is well demonstrated that vitiligo melanocytes possess
higher susceptibility to oxidative insults25,26. We sorted NK and
total ILCs from PBMC of healthy (C) and vitiligo (V) patients and
examined their IFNγ responses 24, 48 and 72 h post stimulation
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with H2O2 (to induce oxidative stress in cells). Results have shown
H2O2 to induce IFNγ production in both NK and ILCs and this
effect was dose- and time-dependent (Fig. 2a). The stress-induced
IFNγ production by NK and ILCs from vitiligo subjects were
significantly higher compared to healthy subject’s responses at the

same dose (Fig. 2a) suggesting vitiligo innate cells were more
sensitive to oxidative stress compared to cells from healthy con-
trols. Innate cells can be activated by many DAMPs. Among them,
the role of HSP70 Heat Shock Protein (HSP70) and High Mobility
Group Box (HMGB)1 in vitiligo pathogenesis have been suggested
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by several studies27–29. Thus, we reproduced the experiment with
NK and total ILCs from PBMC of healthy (C) and vitiligo (V)
patients and this time examined their IFNγ responses after sti-
mulation with HMGB1 (Fig. 2b) or HSP70 (Fig. 2c). Similar to the
results obtained following H2O2 stimulation, HMGB1- and
HSP70-induced IFNγ production by NK and ILCs were dose- and
time-dependent and responses from vitiligo melanocytes were
significantly higher compared to responses in melanocytes from
healthy individuals at the same dose.

Next, we set out to examine if primary melanocytes can directly
respond to IFNγ. Stimulation of normal human melanocytes
(NHM, n= 5) with IFNγ for 24 h significantly upregulated their
production of CXCL9, CXCL10 and CXCL11 mRNA (Supple-
mentary Fig. 2) (P < 0.05). The production of these chemokines
was higher in normal human keratinocytes (NHK, n= 6), the
known potent producers of chemokines, compared to NHM
(Supplementary Fig. 2). Knowing that NHM upregulate their
chemokine production following IFNγ stimulation, we asked
whether this chemokine production varies between healthy and
vitiligo melanocytes. Stimulation of healthy or vitiligo melano-
cytes with IFNγ induced a significant increase in mRNA
expression of CXCL4, CXCL9, CXCL10 and CXCL11 (Fig. 2d).
However, the production of CXCL9 and CXCL10 was much
higher comparatively to CXCL11. Only very limited amount of
CXCL4 were detected. Non-stimulated vitiligo melanocytes had
significantly higher baseline (or constitutive) production of
CXCL10 compared to healthy melanocytes (Fig. 2e). Stimulation
with IFNγ significantly increased both CXCL9 and CXCL10
protein in the supernatant of vitiligo melanocytes, producing on
average 4–5 fold more chemokines compared to healthy controls
(Fig. 2e). Together, these results suggest vitiligo melanocytes are
more sensitive to IFNγ stimulation and may have greater chemo-
attractive properties.

Next, we wanted to examine if stressed innate immune cells
can directly modulate melanocyte function. To do this, we sorted
NK and ILC1 from the PBMCs of healthy and vitiligo patients,
pre-stressed them in vitro with H2O2 for 48 h and transferred the
innate cells (without media) to their own autologous primary
melanocytes. Chemokine production was measured in the
supernatant 24 h after co-culture. Results have shown that the
addition of pre-stressed innate cells from healthy subjects to their
own primary melanocytes did not cause any significant change in
melanocyte chemokine production (Fig. 2f). However, addition of
pre-stressed NKs or ILCs from vitiligo patients dramatically
increased their own melanocyte production of CXCL9, CXCL10,
CXCL11 and IFNγ (Fig. 2f). This effect was further increased
when both pre-stressed NKs and ILCs were added together and
these levels were equal to, or greater than the responses seen
when exogenous IFNγ was added to melanocytes (positive control
condition). This data suggest that stressed innate immune cells
are capable of directly modulating melanocyte function by
upregulating their chemokine responses and thereby their
chemo-attractive properties. Importantly, these results show that
vitiligo melanocytes (compared to healthy melanocytes) are much
more sensitive to their own stressed innate immune cells. It is
important to note that although the cells were stimulated for 48 h
with H2O2 prior to transfer with melanocytes, these cells were still
capable of producing IFNγ and effectively modulating melano-
cyte function (Fig. 2f). To examine if NKs and/or ILCs are
directly capable of producing chemokines in response to stress,
we measured the production of CXCL9, CXC10 and CXCL11 by
NKs and ILCs after stimulation with HMGB1 or HSP70. NK/ILC
production of CXCL9, CXCL10 and CXCL11 following innate
stress was negligible (and often undected in the case for CXCL10)
compared to their IFNγ production following the same stress
stimuli (Supplementary Fig. 3). Moreover, this NK/ILC

production of chemokines is also negligible compared to the
chemokine production by melanocytes (Fig. 2f).

Human melanocytes express CXCR3B and it’s regulated by
IFNγ. CXCR3, a chemokine CXCL9, CXCL10 and CXCL11
receptor, is typically found on T cells, where the predominant
isoform expressed is of the CXCR3A form30. Whether CXCR3 is
expressed on human melanocytes is unknown. Here we demon-
strate that melanocytes isolated from healthy human skin express
CXCR3, particularly the CXCR3B isoform (Fig. 3). This isoform
is absent in mice and therefore not possible to study in animal
models of vitiligo. In human skin, CXCR3B was detected at
mRNA (Fig. 3a) and protein (Fig. 3b) level in cultured melano-
cytes and their numbers semi-quantitated in Fig. 3c. We
demonstrated melanocytes isolated from vitiligo skin have sig-
nificantly elevated expression of CXCR3B at baseline compared to
healthy control skin (Fig. 3a). IFNγ significantly upregulated
CXCR3B mRNA expression in both healthy and vitiligo patients
(Fig. 3a). While IFNγ significantly increased the number of
CXCR3B+ cells in healthy skin, IFNγ had no further effect on
vitiligo melanocytes whose CXCR3B expression was already high
(Fig. 3c). Expression of CXCR3B in healthy human keratinocytes
was significantly lower than the expression in healthy melano-
cytes which was confirmed at both mRNA and protein level
(Fig. 3a, b). Interestingly, IFNγ had no effect on keratinocyte
expression of CXCR3B (Fig. 3a, b). Finally, we have demonstrated
that there is an increased number of MITF+ CXCR3B+ mela-
nocytes in the NL skin of vitiligo patients compared to healthy
skin (P= 0.03) (Fig. 3d). MITF (Microphthalmia-associated
transcription factor), is a specific melanocyte marker and a master
regulator of melanocyte development.

CXCL10 activates melanocytic CXCR3B to induce apoptosis.
From previously published literature in human breast cancer31

there is evidence to suggest that CXCR3B-mediated signal is pro-
apoptotic. To examine the function of CXCR3 on viability of
human vitiligo melanocytes, real-time detection of melanocyte
death was monitored before and after exposure to CXCL10 using
IncuCyte® live cell imaging system. Stimulation with CXCL10
caused a significant dose-dependent increase in melanocyte death
compared to non-stimulated melanocytes but only in IFNγ
primed melanocytes (P= 0.006, Fig. 4a). As CXCR3B-specific
antagonists do not exist yet, initially we tested the effect of a
broad CXCR3 antagonist AS612568 on CXCL10-induced mela-
nocyte death. We have demonstrated AS612568 to inhibit mela-
nocyte death induced by CXCL10 in a dose-dependent manner,
completely abolishing CXCL10-induced effects at 2 μM (P=
0.045, Fig. 4a). Following these positive results, we set out to use a
more targeted approach transfecting the melanocytes with
siCXCR3 (or siControl). The knockdown efficiency of our
siCXCR3 was determined at both mRNA (Supplementary Fig. 4a)
and protein (Supplementary Fig. 4b) level, achieving >80%
silencing of the CXCR3B gene with 80 nM siCXCR3. Our results
have shown that in IFNγ pre-treated, siControl transfected cells,
CXCL10 significantly increased the death of melanocytes
(demonstrated by increased number of yellow-immunoreactive
cells in IncuCyte, Fig. 4b). This death was seen in melanocytes
extracted from both healthy (P= 0.008) and NL vitiligo skin
(P= 0.03) (Fig. 4c). Vitiligo melanocytes were significantly more
sensitive to CXCL10-induced death compared to healthy mela-
nocytes (P= 0.004), inducing ~2-fold difference in rate of mel-
anocyte death (Fig. 4c). Transfection of melanocytes with
siCXCR3 prior to CXCL10 stimulation, completely inhibited the
CXCL10-induced death and restored baseline responses in both
healthy (P= 0.004) and vitiligo (P= 0.03) melanocytes (also
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visualised in Fig. 4b by reduction in yellow-stained dead cells). To
more specifically examine the contributing role of CXCR3B, we
repeated this experiment in both healthy and vitiligo melanocytes
using custom design specific silencer RNA directed against the
CXCR3B isoform (efficiency of the SiCXCR3B at protein level
shown in Supplementary Fig. 4c). Transfection of melanocytes
with siCXCR3B prior to CXCL10 stimulation, significantly
reduced the CXCL10-induced death in both healthy (P= 0.002)
and vitiligo (P= 0.001) melanocytes (Fig. 4d). In addition to
CXCL10, we examined responses to CXCL9 and CXCL11.
Treatment with CXCL9 and CXCL11 also induced a significant

melanocyte death in both healthy (P= 0.034 and P= 0.007,
respectively) and vitiligo (P= P < 0.001 and P= 0.01) melano-
cytes that was almost completely prevented by the use of
SiCXCR3B (Fig. 4d). Interestingly, CXCL9-induced melanocyte
death was significantly lower compared with CXCL10-induced
death in both healthy (P < 0.001) and vitiligo (P= 0.0035)
patients. The difference was even more pronounced with
CXCL11, that induced much lower cell death compared to
CXCL10 (P < 0.001 for both healthy and vitiligo).

It has been shown that the activation of CXCR3B in breast
cancer cells activates p38 MAPK and PARP pathway, inducing
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cell apoptosis31. Studying the signalling pathway involved in
chemokine-induced CXCR3B activation in melanocytes, we have
shown that in melanocytes extracted from healthy patients and
not pre-treated with IFNγ, only a slight activation of p38 but not
PARP cleavage was seen following chemokine stimulation
(Fig. 4e). This was in contrast to vitiligo patients where we
observed increased activation of p38 and PARP cleavage. In
accordance to the melanocyte cell death observed using IncuCyte
experiment, the activation of the pathway is mostly observed after
CXCL10 treatment compared to CXCL9 or CXCL11 stimulation
(Fig. 4e). CXCL10-induced changes were of the similar
magnitude as those seen following stimulation with positive

control staurosporine (St), a potent pro-apoptotic therapeutic
agent (Fig. 4e). Interestingly, the absence of CXCL10-induced
apoptosis in NHM without IFNγ pre-treatment (Fig. 4e) while a
significant apoptosis is observed when they are pre-treated with
IFNγ (Fig. 4c), is in accordance with the low basal expression of
CXCR3B in NHM and its increased expression after IFNγ
stimulation (Fig. 3b, c). To assess the role of apoptosis in
CXCL10-induced melanocyte death, in parallel we have shown
cleavage of caspase-3 in vitiligo patients but not in healthy
controls and this effect to be reversed by QVd-OPh, a caspase
inhibitor (Fig. 4f). To further understand this CXCL10-induced
death mechanism, we pre-treated healthy and vitiligo
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melanocytes with IFNγ prior to CXCL10 and QVd stimulation,
and using FACS, we have demonstrated CXCL10 to significantly
increase the percentage of AnnexinV+DAPI+ apoptotic cells in
both healthy (2.7–9.4%) and vitiligo melanocytes (5.9–36.2%)
(Fig. 4g). The level of apoptosis was>3-fold greater in vitiligo
(P= 0.02) compared to healthy cells (P= 0.03) and apoptosis was
completely reversed by QVd in both groups (P= 0.03, Fig. 4g, h).
IFNγ or QVd alone or CXCL10 in non IFNγ primed cells had no
effect on apoptosis. It is interesting to note that as a comparison,
we detected low expression of CXCR3B on CD4+ and CD8+
lymphocytes isolated from PMBCs of healthy patients (Supple-
mentary Fig. 5a), however while CXCL10 stimulation of T cells
had no effect on T cell death, CXCL10 stimulated proliferation of
both CD4 and CD8 T cells (Supplementary Fig. 5b).

CXCR3B-induced melanocyte death triggers adaptive immu-
nity. To examine whether CXCR3B-induced melanocyte death
following pre-treatment with IFNγ and stimulation with CXCL10
may initiate adaptive melanocyte auto-immunity by their own
presentation of antigens, we replenished media post
CXCL10 stimulation and 3 days later stimulated melanocytes with
their autologous T cells. Our IncuCyte® results have shown that
there was significantly higher melanocyte death when T cells were
present with CXCL10-stimulated melanocytes compared to mela-
nocyte death seen with CXCL10 stimulation alone (P= 0.02) or
addition of T cells alone (P= 0.02) (Fig. 5a). These results were
reproducible and were of the similar magnitude as seen following
stimulation of melanocytes with allogenic T cells (Supplementary
Fig. 6). Interestingly, pre-incubation of T cells with CXCL10 for
24 h, prior to their addition to IFNγ-primed melanocytes did not
induce melanocyte death while the same T cells added to IFNγ-
primed melanocytes treated with CXCL10 did suggesting lack of
direct effect of CXCL10 on the T cells (Supplementary Fig. 7). T
cell enhanced melanocyte death in IFNγ-primed melanocytes was
accompanied by increased melanocyte expression of co-stimulatory
(CD40, CD80, HLA-DR) and adhesion (ICAM-1) molecules
(Fig. 5b) and parallel increase in absolute number of CD3+ T cells
in IncuCyte co-cultures with time (P= 0.03) (Fig. 5c). These
CD3+ T cells were indeed shown to be Ki67+ proliferating cells
(Fig. 5d). These data are supported by flow cytometric quantifi-
cation of T cell proliferation which showed an increased number of
dividing T cells (evaluated as %CD3+CFSE+ cells) when they
were co-cultured with IFNγ-primed NHM stimulated with
CXCL10 and responses were similar to that seen following PHA
stimulation (Fig. 5e). This degree of proliferation was not seen
when T cells were co-cultured with non-primed NHM exposed to
CXCL10. Treatment with CXCR3 antagonist prevented the
potentiating effect of T cells on CXCL10-induced melanocyte death
(P= 0.008) (Fig. 5a), augmentation of T cell number (P= 0.04)
(Fig. 5c) and T cell proliferation (Fig. 5d, e).

Discussion
Here we confirm the previously reported increased level of NK
cells in the blood of vitiligo patients16, and extend it to ILC1. Our
transcriptome data further suggest that NK and ILC1 cells are
also increased in NL skin of vitiligo patients. Interestingly, this
subtype is associated with the Th1 response which is known to be
the key adaptive pathway in vitiligo7,13. When these cells are
cultured under stress conditions, they produce IFNγ which
induces CXCLs production. Here we show that NK and ILCs
from vitiligo patients produce higher amount of IFNγ under
oxidative stress but also under the stimulation of the two main
DAMPs implicated in vitiligo pathophysiology, namely HSP70
and HMGB1 compared to healthy subjects. Thus, not only vitiligo
patients have an increased population of NK and ILC1 in their
skin and their blood, but these cells are more sensitive to DAMPs
compared to healthy individuals.

It has been previously shown that skin memory T regulatory
cells express CXCR3, that these cells are expressed in vitiligo skin
during the depigmenting process and they remain in the skin
even after repigmentation32. Those cells can be an important
source of IFNγ production and their presence in repigmented
areas could explain the recurrences of vitiligo lesions which often
affected the same skin locations. However, skin memory T reg-
ulatory cells need that the adaptive immunity occurs to be
recruited and thus can’t be the initial source of IFNγ production.
Thus, they can’t explain the initial steps that lead to the recruit-
ment and activation of T cells against melanocytes and the
development of the first clinical lesions. NK and ILC1 cells are
potent producer of IFNγ under endogeneous or exogeneous stress
conditions. Their significant increase in the blood and in the NL
vitiligo skin argues for their key role in the initial production of
IFNγ. Importantly, we showed that melanocytes express CXCR3,
more particularly the CXCR3B isoform. Also known as G
protein-coupled receptor 9 (GPR9), CD183, P-10 receptor, and
MIG receptor, CXCR3 is a chemokine receptor expressed on
autoreactive T cells that have been implicated in a range of
physiological processes and related disorders. CXCR3 is largely
absent from naive T cells but is upregulated upon activation with
antigen and recruits activated cells to sites of tissue inflammation
in response to its primary ligands: CXCL9, CXCL10, and
CXCL11. CXCL9 and CXCL10 are strongly produced in many
autoimmune and inflammatory diseases leading to the accumu-
lation of CXCR3+T cells with Th1 phenotypes33. CXCR3 has
three isoforms in human: CXCR3A, CXCR3B and CXCR3Alt34.
Importantly, the isoform B is absent in rodents therefore the
expression nor the role of CXCR3B could be investigated in
vitiligo animal models, thus requiring to be studying in human
samples. The isoform CXCR3A is expressed by T lymphocytes
and has an important role in the adaptive immune system30.
CXCR3A activation induces differentiation and proliferation.

Fig. 4 CXCL10 activates melanocytic CXCR3B to induce apoptosis. a Effect of CXCL10 (5, 20, 100 pg/ml) on cell viability in unstimulated or IFNγ
stimulated (50 ng/ml for 48 h) melanocytes from vitiligo patients, in presence or absence of CXCR3 antagonist AS612568 (0.02 μM, 0.2 μM or 2 μM)
(n= 5–8). Cell viability was monitored using lncuCyte® live cell fluorescence imaging system. b Illustrates live IncuCyte images of vitiligo melanocytes 24 h
after exposure to CXCL10 in cells transfected with siC or siCXCR3. Melanocytes were tracked with CellTrackerTM Red CMPTX dye and dead cells tracked
with IncuCyte® Cytotox Green reagent. Co-localised yellow cells represent dead melanocytes. The effect of siCXCR3 (or its siC) on CXCL10 (100 pg/ml)-
induced death of healthy (n= 4–8) and vitiligo (n= 4) melanocytes are shown in c. In d healthy and vitiligo melanocytes (n= 6–12) were transfected with
siCXCR3B (or its siC) and melanocyte death shown at 24 h following CXCL10, CXCL9 or CXCL11 (100 pg/ml) stimulation. In separate experiments, cell
lysates was used to study the signalling pathway induced by chemokines, IFNγ (50 ng/ml) or Staurosporine (positive control, 1 μg/ml) at 24 or 48 h post
stimulation, measuring the expression levels of phosphorylated and total p38 and total and cleaved poly(ADP-ribose) polymerase (PARP) by Western Blot
analysis (e). HSP90 was used as an internal loading control. Representative blot of 3 separate experiments is shown. Total and cleaved caspase-3 activity
(f) and proportion of apoptotic cells (counted as % Annexin V+DAPI+cells in FACS analysis) (g) from healthy (n= 4) and vitiligo (n= 4) melanocytes
stimulated with 100 pg/ml CXCL10 for 24 h in presence or absence of QVd OPh (10 μM, caspase inhibitor) (h). Results are shown as individual dot plots
with a line at mean ± SEM
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CXCR3B is only marginally expressed at the surface of immune
cells and its activation induces apoptosis. We show here that
CXCR3B expression is low at baseline in melanocytes extracted
from healthy subjects and increases under IFNγ stimulation.
Melanocytes from vitiligo patients have elevated basal expression
of CXCR3B. Interestingly, we also observed a significant increase
in CXCR3B expression in melanocytes from NL skin of vitiligo
patients compared to the skin of healthy volunteers, reinforcing
the data showing that melanocytes from vitiligo patients have
intrinsic defects19. We demonstrate that CXCL10 activates the
downstream pathway of CXCR3B in melanocytes of vitiligo
patients, leading to their apoptosis. CXCL9, and in a much lesser
extent CXCL11, are also able to induce some CXCR3B-induced
apoptosis of melanocytes, but in a much less effective manner

compared to CXCL10. It has previously been demonstrated that
CXCL10 has a much greater binding affinity for CXCR3B com-
pared to CXCL9 or CXCL11 while the affinity is similar between
the three chemokines for the CXCR3A isoform35. This may be
attributed to differences in special conformation between
CXCR3A and CXCR3B36.

We show that CXCL10-induced apoptosis occurs to a greater
extent in melanocytes extracted from vitiligo patients and that
this apoptosis can be prevented by using CXCR3 antagonists, by
silencing CXCR3B, or by using caspase-inhibitors. Few data are
available on the expression and the role of CXCR3B in non-
immune cells, however CXCL10 was shown to inhibit angio-
genesis by activating CXCR3B at the surface of endothelial cells
and inducing their apoptosis37. We further demonstrate that
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prepared for immunofluorescence detection of co-stimulatory (CD40, CD80, HLA-DR) and adhesion (ICAM-1) molecules on melanocytes. c T cell-
induced potentiation of melanocyte death in IFNγ-pretreated melanocytes (compared to untreated melanocytes) was associated with a parallel increase in
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under IFNγ and CXCL10 stimulation, several vitiligo melanocytes
undergo apoptosis when the remaining ones become activated
expressing CD40, CD80, HLA-DR (MHC-II) and ICAM-1 at
their surface and present their own antigens, subsequently trig-
gering T cell proliferation and the onset of the adaptive response
by the lymphocytes. The fact that melanocytes may become
antigen presenting cells upon IFNγ stimulation was suggested
years ago21. We show here that not only vitiligo melanocytes
undergo initial apoptosis through the CXCR3B activation at their
surface but may also be the presenting cells that initiate the
adaptive response against themselves. This CXCR3B-induced
apoptosis that occurrs before T cells are attracted could also
explain the reduced number of melanocytes that is observed in
NL vitiligo skin38. Thus, both phenotypically normal melanocytes
as well as NK and ILC cells from vitiligo patients respond dif-
ferently to various stimuli when compared to cells from healthy
donors. These data suggest that all these cells harbour genetic
abnormalities. These results are in accordance with the genetic
studies which reported allelic variations in innate and adaptive
immune genes but also in melanocytic genes39.

Taken together, our results shed light on the initial events that
trigger the anti-melanocyte auto-immunity and give light to the
melanocytes as a central player in the initiation of this process.
Upon endogenous or exogenous stress, NK and ILC1 produce
IFNγ that induce the production of chemokines by not only
keratinocytes but by melanocytes. These chemokines attract and
activate T cells and furthermore, CXCL10 induces the initial
apoptosis of some melanocytes resulting in release of auto-
antigens. Activated by the local production of IFNγ, the
remaining melanocytes express co-stimulatory molecules (CD40,
CD80, MHC-II, ICAM-1) and present their own antigens to the
T cells attracted by the chemokines and initiate the adaptive
response (Fig. 6). These results emphasize the key role of
CXCR3B in the initial apoptosis of melanocytes and identify this
receptor as a target to prevent and to treat vitiligo by acting at the
very early steps in the destruction of melanocytes.

Methods
Biological samples and experimental outline. A total of 21 subjects were
recruited for this study (Table 1). Fourteen vitiligo patients (n= 14) with stable
disease were enrolled (Department of Dermatology, L’Archet Hospital, CHU Nice)
after informed, written consent was obtained. Eight healthy controls (n= 8) were
recruited from the same clinic who were surveilled for skin cancer (suspicious
biopsy or familiar history) but were negative on examination. The two groups were
matched for gender, age, and location. The study was approved by the National
ethics committee (N12.034). From each vitiligo patient, we obtained 3 × 4-mm skin
punch biopsies (1 lesional, L and 2 non-lesional, NL) and for each healthy control 2
NL biopsies. Fifty (50) ml of blood was obtained from all subjects. L and NL skin
was processed for immunohistochemistry and the remaining NL biopsy used to
extract primary melanocyte from the skin which were then propagated in vitro.
Blood was used to isolate peripheral blood mononuclear cells (PBMCs) by Ficoll
gradient centrifugation (Lymphoprep®, Euromedex, France). Ten million PBMCs
were used immediately for FACS analysis to examine the phenotype and frequency
of NK/ILC in the blood (for markers see below). The remainder of PBMCs
(30–40 × 106) were frozen down in FCS 10% DMSO and kept at −156 °C for
subsequent sorting of NK/ILC populations and co-culturing with patients own
autologous primary melanocytes extracted from their skin biopsies. Propagation of
primary melanocytes in vitro takes 2–3 months to obtain sufficient number of
melanocytes required for the experiment.

Immunofluorescence and immunohistochemistry. One L and NL skin biopsy
from each patient was embedded in Tissue-Tek® O.C.T medium in cryomolds
(Sakura Finetek, USA), snap-frozen in liquid nitrogen-cooled isopentane (2-methyl
butane) and stored at −80 °C before cutting. Tissue was cut with microtome into
7 μm sections and fixed on Superfrost Plus slides. After 20 min of air-drying,
sections were fixed in ice-cold acetone (30 min at −20 °C) and saturated for 2 h at
RT with PBS 5% BSA 3% normal goat serum. For detection of Granzyme B+ NK
cells and IFNγ-producing NK cells, we incubated sections overnight at 4 °C with
specific primary antibodies directed against human CD3, CD56, Granzyme B or
IFNγ (Abcam and all used at 1:100). The next day the signal was revealed by
incubating for 1 h at RT with secondary antibodies conjugated to

fluorochromogens (1:1000) and slides mounted with Prolong® Gold Antifade
Reagent with DAPI (Thermofisher). CD3-CD56+ NK cells were visualized as red
immunostained cells, Granzyme B and IFNγ as green and yellow as co-localised
NK cells containing Granzyme B or IFNγ. In isotype controls, the primary anti-
body was omitted. To confirm immunofluorescence results, skin slides were stained
with immunohistochemical markers directed against human CD3, CD56 and
Granzyme B using automated staining protocols (Dako Autostainer Link 47) and
results were interpreted by pathologist Dr. Nathalie Cardot-Leccia (Pasteur Hos-
pital, CHU Nice). In situ ILC1 population was detected using anti-human CD161
(green) (Novus Biological, US) and anti-Tbet (BioLegend, London, UK) (red) with
the use of True-Nuclear® Transcription Factor Buffer Set (Biolegend) for nuclear
staining. CD161+ Tbet+ cells were visualized as red and confirmed to be CD3,
CD19 and CD14 negative but CD127+. Semi-quantitative analysis of all immu-
nofluorescence images and positive immunoreactive cells were counted over 10
non-overlapping fields in 5–8 patients/group using either Nikon A1R confocal
microscope or Leicca microscope, both at 40× objective.

FACS analysis of NK and ILC populations in the blood. Total NKs were defined
as CD3-CD56+ cells. Cytotoxic or cytokine-producing NKs were differentiated
based on their additional CD16 expression whereby CD56bright CD16dim cells are
cytokine producing NKs and CD56dim CD16bright are cytotoxic NK cells. Gating
strategy for ILC subpopulations initially involved gating all live PBMCs for negative
Lineage selection (to exclude CD3+ T cells, CD19+ B cells, CD14+ macrophages,
CD34+ eosinophil progenitors, CD123+ dendritic cells and TCR). Lin- cells were
then selected for CD127 positivity which stains for all ILCs but not NK cells which
are CD127-. Finally, CD117 (c-kit) and CRTh2 (prostaglandin D2 receptor,
CD294) markers were used to delineate between the 3 ILC subclasses whereby ILC1
were defined as Lin-CD127+ CRTh2-CD117-, ILC2 as Lin-CD127+CRTh2+
CD117+ and ILC3 as Lin-CD127+ CRTh2-CD117+ cells. All antibodies were
purchased from Miltenyi (Paris, France). Gating strategies are shown in Supple-
mentary Fig. 1.

Isolation of primary human melanocytes. On arrival, skin biopsies were rinsed in
70% ethanol followed by 2 × PBS 1% Antibiotic-Antimycotic solution (Gibco),
prior to dissociation of dermal-epidermal junctions by overnight digestion in a
Dispase solution (Life Technologies) at 4 °C. The next day, dermis was discarded
and epidermis digested in a trypsin/EDTA solution for 20 min at 37 °C. Cellular
suspension was passed through a 70 μm filter and melanocytes re-suspended in
MCDB 153 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2%
fetal bovine serum (FBS; Perbio, Cramlington, UK), 5 μg/ml insulin (Sigma-
Aldrich), 0.5 μg/ml hydrocortisone (Sigma-Aldrich), 16 nM tetradecanoylphorbol-
13-acetate (TPA) (Sigma-Aldrich), 1 ng/ml fibroblast growth factor (FGF; Pro-
mega, Madison, WI, USA), 15 μg/ml bovine pituitary extract (Invitrogen, Waltham,
MA, USA) and 10 μM forskolin (Sigma-Aldrich). Melanocytes were maintained at
37 °C in 95% O2/5% CO2 atmosphere and supplemented with 0.08% G418
geneticin (20 μg/ml, Invitrogen) for ~2 weeks to eliminate rapidly growing cells
(i.e., keratinocytes hence selecting for melanocyte propagation). Once selected,
melanocytes were grown in Cascade Biologics 254 medium (ThermoFisher Sci-
entific) with Human Melanocyte Growth Supplement (HMGS, Gibco).

Response of NK and ILCs to stress. NK and total ILC were sorted (SH800S Cell
Sorter, Sony Biotechnology) from PBMC of healthy and vitiligo patients using the
same strategy as for FACS analysis (Supplementary Fig. 1). Sorted NKs were plated
in round-bottom 96-well plates in RPMI 10% FCS prior to stimulation with three
different stress-inducing DAMP molecules including H2O2 (0.1, 1, 10 μM) (Sigma-
Aldrich Chimie, Lyon France), HMGB1 (250, 500 or 1000 ng/ml) or HSP70 (TKD
peptide at 250, 750 or 1500 ng/ml) (both from Abcam, Cambridge, UK). Super-
natant was collected at 24, 48 or 72 h post stimulation. IFNγ and chemokine
(CXCL9, CXCL10 and CXCL11) production was measured using commercially
available ELISA kits (PeproTech, NJ, USA).

Response of melanocytes and keratinocytes to exogenous IFNγ. NHM and
NHK were isolated from neonatal foreskin obtained after circumcision as pre-
viously described. Cells were stimulated with IFNγ (50 ng/ml, Miltenyi Biotec) for
24 h. Cell pellets were harvested for extraction of RNA (using RNeasy kits, Qiagen)
and 1 μg RNA used to synthesize cDNA using the Reverse Transcription System
(Promega) which was then used as a template for amplification by real-time qPCR
with SybrTM Green reagent (Life Technologies, CA, USA) and specific primers
directed against CXCL4, CXCL9, CXCL10 and CXCL11 genes. All measurements
were performed in triplicate and results normalized to the expression of the SB34
housekeeping gene. In separate experiments, primary melanocytes from healthy
and vitiligo skin biopsies were also stimulated with IFNγ and 24 h later both cell
pellets and supernatants were collected for measurement of chemokine production
at mRNA and protein level.

ILC and melanocyte co-culture. The supernatant from the NKs and total ILCs
which were previously sorted from PBMCs and stressed with 1 μM H2O2 for 48 h
was replaced with fresh media prior to cells being directly added to their own
primary autologous healthy or vitiligo melanocytes. Melanocytes were also
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incubated with autologous non-stressed NKs or total ILCs as controls. Positive
controls were wells directly stimulated ex vivo with 50 ng/ml IFNγ. Supernatant
was collected 24 h post incubation with innate cells or IFNγ to measure melanocyte
production of CXCL9, CXCL10, CXCL11 and IFNγ by ELISA.

Detection of CXCR3B on human melanocytes. Melanocytes from healthy and
vitiligo subjects were stimulated with 50 ng/ml IFNγ for 24 h and cell pellets
harvested for RNA extraction. Real-time qPCR was performed using specific

primers directed against CXCR3 total or against CXCR3B and results normalized
to the house-keeping gene SB 34 (Supplementary Table 1). CXCR3B mRNA levels
were compared to expression in healthy human keratinocytes at baseline and
following IFNγ stimulation. In separate experiments, melanocytes and keratino-
cytes were grown on cover slides in 12-well plates and stimulated with IFNγ as
above. Twenty-four hours later, they were fixed with 1% paraformaldehyde,
saturated in PBS 3% BSA containing 3% goat serum for 1 h and incubated over-
night at 4 °C with primary antibody directed against CXCR3B (1:200) (Proteintech,
USA). The next day, slides were washed 3× with PBS 3% BSA 0.1% Tween20 prior
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to incubation for 1 h with secondary antibody (goat anti mouse AF594, 1:1000 at
RT) and mounted with Prolong Gold Antifade reagent with DAPI (Thermofisher,
Waltham, USA). The number of CXCR3B+ immunoreactive cells (red) were
counted over 10 non-overlapping fields and expressed as CXCR3B+ immuno-
fluorescence per μm2. For in situ detection of CXCR3B+ melanocytes in the
human skin, OCT frozen sections were permebilised with PBS 0.3% TritonTM X-
100 (Abcam, France) for 10 min prior to saturation with PBS 5% BSA 10% normal
goat serum and 0.05% TritonTM X-100 for 2 h at RT. Slides were then incubated
overnight at 4 °C with primary antibodies (polylonal anti-MITF, 1:50, Sigma
Aldrich and monoclonal anti-CXCR3B, 1:50, Proteintech) and the next day 1 h
with secondary antibodies (anti-mouse AF594 and anti-rabbit AF488, both 1:1000)
prior to mounting the slides and visualizing under confocal microscope (Nikon
A1R using a ×60 objective. For each slide (5 subjects per group), the number of
MITF+CXCR3B+ cells (yellow immunostaining) were counted and averaged over
six non-overlapping fields. CXCR3B staining in melanocytes was confirmed using
another melanocyte marker gp100 (PMEL, premelanosome protein, 1:200,
Abcam).

Live imaging of melanocyte viability and proliferation. Melanocytes were plated
in 96-well plates (10,000/well) and stimulated with 50 ng/ml IFNγ for 48 h prior to
transfection with 50 or 80 nM siCXCR3 or siC (SmartPool scramble sequence
siRNA, Dharmacon, France) or with 80 nM custom-designed siCXCR3B or siC
(ThermoFisher, France) using Lipofectamine® RNAiMAX Reagent (Invitrogen,
France) in optiMEM medium (Invitrogen). Next day, media was replaced and
melanocytes stained with CellTracker® Red CMPTX dye for 20 min at 37 °C (1 μM,
Molecular Probes, USA) before addition of 100 pg/ml recombinant human CXCL9,
CXCL10 or CXCL11 (PeproTech) to melanocytes. Finally, Incucyte® green Cytotox
Reagent (100 nM, Essen Bioscience, Michigan, USA) was added to all wells and
melanocyte death monitored in real-time using IncuCyte® Zoom live-cell imaging
system (Essen Biosciences) which was inside a 37 °C humidified CO2 incubator
scanning the plate every 2 h. Multiple images were collected per well and quanti-
fication of dead melanocytes (yellow co-localised cells) was analysed using the
integrated Zoom® software. In separate experiments, non-transfected cells were
pre-incubated with IFNγ and 48 h later treated with CXCR3 antagonist AS612568
(0.02, 0.2, 2 μM, Calbiochem, China) and Cytotox® Reagent added just before live
imaging. To try and mimic an in vivo situation, vitiligo melanocytes were stimu-
lated with IFNγ (to upregulate their CD40 and CXCR3B expression) and 48 h later
stimulated with CXCL10 (100 pg/ml). The next day, supernatant was removed and
replaced with fresh media. In separate experiments, 24 h post CXCL10 stimulation,
all media was replaced and melanocytes left in culture for another 72 h before
adding either allogeneic PBMC (positive control experiments) or autologous non-
stimulated and sorted CD3+ T cells (1 × 106/ml) prior to IncuCyte live imaging. At
the end of the experiment (~40 h later), remaining melanocytes were trypsinized
and co-stimulatory (CD40, HLA-DR, CD80) and adhesion cell markers (ICAM-1)
on melanocytes, as well as proliferating T cells (CD3+ and Ki67+) were examined
by immunofluorescence staining of cytospin sections. Monoclonal antibodies
directed against human CD40 (G28.5, 1:100), HLA-DR (TU36, 1:200), CD80
(L307.4, 1:50) and ICAM-1 (HA58, 1:400) were purchased from BD Biosciences
(San Diego, CA, USA). Ki67 rabbit monoclonal antibody (SP6, 1:200) was pur-
chased from Abcam (Cambridge, UK). The number of CD3+ T cells in IncuCyte
was counted from time-lapse images with Fiji software using a macro whereby a
median filter was initially applied prior to application of ‘Find Maxima’ function to
identify and count all non-stained dark spots in the images. Quantification of
proliferation was performed using flow cytometry and CellTrace CFSE cell pro-
liferation kit (Thermo Fisher Scientific, Illkirch, France). Briefly, 1 × 106 cells were
labelled with 5 μM of CFSE in 96-well plates and 72 h later, cells collected, stained
with anti-CD3 conjugated to APC (BD Biosciences, 1:100) and fluorescence
measured with MACSQuant Analyzer (Miltenyi, Paris, France). Labelled cells at
time zero was used as a negative reference, unstimulated cells left in culture for 72 h
before labelling as a control and cells stimulated with PHA for 72 h (Phytohe-
magglutinin, 5 μg/ml) as a positive control.

CXCL10-induced signalling in healthy and vitiligo melanocytes. Protein sam-
ples from primary melanocytes stimulated with CXCL9, CXCL10, CXCL11 (100
pg/ml) or IFNγ (50 ng/ml) for 24 h were extracted in buffer containing 50 mmlo/L
Tris-HCl (pH 7.5), 15 mmol/L NaCl, 1% Triton X-100 and 1× protease and
phosphatase inhibitors. Cell lysates (30 mg) were separated on SDS-polyacrylamide
gel (SDS-PAGE) and transferred onto a polyvinylidene difluoride membrane
(Millipore Corp). The membranes were incubated with antibodies directed against
total and active p38 and poly ADP-ribose polymersase (PARP) (Cell Signalling
Technology, 1:1000) followed by peroxidase-linked secondary antibodies. HSP90
was used as house-keeping genes. Reactive protein bands were detected using
chemiluminescent substrate (ECL System, Amersham) and Fujifilm LAS-4000
system. Staurosporine (1 μg/ml) was used as a positive control. In parallel
experiments, to confirm the role of apoptosis in CXCL10-induced melanocyte
death, cells were pretreated with IFNγ and stimulated with CXCL10 (100 pg/ml) in
presence of absence of QVd OPh (10 μM, caspase inhibitor, Biosciences) for 24 h.
Cell lysates were prepared for assessment of total and cleaved Caspase-3 activity
(Cell Signalling Technology, 1:1000) by WB and remaining cells stained with
Annexin V conjugate (Miltenyi, France) and DAPI for FACS analysis.

Statistical analyses. Statistical analyses were performed with Graphpad Prism®
6 software. Mann-Whitney non-parametric analysis was used to test unpaired
differences between groups and Wilcoxon signed rank test for paired differences.
Differences were considered significant at P < 0.05.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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SUMMARY

GAPDH is emerging as a key player in T cell development and function. To investigate the role of GAPDH in
T cells, we generated a transgenic mouse model overexpressing GAPDH in the T cell lineage. Aged mice
developed a peripheral Tfh-like lymphoma that recapitulated key molecular, pathological, and immunophe-
notypic features of human angioimmunoblastic T cell lymphoma (AITL). GAPDH induced non-canonical
NF-kB pathway activation in mouse T cells, which was strongly activated in human AITL. We developed a
NIK inhibitor to reveal that targeting the NF-kB pathway prolonged AITL-bearing mouse survival alone and
in combination with anti-PD-1. These findings suggest the therapeutic potential of targeting NF-kB signaling
in AITL and provide a model for future AITL therapeutic investigations.

Significance

Availability of preclinical mouse models for rare cancers is a prerequisite for revealing important pathways and targets to
identify and evaluate possible treatment regimens for these patients lacking treatment options. Our GAPDH transgenic
mouse model developed a Tfh-like lymphoma with a strong germinal center B cell component, mimicking angioimmuno-
blastic T cell lymphoma (AITL), a rare aggressive lymphoma. Our data confirmed that GAPDH-induced AITL disease de-
pendsmechanistically on activation of the non-canonical NF-kBpathway, whichwe also confirmed to be activated in human
AITL. Targeting this pathway with an NF-kB pathway-inhibiting drug was an effective treatment for murine as well as human
AITL cells. This mouse model allows testing of therapeutic options for AITL including immunotherapy.
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INTRODUCTION

Immunometabolism has recently become an intense field of

research. It shapes the functions and the differentiation of im-

mune cells and reveals anti-cancer immunotherapies (Pearce

and Pearce, 2018). Fundamental changes from mitochondrial

to glycolytic metabolism are implemented by immune cells

as well as cancer cells to meet their high energy requirement

(Warburg effect) (Galluzzi et al., 2013; Kroemer and Pouyssegur,

2008). However, the role of specific metabolic enzymes in T cells

and cancer is just starting to be unraveled. Aerobic glycolysis

converts glucose to pyruvate through a series of ten enzymes,

of which one is of particular interest: glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH). Recent studies have demon-

strated that GAPDH could have a rate-limiting function in the

context of Warburg effects (Liberti et al., 2017). In addition to

its role in glycolysis, GAPDH is a multifunctional protein with

numerous non-glycolytic functions (Colell et al., 2007, 2009; Jac-

quin et al., 2013; Lavallard et al., 2009). GAPDH is overexpressed

in many cancers (Chiche et al., 2015; Liberti et al., 2017; Revillion

et al., 2000), but is role in tumorigenesis is still unclear (Revillion

et al., 2000). Moreover, we previously revealed GAPDH overex-

pression in chronic myeloid leukemia (CML) cells, which partici-

pated in CML resistance to chemotherapeutic treatment (Laval-

lard et al., 2009). Of note, overexpression of GAPDH, but not

other glycolytic enzymes tested, protected cells from caspase-

independent cell death (CICD) through persistence of a few

intact mitochondria that might facilitate tumor cell survival and

chemotherapy resistance (Colell et al., 2007).

At present, very little is known about GAPDH expression levels

and its role in T cell differentiation and T cell cancers such as

peripheral T cell lymphomas (PTCLs), but GAPDH has recently

emerged as a key factor in T cell survival, activation, and function

(Balmer et al., 2016; Chang et al., 2013; Xu et al., 2016). For

example, GAPDH expression was implicated in T cell responses

under hypoxia (Dimeloe et al., 2016; Xu et al., 2016). Acetylation

of GAPDH enhances its activity, boosting rapid memory CD8+

T cell responses (Balmer et al., 2016). Interestingly, GAPDH

can also modulate T cell effector function (Chang et al., 2013).

We and others established a clear connection between high

GAPDH expression and the activation of the nuclear factor kB

(NF-kB) pathway (Chiche et al., 2015; Gao et al., 2013). We

recently showed that elevated GAPDH expression was found

to promote NF-kB activation in a non-Hodgkin’s B cell lym-

phoma by binding to tumor necrosis factor receptor-associated

factor 2 (TRAF2), which enhanced the transcription and the activ-

ity of hypoxia-inducible factor 1a (Chiche et al., 2015). NF-kB

activation occurs via two major signaling pathways. The canon-

ical pathway mediates the activation of NF-kB1 p50, RelA, and

c-Rel, whereas the non-canonical NF-kB pathway selectively

activates p100-sequestered NF-kB members, predominantly

NF-kB p52 and RelB. The canonical NF-kB pathway responds

to engagement of immune receptors and results in rapid but

transient NF-kB activation (Sun, 2017). In contrast, activation

of the non-canonical pathway is characteristically slow and

persistent, and ligands of the tumor necrosis factor (TNF) recep-

tor superfamily are inducers of the non-canonical pathway. Both

NF-kB pathways are involved in malignancy and inflammatory

diseases (Cildir et al., 2016; Hoesel and Schmid, 2013;

Sun, 2017). Importantly, NF-kB activation is associated with

many T cell cancers (Balmer et al., 2016; Cildir et al., 2016; Ger-

ondakis et al., 2014; Imbert and Peyron, 2017; Sun, 2017) and

plays an essential role in T cell development and function (Geron-

dakis et al., 2014; Grinberg-Bleyer et al., 2017; Long et al., 2009).

It is, for example, implicated in differentiation and function of reg-

ulatory T cells (Grinberg-Bleyer et al., 2017; Long et al., 2009; Va-

santhakumar et al., 2017) (Jimi et al., 2008). However, the contri-

bution of GAPDH to T cell function, differentiation, and, possibly,

malignancy remains to be comprehensively elucidated.

RESULTS

Overexpression of GAPDH Exclusively in the T Cell
Lineage Does Not Affect Early T Cell Differentiation
To uncover GAPDH function in T cells, we generated a trans-

genic mouse model in which GAPDH was overexpressed under

the control of the T cell-specific promoter, plck. A V5 tag was

fused to GAPDH to distinguish it from the endogenous GAPDH

enzyme, and three founder animals (F16, F07, and F35) were

identified (Figure 1A). Overexpression of GAPDH was validated

in the plck-GAPDH transgenic mice by western blot (Figure 1B).

We confirmed exclusive and strong expression in the T cell line-

age (Figure 1C). GADPH-V5 was significantly overexpressed in

different thymic subpopulations of the founder plck-GAPDH

mice at 4weeks of age comparedwith wild type (WT) (Figure 1D).

Higher overall GAPDH expression was detected in F07 and F35

thymocytes than in F16 thymocytes (Figure 1E). Notably,

although GAPDH was described to inhibit a non-apoptotic cell

death named CICD (Colell et al., 2007), which might play a role

in thymocyte development and selection, no significant differ-

ences in thymic subpopulations were revealed in 4-week-old

mice (Figure 1F).

Aged plck-GAPDH Mice Develop a Peripheral T Cell
Lymphoma-like Pathology
Upon aging, the plck-GAPDH mice developed tumors (Fig-

ure 2A). Tumor frequency coincided with the GAPDH overex-

pression levels (Figures 1D and 2A), as the high GAPDH-ex-

pressing F07 and F35 mice all developed tumors, while tumor

frequency for F16wasmuch lower andwith delayed onset of dis-

ease (Figure 2A and data not shown). Therefore, we focused our

study on F07 and F35. These plck-GAPDHmice showed onset of

disease at 18 months or older (Figure 2B). Aged plck-GAPDH

mice developed a pathology characterized by a generalized

lymphadenopathy (Figure 2C). These mice generally developed

splenomegaly, and frequently developed hepatomegaly and

enlarged mesenchymal lymph nodes (MES LNs) and LNs at

ectopic sites such as around the kidney, heart, or intestines (Fig-

ures 2D–2G). The spleens and LNs showed a greatly altered

architecture, and the follicular structures visible in the WT were

destroyed in the plck-GAPDH mice, marked by large polymor-

phic infiltration of T cells and B cells (Figures 2H and S1A). These

pathological features pointed toward a PTCL. Remarkably, aged

plck-GAPDH mice also developed a typical rash and showed a

strong LN vascularization with detection of 35-fold increased

expression level of vascular endothelial growth factor in murine

PTCL (mPTCL) LN versus WT and the presence of venules

(CD31+) in the LN (Figures S1B–S1D). Moreover, 50% of
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Figure 1. Overexpression of GAPDH in the T Cell Lineage Does Not Affect Early T Cell Development

(A) Schematic presentation of the GAPDH expression construct to generate three founder mice (F16, F35, F07). Plck, lymphocyte-specific protein tyrosine kinase

promoter; V5, tag for fluorescence-activated cell sorting (FACS) and western blot detection.

(legend continued on next page)
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plck-GAPDH mice developed ascites in the abdominal region

(data not shown). Finally, the splenic tumors of the transgenic

mice were characterized by no changes in CD19+ B cell counts

but a 2-fold higher cellularity of T cells and an increased ratio

of CD4+-to-CD8+ T cells (Figures 2I and 2J). The combination

of all these histopathological symptoms suggests that the

plck-GAPDH mice developed a PTCL.

Plck-GAPDH Mice Develop a T Cell Lymphoma with a T
Follicular Helper Dominance
Since tumors in plck-GAPDHmicemanifested a higher presence

of CD4+ over CD8+ T cells, we characterized the CD4+ T cells.

They were positive for programmed cell death 1 (PD-1) and to

a lesser extent for the chemokine receptor, CXCR5 (Figure 3A).

The percentage of CD4+PD-1highCXCR5+ T follicular helper

(Tfh)-like cells was significantly higher in plck-GAPDH than in

WT spleens, and the increase in total CD4+PD-1high was even

more pronounced (80%; Figure 3B).

Additionally, two Tfhmarkers, ICOS (Hu et al., 2011) and Bcl-6,

were upregulated on the tumor CD4+ T cells (Figure 3A). They

also had an activated memory phenotype (Figure 3C) and

showed increased expression of the death receptor FAS

(CD95) but only slight augmentation of FAS ligand (FASL,

CD178) compared with CD4+ WT T cells (Figure 3D), both char-

acteristics of Tfh cells. Ki67 staining indicated that these CD4+ T

splenocytes were strongly cycling in contrast to WT splenocytes

(Figure 3E), indicating the aggressiveness of these malignant

T cells. When we activated CD4+ plck-GAPDH tumor cells by

phorbol 12-myristate-13-acetate (PMA)/ionomycin, strong

expression of the inflammatory cytokines (TNFa and interferon-

g [IFNg]) and the anti-inflammatory cytokine interleukin-10

(IL-10) was revealed (Figure 3F). IL-10 is known to promote B

cell expansion. In contrast, IL-4 (T helper cell [Th2] marker) and

IL-17 (Th17 marker) expression was not increased (data not

shown). Finally, we clearly detected a T cell receptor b (TCRb)

and TCRg receptor oligoclonality in the CD4+ T cells from

different plck-GAPDH tumor-bearing mice (Figures 3G and 3H).

The above results together indicate that the plck-GAPDHmice

developed a PTCL with a pronounced Tfh-like phenotype.

Plck-GAPDH Tfh-like Lymphoma Is Associated with
Germinal Center and Plasma B Cells
Tfh reside in germinal centers (GCs) and normally interact with GC

B cells, ultimately yielding plasma cells (PCs) and memory B cells

(Cildir et al., 2016). Indeed, B cell phenotyping of cells in the

enlarged spleens and LNs of the plck-GAPDHmice demonstrated

significantly increased percentages of CD95+GL-7+ GC B cells

comparedwithWT (Figures 4A and 4B). Additionally, plck-GADPH

B cells demonstrated increased levels of FAS and FASL

compared with WT (Figure 4C), underlining the importance of

Tfh FAS and GCB FASL interaction for cell survival. PD-1 expres-

sion on Tfh not only regulates GC survival but also affects PC dif-

ferentiation (Hu et al., 2011; Xu et al., 2014). Identification of PCs

by CD138+CD19�B220low surface expression showed that 60%

of the plck-GAPDH tumor mice showed more PCs than WT

mice (PCWT< 5%), varying from6% to 80%of total mononuclear

cells (Figures 4D and 4E).

Co-residence of Tfh, GC, and plasma B cells in the plck-

GAPDH tumors stresses that this mouse model closely mimics

a human Tfh PTCL cancer (Ahsanuddin et al., 2011; Nagoshi

et al., 2013). We also detected cycling B cells, hypergammaglo-

bulinemia, and presence of autoantibodies in the sera ofmPTCL-

bearing plck-GAPDH (Figures S2A–S2C). This notion of a PTLC

is further reinforced by increased numbers of tumor-associated

myeloid cells, specifically follicular dendritic cells (FDCs) (CD35+)

and total DCs (CD11c+), in the enlarged plck-GAPDH LNs

compared with WT mice (Figures S1C and S2D). Of note, strong

infiltration of the CD4+PD-1+ Tfh cells and GC B cells in the bone

marrow was confirmed in all tumor-bearing plck-GAPDH mice

(Figure S2E).

To confirm that the plck-GAPDH mouse developed a rare

T cell lymphoma, we transferred the tumor cells from enlarged

LN or spleens into NOD/SCID gc�/� (NSG) recipient mice (Trag-

giai et al., 2004). Engrafted NSG mice recapitulated the disease

characteristics of the plck-GAPDH donor mice (Figure S2F).

Tumors showed a strong increase of CD4+/CD8+ T cell ratio

(Figure S2G), high expression of PD-1 on CD4+ T cells, and the

co-residence of GC B cells in the tumors (Figure 4F). We

confirmed Tfh and GC B cell colonization of the spleen in three

independent NSG recipients per donor (Figure 4G). We also

detected infiltration of Tfh and GC B cells in the bone marrow

of recipient NSGmice (Figure S2H) and confirmed that engrafted

T cells conserved oligoclonality for the TCRb chain (Figure S2I).

Co-residence of Tfh, GC, and plasma B cells and tumor-asso-

ciated cells in the plck-GAPDH tumors stresses that this mouse

model strongly mimics a human Tfh PTCL.

Plck-GAPDH PTCLs Have a Gene-Expression Profile
Resembling that of AITL Patient PTCL
To identify the human PTCL (hPTCL) counterpart of the PTCL

developed by plck-GAPDHmice, we compared the gene-expres-

sion profile (GEP) of our mPTCL with those of hPTCLs. The

mPTCLs contained on average 30.0%± 6.2%CD4+ cells. Initially,

we compared GEPs of murine splenic PTCLs and normal WT

splenocytes, identifying 471 up- and 847 downregulated genes.

Gene set enrichment analysis (GSEA) for a Tfh-upregulated

(B) Western blot using an anti-V5 antibody for GAPDH-V5 detection and anti-GAPDH for detection of endogenous GAPDH and GAPDH-V5 in plck-GAPDH

transgenic (Tg 1 and Tg 2) or wild-type (WT 1 and WT 2) 5-week-old mice.

(C) Intracellular GAPDH-V5 and GAPDH detection in T cells (CD3+) and B cells (CD19+) from the spleen analyzed by FACS in 5-week-old mice.

(D) Ectopic GAPDH-V5 expression levels (mean fluorescence intensity [MFI]) detected by FACS using anti-V5 antibody in thymocyte subpopulations: double-

negative, DN (CD4�CD8�); double-positive, DP (CD4+CD8+); CD4+ (CD8�CD4+) and CD8+ (CD4�CD8+) cells from WT (n = 18) and three founder plck-GAPDH

mice at 5 weeks (F07, n = 7; F16, n = 15, and F35, n = 13; mean ± SD, p < 0.001, one-way ANOVA for all groups).

(E) Total GAPDH expression levels (MFI) detected by FACS using anti-GAPDH antibody in the DN, DP, CD4+, and CD8+ thymocytes for WT (n = 18) and three

founder plck-GAPDH mice (F07, n = 7; F16, n = 15, and F35, n = 13; mean ± SD, **p < 0.0, one-way ANOVA) at 5 weeks of age.

(F) Distribution of DN, DP, CD4+, and CD8+ thymocytes analyzed by FACS in WT and plck-GAPDH mice, and thymocyte cell numbers, are summarized in a

histogram (mean ± SD, n = 5).
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Figure 2. Aged plck-GAPDH Mice Develop a PTCL-like Lymphoma
(A) Frequency of tumor appearance among the different plck-GAPDH founder mice (20/20 for F07; 20/20 for F35; 6/16 for F16; 2/23 for WT).

(B) Cumulative incidence of tumor development in plck-GAPDH mice from the founders F07 and F35 according to their age (plck-GAPDH, n = 40; WT, n = 30).

(legend continued on next page)
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gene set (18 genes), based on previous studies (de Leval

et al., 2007; Jain et al., 2015), showed upregulation of Tfh

signature genes and signature enrichment in the murine

lymphomas compared with WT (Figures 5A and 5B). This was

already suggested by their immunophenotype (CD4+CXCR5+

ICOS+PD-1high, Figures 3A–3E). To further validate the Tfh charac-

teristics, we confirmed the upregulated expression of CXCL13,

IL-21, and Bcl-6, all Tfh regulators, in mPTCL isolated CD4+

T cells compared with WT CD4+ splenocytes (Figure 5C). In

contrast, BLIMP, an antagonist regulator of Tfh cell differentiation,

was not upregulated (Johnston et al., 2009).

Additionally, GSEA for aGC-plasmaBcell signature (24 genes)

(Recaldin and Fear, 2016) showed an upregulation of GC- and

PC-enriched gene expression in mPTCLs (Figures 5D and 5E),

indicating a mixed GC and PC B cell signature.

One of most prominent hPTCLwith Tfh dominance associated

with GC/plasma B cells is angioimmunoblastic T cell lymphoma

(AITL), a rare devastating cancer (Federico et al., 2013). The

described pathological and immunophenotypic characteristics

of the plck-GAPDH mPTCL closely match human AITL (hAITL)

(Table S1). Indeed, when we compared the GEP data of LNs

from 60 AITL patients with healthy LNs, we found increased

expression of CXCR5, PD-1, CXCL13, Bcl-6, ICOS, and IL-21,

confirming the Tfh neoplastic expression pattern in the analyzed

AITL patient cohorts (de Leval et al., 2007; Iqbal et al., 2014; Roth

et al., 2006), similar to the plck-GAPDH mPTCLs (Figure S3A).

The GC and PC B cell signature in the AITL patients (Figure S3B)

also matched the plck-GAPDH mPTCL. Finally, an even more

specific AITL gene signature was confirmed in the mPTLCs (Fig-

ures S3C and S3D).

To further validate the AITL pathology, we decided to compare

the cytokine and chemokine mRNA expression profiles of plck-

GAPDH mouse LNs (Figure S3E) with AITL patient LNs. AITL is

characterized by strong autoimmune inflammatory signals (de

Leval et al., 2007) such as increased IFNg, IL-1 receptor a

(IL1Ra), IL-6, and TNFa (Figure S3F). We confirmed the mRNA

expression data in Figure S3E by quantification of secreted cyto-

kines and chemokines in PMA/ionomycin-stimulated plck-

GAPDHmPTCL cells (Figure S3G). Increased levels of inflamma-

tory (IFNg, IL1Ra, IL-6, and TNFa) and anti-inflammatory (IL-10

and IL-6) cytokines were comparable with an AITL gene-en-

riched inflammation signature (Figures S3F and S3G). In AITL,

Tfh and GC B cell and microenvironment interaction is based

on cytokine-chemokine crosstalks (Mourad et al., 2008). GEP

of mPTCL versus WT splenocytes revealed an upregulated

expression of multiple cytokines but also of chemokines corre-

sponding to those of AITL patient LNs (Figures S3H–S3K). More-

over, our mPTCL clearly showed a prominent upregulation of

humoral immune response genes (Table S2) confirming the pres-

ence of PCs in our tumors, and vascularization in the LNs was

confirmed by upregulation of vascularization-related genes (Ta-

ble S2). All these data confirmed again the matching character-

istic features between mPTCL and AITL (de Leval et al., 2007,

2010). Interestingly, 1-year old premalignant plck-GAPDH mice

showed no prominent skewing in the T and B cell populations

(Figures S4A–S4D) except for the fact that a population of Tfh-

like CD4+ PD-1high T cells and GCB cells were starting to emerge

(Figures S4E and S4F). However, no increased cytokine secre-

tion, TCR signaling, T cell activation, nor increased proliferation

were detected in plck-GAPDH versus WT CD4+ T cells from

1-year-old mice (Figures S4G–S4J).

We confirmed that the glycolytic enzyme GAPDH was still

strongly overexpressed in the mPTCLs at the mRNA and protein

level compared with age-matched WT animals (Figure 5F).

Strikingly, GAPDH expression was higher in AITL patient LNs

than in healthy LNs (Figure 5G). Metabolic pathway analysis

did not show pronounced upregulation of glycolysis in the

plck-GAPDH lymphoma (Figure 5H). In contrast, CD4+ spleno-

cytes from premalignant 1-year-old plck-GAPDH mice showed

upregulated glycolysis compared with WT, especially when acti-

vated through the TCR as detected by increased extracellular

acidification rate, glucose uptake, and lactate production (Fig-

ures S4K–S4M). In plck-GAPDHmPTCL, we detected increased

mitochondrial respiration (Figure 5H), which was already

observed in CD4+ T cells from 1-year-old plck-GAPDH upon

TCR engagement (Figure S4N).

AITL frequently carries a G17V (p.Gly17Val) mutation in

RHOA (Palomero et al., 2014; Sakata-Yanagimoto et al.,

2014), which encodes the small guanosine triphosphatase

(GTPase) RHOA. In plck-GAPDH CD4+ T cells isolated from

tumors, we found two mutations in the effector domain of

RHOA, one point mutation at position 37 (T37M) present in all

15 plck-GAPDH tumors and an INDEL frameshift mutation con-

sisting of a 5-bp insertion into codon 44 present in 4 of 15 plck-

GAPDH tumors (Figure 6A). Sanger and whole-exome

sequencing of the WT C57BL6JOlaHsd strain used to generate

the plck-GAPDH mice indicated that the T37M mutation and

INDEL were not present in the germline (Figures S5A and

S5B). The point mutation T37M reduced RHOA activity as

measured by the reduced affinity for GST-rhotekin-RBD

compared with theWT or the Q63L active mutant of RHOA (Fig-

ure 6B), identifying T37M as an inactivating mutation in RhoA.

Additionally, the effect of the T37M mutation on RHOA was

equivalent to the T37A mutation found in follicular lymphoma

and gastric cancer (Figures 6B and 6C), and the activity of

RHOA T37M was even lower than that for a well-established

mutation (T19N) in the guanosine triphosphate/guanosine

diphosphate binding domain (Figure 6B). The INDEL frameshift

mutation in RHOA is a truncating mutation, which would likely

result in a truncated protein (Figure S5C).

(C) Frequency of tumor localization in plck-GAPDH mice. Ectopic LN were localized at kidney, thymus, and intestines.

(D–F) Weight of spleens (D), mesenchymal LNs (MES LN) (E), and ectopic LNs (F) of WT mice and plck-GAPDH mice presenting tumors (means ±SD, n = 24;

***p < 0.001; **p < 0.01, Student’s t test).

(G) Representative pictures of spleen, MES LN, and liver of WT and plck-GAPDH mice presenting tumors.

(H) Hematoxylin and eosin staining patterns and immunohistochemistry staining for CD3+ T cells and B220+ B cells of WT and plck-GAPDH spleens.

(I and J) Numbers of B (CD19+) and T (CD3+) cells (I) and the ratio of CD4+/CD8+ T cells (J) in the spleens ofWT and plck-GAPDH tumor-bearing mice (means ±SD,

n = 6; ***p < 0.001, *p < 0.05, Student’s t test).

See also Figure S1.
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Figure 3. plck-GAPDH Mice Developed a T Cell Lymphoma with a Pronounced Tfh Phenotype

(A) Comparison of Tfh cell (CD4+CXCR5+ PD-1high, CD4+CXCR5+Bcl-6+, and CD4+ICOS+) infiltration in the spleen of plck-GAPDH and WT mice analyzed by

FACS. Representative of n = 10. Initial gating on CD4+ cells is performed.

(B) Percentages of CD4+ T cells that are PD-1high CXCR5+PD-1high T cells in WT and plck-GAPDH spleens (means ± SD, n = 10; ***p < 0.001, Student’s t test).

(C) CD4+ T cell staining for CD62L and CD44 in plck-GAPDH tumors and WT spleens by FACS. Representative of n = 6.

(D) Expression of FAS receptor (CD95) and FAS ligand (CD178) on CD4+ T cells by FACS. Representative of n = 6.

(E) Intracellular staining of Ki67 in CD4+ splenocytes by FACS. Representative of n = 3.

(F) Intracellular marking of IFNg, IL-10, and TNFa in CD4+ splenocytes upon PMA/ionomycin stimulation in WT and plck-GAPDH mice. Representative of n = 4.

(G) Expression of the different TCR-b chains on WT (WT 1, WT 2) and plck-GAPDH (GAPDH 1, 2, 3) CD4+ T cells analyzed by FACS.

(H) Detection of different TCR-g chains by PCR in CD4+ splenic cells isolated from WT (lanes 1–3) or plck-GAPDH lymphoma-bearing mice (lanes 4–8).
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Figure 4. Germinal Center B Cells Are Strongly Increased in plck-GAPDH Tumors

(A) GC B cells identified by FACS using staining for FAS (CD95) and GL-7 gated on CD19+B220+ B cells. Representative of n = 10.

(B) Percentage of GCB cells onCD19+B220+ cells inWT and plck-GAPDH spleens andMES LN (mean± SD; spleen, n = 38; LN, n = 20; ***p < 0.001, Student’s t test).

(legend continued on next page)

Cancer Cell 36, 268–287, September 16, 2019 275



Whole-exome sequencing revealed additional mutations in

the plck-GAPDH lymphoma CD4+ cells (Tables S3–S6). Of

note, however, many of the identified mutations in epigenetic

modifiers and TCR signaling genes that were also mutated in

hAITL were intronic or intergenic in our mPTCL and likely would

not lead to loss of function (Tables S3 and S4).

The above data support our suggestion that mPTCL resem-

bles in great detail hAITL, indicating that the plck-GAPDHmouse

model represents a valid model for this lymphoma.

Plck-GAPDH Develop an AITL-like PTCL via a
GAPDH-Dependent Activation of the NF-kB Pathway
Constitutive activation of NF-kB signaling has been observed in

various tumors including lymphomas and leukemia (Imbert and

Peyron, 2017), and we have shown that GAPDH enhances B

cell lymphoma aggressiveness via activation of NF-kB (Chiche

et al., 2015). Moreover, our GEP data showed that many

NF-kB targets are upregulated in our plck-GAPDH tumors

such as IFNg, ICOS, IL-6, CCL5, CCL2, CCL4, CXCL9,

CXCL10, CXCL11, immunoglobulin G heavy chains, CD40,

CD44, ICAM-1, and IRF4. We confirmed an upregulation of

the NF-kB canonical pathway target genes in thymocytes from

4-week-old plck-GAPDH mice (Figure S6A). Activation of the

canonical pathway was established by phosphorylation of p65

(Figure S6B) and the binding of TRAF2 to GAPDH (Figure S6C).

GSEA for an NF-kB gene signature (Gerondakis et al., 2014)

showed upregulation of the NF-kB canonical and non-canonical

pathway as well as of their target genes in the plck-GAPDH

mPTCL compared with WT splenocytes (Figures 7A and 7B),

which was confirmed by qPCR analysis of isolated CD4+-cells

from mPTCL (Figures 7C and 7D). Activation of the non-canoni-

cal pathway was confirmed by increased phosphorylation of

p100 and its cleavage into p52 in CD4+ mPTCL cells as

compared with WT splenocytes (Figure S6D).

We also detected in hAITL a slight upregulation of the canon-

ical NF-kB pathway (Figure 7E) and a strong activation of the

non-canonical NF-kB pathway (Figure 7F) characterized by

increased RelB expression and strong upregulation of the non-

canonical target genes EZH2 and IRF4, while other non-canoni-

cal targets, SP-1 and ENPP2, were not or slightly upregulated,

equivalent to the mPTCL (Figures 7E and 7F).

Finally, to establish whether the modulation of NF-kB pathway

is a central event in mPTCL induction, we aged plck-p65�/�

mice, unable to activate the canonical NF-kB pathway in

T cells, and plck-IkB�/� mice, characterized by a constitutive

activation of the NF-kB pathway in the T cell compartment. At

18 months, the plck-IkB�/� mice developed a Tfh T cell lym-

phoma with CXCR5+PD-1+CD4+ T cells and CD95+GL-7+ GC

B cells, an increased CD4+/CD8+ T cell ratio, and higher GAPDH,

IL-21, CXCL13, and Bcl-6 expression levels (Figures 7G and 7H).

Upregulation of the non-canonical NF-kB pathway was also de-

tected in CD4+ cells from the plck-IkB�/� mPTCL (Figure S6E).

All these features are identical to mPTCL developed by plck-

GAPDH mice. Additionally, CD4+ splenocytes from 1-year-old

premalignant plck-GAPDH mice had upregulated the canonical

NF-kB pathway and initiated the upregulation of the non-canon-

ical pathway (Figure S6F). To further confirm the role of GAPDH

inNF-kBactivation, we generated plck-GAPDH/p65�/�, in which

the canonical NF-kB pathway is inactivated. Since the develop-

ment of plck-GAPDH tumors can take over 2 years, we isolated

splenic CD4+ cells from age-matched WT, plck-GAPDH, plck-

p65�/�, and plck-GAPDH/p65�/� mice and cultured them under

Tfh-inducing conditions. Only the plck-GAPDH-derived CD4+

cells expressed Tfh markers at 3 weeks of culture (Figure S6G),

accompanied by upregulation of the canonical and non-canoni-

cal NF-kB pathway (Figure S6H), while plck-GAPDH/p65�/�

CD4+ T cells were equivalent to WT. This underlined the impor-

tance of induction of the NF-kB pathway by GAPDH in acceler-

ated Tfh development.

Finally, we evaluated whether GAPDH is still required for

mPTCL growth once established. Ten NSGmice were engrafted

with plck-GAPDH lymphoma and were treated upon tumor

establishment with a GAPDH-specific inhibitor, koningic acid

(KA), or vehicle (Figure S6I). No difference in survival of the two

groups of mice was detected (Figure S6J). Despite a reduction

in GAPDH activity in the KA-treated mice (Figure S6K),

both groups developed splenomegaly (Figure S6L), and the

KA-treated group did not show a change in B, T, or Tfh

CD4+PD-1high cells nor in NF-kB activity (Figures S6M–S6P).

This suggests that while GAPDH can drivemPTCL development,

it is not required to maintain mPTCL tumor growth once it is

established.

This indicates that GAPDH-induced constitutive activation of

the NF-kB pathway in T cells results in a dominant Tfh PTCL

equivalent to AITL, underlined by a shift toward the NF-kB

non-canonical pathway in the tumor cells.

Plck-GAPDH Mice Developing AITL Respond to Non-
canonical NF-kB Inhibition and Anti-PD-1 Treatment
Activation of the non-canonical pathway depends on the activa-

tion of the NF-kB-inducing kinase (NIK) and IKKa phosphoryla-

tion (Xiao et al., 2001). We confirmed a 9-fold and 3-fold

increased NIK expression in the mPTCL CD4+ T cells and

CD19+ GC B cells compared with WT counterparts, respectively

(Figure 8A), suggesting that NIK could represent a therapeutic

target in AITL. PD-1 and its ligand PD-L1, which play a central

role in downmodulation of anti-tumor immunity (Topalian et al.,

2016), might also represent AITL therapeutic targets. High

PD-1 expression was characteristic for CD4+ Tfh cells in our

plck-GAPDH AITL-like tumors (Figures 3A and 3B). Therefore,

(C) Representative FACS plot showing the expression levels (MFI) of FAS (CD95+) and FAS ligand (CD178+) in WT versus plck-GAPDH B cells (CD19+B220+).

Representative of n = 5.

(D) FACS histogram showing the quantity of plasmocytes (CD19-B220 low, CD138+) per total nucleated cells in the spleen.

(E) Summary of the percentage of plasma B cells from (D) (mean ± SD, n = 22; **p < 0.01, Student’s t test).

(F and G) Total splenocytes from tumor-bearing plck-GAPDH mice were transferred to NSG mice, which were sacrificed 6–8 weeks post injection. PD-1+ CD4+

T cells and GC B cells (CD95+GL-7+) in donor plck-GAPDH mice and in NSG mice after engraftment were analyzed by FACS (F), and the percentages of CD4+

T cells that were PD-1+ and B cells that were CD95+GL-7+ were quantified for three independent tumors (G).

See also Figure S2.
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Figure 5. Plck-GAPDH mPTCL Transcriptional Profile Corresponds to that of AITL Patients

(A) mRNA expression (log2) of Tfh signature genes based on gene-expression analysis (GEA) of RNA-sequencing (RNA-seq) data in total splenocytes of

lymphoma developing plck-GAPDH relative to WT splenocytes.

(legend continued on next page)
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we opted to investigate treatments with an NIK inhibitor alone or

in combination with anti-PD-1 in our AITL model.

Due to a lack of specific NIK inhibitors, we developed NIKinh, a

substituted halo-quinoline derivative characterized by potent

anti-NIK activity (patent PCT/EP2017/067306; Figure S7A).

NIKinh was able to inhibit NIK’s ability to phosphorylate a sub-

strate protein in vitro in an ATP-dependent manner (ADP-Glo

assay; Figure S7A), demonstrating inhibition of NIK ATPase ac-

tivity. Using a biotinylated version of the drug (NIKinh-biotin)

compared with biotin alone or mock conjugated biotin (phenyl-

biotin and aminoquinolinyl-biotin), we confirmed that NIKinh-

biotin was able to affinity precipitate NIK (Figure S7B). Increasing

the ratio of free NIKinh and NIKinh-biotin (1:1 and 10:1) reduced

the amount of NIK precipitated (Figure S7B), which indicates

that the observed interaction between the NIKinh and NIK is spe-

cific. NIKinh also reduced EZH2 expression, a downstream

target of NIK, in a dose-dependent manner in a melanoma cell

line characterized by upregulation of non-canonical pathway

(A375), and concomitantly increased the expression of

CDKN1A/p21 (Figure S7C). Additionally, we showed that this

NIKinh decreased cleavage of p100 into p52, and EZH2 at the

protein level in A375 cells, lung cancer cells (A549), and freshly

isolated patient melanoma cells (C12.06) (Figure S7D). We then

compared the effects of our NIKinh with those of NF-kB2-siRNA

on the proliferation of the A375, C12.06, and A549 cancer cells.

The treatments had similar inhibitory effects on the proliferation

of the cancer cells and no effect on normal human melanocytes

or fibroblasts (Figure S7E), emphasizing that the inhibitor is spe-

cific for cancer cells that have the non-canonical NF-kB pathway

upregulated. Moreover, we have also confirmed these data in

three different diffuse large B cell lymphoma cell lines (U2932,

Karpas 422, and SUDHL-6; Figure S7F).

We next evaluated treatment with this NIKinh alone or in com-

bination with an anti-PD-1 in vivo in our AITL transplant model.

Both NIKinh single treatment and combined with anti-PD-1 re-

sulted in significantly increased survival of up to 60% and 70%

of the plck-GAPDH tumor-engrafted mice, respectively,

compared with control-treated mice (Figure 8B). At sacrifice,

we detected a significant decrease in spleen size for the single-

and double-treated mice compared with controls (Figure S8A).

For both treatment conditions, we confirmed a decrease in B

cells in the spleen while a reduction in T cells was more promi-

nent for the NIKinh single treatment alone than in the combination

treatment group (Figures 8C and 8D). CD4+ T cells were depleted

completely for the Tfh PD-1high population in the combination

treatment group, while a residual subpopulation of PD-1highCD4+

cells was detected in mice treated with NIKinh only (Figure 8E).

The CD4+ clonality for TCR-b7 detected in the initial tumor was

not detected as dominant in the NIKinh + anti-PD-1-treated

mice, but TCR-b7 dominance was still present in residual CD4+

cells for the single NIKinh treatment (Figure S8B). Additionally,

expression of non-canonical NF-kB pathway components and

targets was reduced in residual CD4+ T cells following combined

NIKinh and anti-PD-1 treatment, demonstrating the efficacy of

NIKinh to inhibit the non-canonical NF-kB pathway in vivo (Fig-

ure S8C). In the double-treated group, anti-PD-1-mediated in-

duction of immune response was confirmed by increased pro-

duction of IFNg, granzyme B, and perforin by cytotoxic CD8+

cells, while the NIKinh alone was capable of increasing IFNg

release but not granzyme B and perforin (Figure 8F). Of note,

PD-1 was highly expressed in CD4+ but not CD8+ T cells in the

primary mPTCL, while CD4 Tfh, CD8 T cells, and GC B cells ex-

pressed PD-L1 at high levels (Figure S8D), suggesting that anti-

PD-1 treatmentmay not only disrupt T-T cell interactions but also

T-B cell interactions, known as drivers of T and B cell prolifera-

tion in PTCL. Therefore, we evaluated anti-PD-1 treatment alone.

Anti-PD-1-treated plck-GAPDH mPTCL-engrafted mice had

significantly increased survival compared with control-treated

animals, and twomice survived long term upon continuous treat-

ment (Figure S8E). A strong depletion of CD4+ T cells was de-

tected in the spleen (Figure S8F), while CD8+ cells were unaf-

fected (data not shown), resulting in a reduced CD4+/CD8+

ratio (Figure S8G). In contrast, anti-PD-1 treatment increased

the percentage of B cells in the spleen but decreased the per-

centage of GC B cells compared with control treatment (Figures

S8H and S8I). As detected for the combination treatment

(NIKinh + anti-PD-1), anti-PD-1 treatment stimulated an immune

response, confirmed by increased production of IFNg,

granzyme B, and perforin by cytotoxic CD8+ T cells (Figure S8J).

To further emphasize the relevance of NIK inhibition in hAITL,

we isolated CD4+ T cells from human AITL tumor samples. As

detected in our mAITL tumors, the hAITL CD4+ T cells showed

a Tfh phenotype (PD-1high, ICOS+, CXCR5+) and B cells demon-

strated a GC B cell (GL7+) phenotype (data not shown). Both cell

types showed strong upregulation of NIK (up to 8-fold) in most

cases compared with their healthy counterparts (Figures 8G

and 8H). We clearly demonstrated that NIKinh treatment ex vivo

reduced the growth of CD4+ Tfh cells from hAITL biopsies

(B) GSEA for 18 Tfh-related genes indicated in (A). For all genes with enrichment score >0 (black bars in the pink zone), expression is upregulated. Kolmogorov-

Smirnov (KS) test.

(C) mRNA expression levels by qPCR analysis of CXCL13, IL-21, Bcl-6, and BLIMP in CD4+ T splenocytes isolated from plck-GAPDH mPTLC and WT mice.

Expression for WT was set to 1 (mean ± SD, n = 3; *p < 0.05, **p < 0.01, Student’s t test).

(D) mRNA expression levels (log2) of GC/plasma B cell signature genes based on the GEA of RNA-seq data in plck-GAPDH relative to WT splenocytes.

(E) GSEA for GC/plasma B cell related genes presented in (D). For all genes with enrichment score >0 (black bars in the pink zone) expression is upregulated.

KS test.

(F) mRNA expression level (RNA-seq data) of GAPDH (log2) in CD4+ T splenocytes isolated from plck-GAPDHmPTLC compared with WT splenocytes (box plots

represent the 25th and 75th percentiles with midlines indicating the median values; whiskers extend to the maximum and minimum values of the data samples)

(**p < 0.01, Student’s t test), and GAPDH intracellular staining in CD4+ mPTCL and healthy splenocytes analyzed by FACS.

(G) mRNA expression levels (RNA-seq data) of GAPDH in LN from AITL and healthy donors (box plots represent the 25th and 75th percentiles with midlines

indicating the median values; whiskers extend to the maximum and minimum values of the data samples; ***p < 0.001, Student’s t test).

(H) Metabolic pathway analysis from RNA-seq data of the plck-GAPDH lymphoma versus WT splenocytes was performed using the KEGG database. *p < 0.05;

ns, not significant.

See also Figures S3 and S4; Tables S1 and S2.
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Figure 6. RHOA Mutations and Other Mutations Identified in plck-GAPDH Tfh mPTCL

(A) Sanger sequencing of isolated mPTCL lymphoma CD4+ cells identified a RHOA single bp mutation (T37M) and INDEL (frameshift insertion) mutation. The

T37M mutation was detected in 15 out of 15 different plck-GAPDH mice and the INDEL in 4 out of 15 plck-GAPDH mice.

(B) Active RHOA (Rho-GTP) was compared using a GST-rhotekin RBD pull-down assay using lysates of HEK293T transfected with WT and different RHOA-

inactivating mutants (T37M, T37A, T19N) or an RHOA-activating mutant (Q36L).

(C) RHOA mutations in patients according to published data for AITL (Vallois et al., 2016), PTCL (Palomero et al., 2014), adult T cell leukemia/lymphoma (ATL

[Nagata et al., 2016]), follicular lymphoma (Zehir et al., 2017), Burkitt lymphoma (Rohde et al., 2014) and gastric carcinoma (Kakiuchi et al., 2014). Each symbol

represents a patient for the indicated mutation and the number of symbols represent the frequency of that mutation found per total number of patients (n) analyzed.

See also Figure S5 and Tables S3–S6.
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Figure 7. Plck-GAPDH AITL Tumors Show a Strong Activation of the Non-canonical NF-kB Pathway in Tfh Cells

(A) Heatmap for GEA data of canonical (blue) and non-canonical (green) NF-kB pathway and target genes comparing total splenocytes from WT and lymphoma

cells from plck-GAPDH mice.

(legend continued on next page)
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upon TCR stimulation, whereas healthy CD4+ T cells remained

unaffected (Figure 8I). The response of each donor sample corre-

lated with the level of NIK expression over healthy CD4+ T cells

detected, as the hAITL sample expressing low levels of NIK

was not affected by the inhibitor (AITL-1 in Figures 8G and 8I).

Moreover, the GC B cells in the hAITL samples showed

decreased growth upon NIKinh treatment, in agreement with their

increased NIK expression (Figures 8H and 8J).

These results support the proposal that drugs targeting the

non-canonical NF-kB pathway represent a potential treatment

option for AITL.

DISCUSSION

By overexpressing GAPDH into the T cell lineage, we established

here a preclinical plck-GAPDH mouse model of hAITL, a rare

T cell lymphoma. AITL is highly resistant to conventional chemo-

therapy, and prognosis is usually poor with a survival rate of only

30% at 5 years (de Leval et al., 2010; Federico et al., 2013). AITL

pathology develops at a later age and is characterized by

splenomegaly, hepatomegaly, and enlarged LNs. Moreover, a

large number of patients develop a rash and ascites in the

abdomen (de Leval et al., 2010). All these features were detected

in our mPTCL. Clonal Tfh cell tumor infiltration is one of the hall-

marks of hAITL, and Tfh are possibly at the origin of this disease

(Crotty, 2014; de Leval et al., 2007; Dupuis et al., 2006; Grogg

et al., 2006). However, this T cell component represents only a

fraction of the tumor mass and is always accompanied by GC

B and/or plasma B cells and FDCs (Gaulard and de Leval,

2014;Mourad et al., 2008). Thus, hAITL is a complexmalignancy,

in which the tumor microenvironment is a key element. Tfh cells

associate with B cells in the GC, where they sustain GC B cell

survival and T-B cell connection through ligand-receptor interac-

tions (PD-1-PD-L1, ICOS-ICOSL, FAS-FASL). Remarkably, a

cytokine-chemokine secretion pattern was revealed in hAITL

(Heissmeyer and Vogel, 2013; Stone et al., 2015; Weber et al.,

2015a) and confirmed in our mPTCL. Moreover, our mPTCL

manifests autoimmunity-like symptoms consistent with hAITL

(de Leval et al., 2007). Most strikingly, GAPDH was increased

in AITL patient LNs, stressing the equivalence of our model

with AITL. How GAPDH is modulated in such a lymphoma still

needs to be unraveled. GAPDH overexpression strongly induced

the canonical NF-kB pathway in the plck-GAPDH thymocytes.

This might lead to aberrant T cell development, since NF-kB is

implicated in thymocyte development (Gerondakis et al., 2014;

Xing et al., 2016). Moreover, constitutive canonical NF-kB acti-

vation creates an inflammatory context (Hoesel and Schmid,

2013), which might be prosperous for induction of genetic

mutations.

In 50%–70% of AITL patients, the Ras homolog gene family

member A (RHOA) bears a G17V mutation (Palomero et al.,

2014; Sakata-Yanagimoto et al., 2014). This results in the loss

of function of the RHOA GTPase and is often associated with

TET2 loss-of-function mutations in hAITL (Palomero et al.,

2014; Yoo et al., 2014). Genetic mouse models have been pro-

posed to mimic hAITL, such as the TET2-KD mouse (Muto

et al., 2014) and the SJL mouse driving T cell lymphoma due to

elevated IL-21 levels (Jain et al., 2015). However, both of the

models only recapitulate part of hAITL. Recently, two double

TET2�/� RHOAG17V mouse models were generated, recapitu-

lating AITL disease more closely (Cortes et al., 2018; Ng et al.,

2018). Strikingly, we also revealedRHOAmutations in ourmurine

plck-GAPDH AITL disease model.

The connection between GAPDH overexpression and NF-kB

activation was revealed previously by us (Chiche et al., 2015).

NF-kB deregulation is found in many hematological malig-

nancies (Imbert and Peyron, 2017) and other cancers (De Dona-

tis et al., 2016; Fradet et al., 2004; Karin et al., 2002; Madonna

et al., 2012). Importantly, increased NF-kB activationmay induce

tumor immune escape and chemotherapy resistance (Burstein

and Duckett, 2003; Fujioka et al., 2012). Therefore, NF-kB is

currently considered an ideal target for cancer therapy, and

various NF-kB inhibitors targeting different pathway compo-

nents are under development (Shen and Tergaonkar, 2009).

The constitutive canonical NF-kB activation might have

contributed to the activation of the non-canonical pathway in

premalignant and malignant plck-GAPDH T cells. This was pre-

viously described in LN formation, underlining the interdepen-

dency of these two NF-kB pathways (Alcamo et al., 2002; Lo

et al., 2006; Shih et al., 2011). Genetically manipulating the

NF-kB pathway in mice showed the interdependence of the

canonical and non-canonical pathways and the importance of

the initial induction of the canonical NF-kB pathway by GAPDH

followed by the non-canonical pathway in accelerated Tfh

development.

EZH2 is increasingly expressed during the progression of he-

matopoietic and solid cancers (Bachmann et al., 2006; Chen

et al., 2018; Karakashev et al., 2018; Patnaik et al., 2018; Sudo

et al., 2005), and overexpression of mutant EZH2 has been

recognized in a wide selection of B and T cell lymphoproliferative

disorders (Morin et al., 2010; Raaphorst et al., 2000; Sasaki et al.,

2011; Sneeringer et al., 2010; Visser et al., 2001). Therefore,

considerable effort has been directed toward development of

EZH2 inhibitors, but current specific EZH2 inhibitors can

(B) GSEA for the NF-kB related genes in (A). For all genes with enrichment score >0 (black bars in the pink zone), expression is upregulated. KS test.

(C and D) mRNA expression levels in CD4+ T cells of plck-GAPDH versus WT mice for the canonical pathway genes (NF-kB1, RelA) and target genes

(NF-kBia, E2F1, GADD45) (C) and non-canonical pathway genes (NF-kB2, RelB) and target genes (EZH2, SP-1, IRF4, ENPP2) (D) (mean ± SD, n = 3; *p < 0.05,

**p < 0.01, ***p < 0.001, Student’s t test).

(E and F) Heatmaps of transcriptomic data comparing healthy (n = 8) and hAITL (n = 52) LNs for their NF-kB canonical pathway genes (NF-kB1, RelA) and target

genes (NF-kBia, E2F1, GADD45) (E) and non-canonical pathway genes (NF-kB2, RelB) and target genes (EZH2, SP-1, IRF4, ENPP2) (F) (healthy, n = 8;

AITL, n = 60).

(G) plck-IkB�/�, plck-p65�/�, andWTmicewere sacrificed at 18months and splenocytes were analyzed by FACS for Tfhmarkers (PD-1+CXCR5+ gated onCD4+),

GC B markers (CD95+, GL-7+ gated on CD4+), CD4+/CD8+ ratio (gated on CD3+), and GAPDH expression.

(H) mRNA expression levels of Tfh signature genes by qPCR in CD4+ T splenocytes isolated from plck-IkB�/� or WT mice. Expression of WT was set to 1

(mean ± SD, n = 3; *p < 0.05, **p < 0.01, Student’s t test).

See also Figure S6.
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Figure 8. Combining NIK Inhibition and Anti-PD-1 Prolongs Survival of the AITL Mouse Model

(A) mRNA expression levels by qPCRof NIK in CD4+ T andCD19+ B cells from lymphomadeveloping plck-GAPDHmice comparedwith cells fromWT spleens, set

to 1 (mean ± SD, n = 3; **p < 0.01, ***p < 0.001, Student’s t test).

(legend continued on next page)
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result in either pro-oncogenic or tumor-suppressive effects

(Lund et al., 2014). EZH2 inhibitors are catalytic inhibitors that

only act on the enzymatic activity of EZH2. By acting on NIK,

we can decrease EZH2 at the transcriptional level. Thus, NIK in-

hibitors would inhibit the catalytic and non-catalytic effect of

EZH2. Indeed, EZH2 inhibits IFNg production at the transcrip-

tional level (Wee et al., 2014), which is essential for the anti-

PD-1 response. Moreover, the non-canonical pathway has

pro-oncogenic effects by itself, and targeting NIK will decrease

EZH2 but also the non-canonical NF-kB pathway.

We demonstrated that the non-canonical pathway is highly

activated in hAITL, equivalent to ourmAITLmodel. Of note, ama-

jor component in our murine and human AITL are GC B cells,

which also have the non-canonical NF-kBpathway constitutively

activated (Gardam et al., 2008; Sun, 2017; Xie et al., 2007). Of

importance, NIK is required for maintaining high expression of

ICOSL on B cells, important for Tfh generation (Hu et al.,

2011). We confirmed overexpression of NIK in hAITL Tfh cells

and GC B cells compared with their healthy counterparts, and

the NIKinh strongly increased survival of our mAITL preclinical

model. Altogether, this argues strongly for interference with the

non-canonical NF-kB pathway as a treatment for AITL-like

disease.

PD-1 is a checkpoint receptor that upon engagement by

PD-L1 dampens T cell effector functions and protects cancer

cells from immune-mediated attack (Kleffel et al., 2015; Topalian

et al., 2012). Thus, antibodies targeting the interaction between

PD-1 and PD-L1 have been developed and are currently used

clinically in treating cancer patients (Postow et al., 2015; Topa-

lian et al., 2016; Weber et al., 2015b). Anti-PD-1 treatment led

to a decrease in CD4+ T cells in engrafted plck-GAPDH tumors

and boosted CD8+ T cell activity. As for melanoma, the Tfh can-

cer cells might also be directly targeted by anti-PD-1 by a cell-

intrinsic mechanism (Kleffel et al., 2015).

Treatment with NIKinh induced IFNg secretion, which might

augment the response to the anti-PD-1 immunotherapy (Fu

et al., 2014; Guo et al., 2015). Moreover, IFNg derived from cyto-

toxic lymphocytes enhances their motility and cytotoxicity (Bhat

et al., 2017). However, combining NIKinh with anti-PD-1 treat-

ment did not further increase survival compared with NIKinh

alone. The double treatment did result in CD4+ T cells, which

were devoid of PD-1 expression, in contrast to the residual

CD4+ T cell upon NIKinh alone, which still expressed PD-1.

Importantly, NIKinh treatment inhibited growth of hAITL CD4+

Tfh and GC B cells ex vivo, further emphasizing the role of the

non-canonical NF-kB pathway in hAITL and the relevance of

NIK inhibition for this disease that is in need of better optimized

therapies.

In summary, we have established that plck-GAPDH mice

develop AITL, recapitulating the pathology, the transcriptional

profile and genetic and immune-phenotypic features of hAITL.

This mAITL model will help to unravel the possible origin of the

disease and pathways implicated and will permit us to test ther-

apeutic options. Here, we provide evidence for the potential util-

ity of immunotherapies and small-molecule inhibitors of NIK, and

combinations thereof, for treating AITL.
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