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ADAPTIVE IMMUNITY

Absence of MHC class Il on ¢cDC1 dendritic cells triggers
fatal autoimmunity to a cross-presented self-antigen

Christian Wohn', Valentin Le Guen’, Odessa Voluzan', Frédéric Fiore?,
Sandrine Henri'*', Bernard Malissen2**

Conventional dendritic cells expressing the XCR1 chemokine receptor (cDC1s) excel at cross-presentation. Here,
we developed and used a mouse model in which a Cre recombinase is expressed under the control of the Xcr1
gene while preserving XCR1 expression. We used it to generate mice with conditional deletion of MHC class Il
(MHCII) molecules on cDC1s. By preventing cDC1s to receive suppressive regulatory T cell inputs via MHClI-restricted
interactions, the objective of the present study was to gauge whether MHClI-deficient cDC1s lose their capacity of
tolerizing autoreactive CD8* T cells. Whereas MHCII* ¢<DC1 readily cross-tolerized strongly autoreactive CD8" T cells
specific for a keratinocyte-derived self-antigen, MHCIlI-deficient cDC1s converted them into potent effectors capable
of triggering a fast-onset lethal autoimmunity associated with severe skin histopathological manifestations. Pre-
venting egress of such pathogenic self-reactive CD8" T cell effectors from the cutaneous draining lymph nodes
abrogated the autoimmune condition. Therefore, our results revealed that the cross-tolerizing capacity of cDC1s
is not a property fully acquired at the time they undergo homeostatic maturation but needs to be enforced via
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MHClIl-restricted, suppressive interactions with regulatory T cells.

INTRODUCTION
Dendritic cells (DCs) can be subdivided into conventional type 1
(cDC1), conventional type 2 (cDC2), and plasmacytoid (pDC) DCs (1).
cDC residing in steady-state tissues sample self-antigens (Ags) and
undergo a terminal differentiation program—referred to as homeo-
static maturation—enabling their migration to draining lymph nodes
(LNs) and execution of tolerogenic function. It consists of continuously
displaying self-Ags to induce anergy or to delete of strongly self-reactive
T cells that have escaped central tolerance and to maintain the suppres-
sive function of Foxp3" regulatory T (Treg) cells (2, 3). In contrast,
when microbes breach tissue barriers, cDCs undergo immunogenic
maturation, leading to the production of proinflammatory cytokines
that relieve Ty cell suppressive action and promote clonal expansion
of effector T cells specific for microbial Ags.

¢DCls excel in loading exogenous Ags on major histocompatibil-
ity complex class I (MHCI) molecules, a process called Ag cross-
presentation. It allows them to trigger CD8" T cells specific for Ags
in which they do not synthesize themselves including those of self- and
foreign origins (4). K5.mOVA transgenic mice express a cell membrane-
bound form of ovalbumin (OVA) in skin keratinocytes, the outer
root sheath of the hair follicles, the esophagus epithelium, and medul-
lary thymic epithelial cells (5). They have been used to study the
mechanisms leading to the tolerization of adoptively transferred
OT-1CD8" T cells, the T cell receptor (TCR) of which has a high affinity
for an OV A-derived peptide presented by H-2K" MHCI molecules.
After migration into draining cutaneous LNs (CLNs), dermal
cDCls were solely capable of cross-presenting keratinocyte-derived
OVA to OT-IT cells (6, 7). As aresult, OT-I T cells underwent an
initial proliferation burst that was followed by their deletion over a
period of 6 weeks (5, 8).
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The Cre-loxP system has been extensively used for conditional
gene knockout in cell types of interest. cDCls can be identified across
tissues by expression of the XC chemokine receptor 1 (XCR1) that
binds to a single chemokine known as XCL1 (1, 9-11). Accordingly,
we developed a mouse model in which a Cre recombinase and a
fluorescent reporter were coexpressed under the control of the Xcr1
gene, in a manner that maintains XCR1 expression and preserves
the XCL1-mediated cross-talk that occurs between natural killer (NK)
cells, pDCs, CD8" memory T cells, and cDCls (11-14). It differs from
a former model in which a Cre recombinase replaced the entire cod-
ing sequence of the XcrI gene (15). We exploited this model to gen-
erate mice that are specifically lacking MHCII molecules on ¢cDCls
and evaluated whether they remained capable of cross-tolerizing
CD8" T cells that weakly or strongly react to self-Ags.

RESULTS

A mouse model permitting specific gene ablation in cDC1s
does not affect XCR1 expression

To evaluate the role of candidate genes in cDC1 physiology, we gen-
erated gene-edited mice called Xcr1“*" ™! and containing in the
3’ untranslated region of their XcrI gene an internal ribosomal entry
site (IRES)-driven cassette comprising a codon-improved Cre recom-
binase (iCre) and a bright version of the monomeric teal fluorescent
protein 1(mTFP1) cyan fluorescent reporter protein (see Materials
and Methods). The resulting gene modification had no effect on
XCR1 expression at cDC1 surface (fig. S1A), and cDCs isolated from
Xcr1¢emTFPI mijce coincidently expressed XCR1 and mTFP1 (fig. S1B).
To demonstrate that Cre activity was restricted to cDCls, we crossed
Xcr1€remTFPL mice to Rosa2619RFP mice in which Cre-mediated
excision of a JoxP-flanked transcriptional STOP element triggers
expression of a red fluorescent protein (RFP). Analysis of DC subsets
in the spleen, CLN, and skin of the resulting Xcr1*** mice showed that
all cDC1s were RFP”, regardless of their anatomical location and ex-
pression of CD8a, whereas cDC2s and Langerhans cells (LCs) expressed
little (<2%) or no detectable RFP, respectively (fig. S1, C to G). As
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expected, splenic B cells (CD19"CD45R "), CD8" T cells (CD3"CD8"),
NK cells (CD11b™NK1.1"), neutrophils (CD11b*Ly-6G"), and pDCs
(CD45R*PDCA-1") were RFP™ (fig. SIH). Unexpectedly, a small
fraction (<1%) of CD4* T cells from the spleen of XcrIRFP mice ex-
pressed RFP (fig. S1, H and I). However, they did not express the
XCR1 protein at their surface (fig. S1J), suggesting that Xcr1-driven
Cre was transiently expressed in their progenitors. Unwanted germ-
line deletion often occurs in Cre/loxP-based mouse models, the
magnitude of which depends on floxed alleles (16). Analysis of mice
resulting from inter- or backcrosses of Xcr1®** mice revealed that
the Xcr1©re-mTFP1 a]lele can sporadically delete the Rosa26'4RFP alele
in the germ line, resulting in ubiquitous RFP expression. Accordingly,
blood cells from XcrIRF® mice were systematically analyzed for ad-
ventitious RFP expression (see Materials and Methods), and mice
with germline deletion were excluded from further study. Therefore,
Xcr1CremTFPL mice permit specific gene ablation in cDC1s without
affecting XCR1 expression.

Absence of MHCII on cDC1 triggers increased CD40
expression on cDC1

To generate mice with a cDC1-specific ablation of MHCII mole-
cules (Xcr12®! mice), we crossed Xcr1® ™ P! mice to mice ex-
pressing a loxP-flanked H- -21a" allele (17). Consistent with a recent
report (18) and our previous analysis of Xcr1*** mice, a high fre-
quency of Xcr1°! mice were found to have deleted the H-2Ia" allele
in a promiscuous manner outside of cDCl1s and excluded from fur-
ther study (see Materials and Methods). Analysis of DC subsets,
B cells, and neutrophils found in the peripheral lymphoid (spleen
and CLN) and nonlymphoid (intestine, skin, and lung) tissues of the
properly deleted Xcr14®! mice showed that MHCII molecule expres-
sion was retained on B cells and cDC2s found in the spleen (Fig. 1A),
intestine (Fig. 2B), skin (including LC; Fig. 2G), CLN (fig. S3A), and
lung (including alveolar macrophages; fig. S3G). In contrast, MHCII
molecule expression was lost on cDCls across all tested organs of Xcr1 Abl
mice (Figs. 1A and 2, B and G, and fig. S3, A and G). Xcr1*® mice
followed for up to 52 weeks showed no weight loss (Fig. 2A) or neu-
trophilia (Figs. 1B and 2, C and H, and fig. S3, B and H) and no sign
of inflammation or pathological changes in the skin or intestine
(Fig. 2, F and K). ¢cDCls undergo homeostatic maturation and can
therefore be divided into CCR7~ (“immature”) and CCR7* (“mature”)
cells. In Xcr1**! mice, the numbers of splenic CCR7* ¢<DCls and of
immature and mature cDC2s remained unaffected, whereas a slight
reduction was noted in splenic CCR7"~ ¢DCls number (Fig. 1B). Ab-
sence of MHCII expression by cDC1 was also without impact on the
absolute numbers of cDC1s and cDC2s found in the intestine (Fig. 2C),
skin (Fig. 2H), CLN (fig. S3B), and lung (fig. S3H). cDC1 from the
spleen (Fig. 1C and fig. S2A), intestine (Fig. 2D and fig. S2B), skin
(Fig. 2I and fig. S2B), CLN (figs. S2C and S3C), and lung (fig. S2C
and $31I) of Xcr1*"! mice expressed increased surface levels of CD40
as compared with control (CTRL) mice. In contrast, cDC2s, which
remained MHCII" in Xcr1*! mice, expressed normal levels of
CD40. Therefore, under steady-state conditions, specific deletion
of MHCII molecules on ¢cDCls did not impair their homeostatic
maturation and only led to increased CD40 expression.

Absence of MHCII on cDC1 results in higher numbers

of effector memory CD8" T cells

The spleen of Xcr1* mice showed normal percentages of conven-
tional CD4" T cells with a naive to effector memory ratio compara-
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ble with that of CTRL mice (Fig. 1D). Unchanged percentages of
natural (Nrp1*) and peripherally induced (Nrp1~) Treg cells were also
present in the spleen (Fig. 1E) of Xcr1**! mice. In addition, Treg
cells from XcrI*! mice were as effective as those from CTRL
mice in suppressing proliferation of conventional CD4" T cells
(Fig. 1F). The sole feature specific to T cells from Xer1™® mice
was an increase in CD62L"CD44" and in programmed cell death
protein 1-positive (PD-1") effector memory CD8" T cells in the
spleen (Fig. 1, G and H), CLN (fig. S3, E and F), intestine (Fig. 2E),
skin (Fig. 2]), and lung (fig. S3]). Therefore, under steady-state
conditions, specific deletion of MHCII molecules on ¢cDCls led to
a significant increase in CD8" T cells with an effector memory
phenotype but was without measurable impact on the composition
of the CD4" T cell compartment.

MHCII-deficient cDC1s show enhanced cross-presentation

of a self-Ag expressed in keratinocytes

To demonstrate the importance of cDCls for cross-tolerizing strongly
autoreactive OT-1 T cells, we first crossed Xcr1¢remTFPl mice to
Rosa26""P™ mice in which Cre-mediated excision of a loxP-flanked
transcriptional STOP element triggers expression of diphtheria toxin
fragment A (DTA) and results in the constitutive ablation of cDCl1s
(fig. $4). The resulting Xcr1°™ mice were further crossed to K5.
mOVA mice to obtain K5.mOVA Xcr1°™ mice. Whereas adoptively
transferred OT-I T cells proliferated in the CLNs of K5.mOVA
CTRL mice (Fig. 3A), their proliferation was almost fully abrogated in
K5.mOVA Xcr1°™ mice (Fig. 3A), confirming that cross-presentation
of keratinocyte-expressed OVA primarily depends on dermal migratory
cDCl1s (7).

Considering that Ty, cells exert a TCR-MHCII-dependent brake
on steady-state cDCs (19, 20), we sought to determine whether lifting
this brake via MHCII ablation enhanced the capacity of OVA-laden
cDCls to activate OT-I T cells. Adoptive transfer of OT-I T cells into
K5.mOVA XcrI* mice led to elevated numbers of proliferating
OT-IT cells in the CLNs as compared with transfer into K5.mOVA
mice (Fig. 3B). Moreover, upon transfer into K5.mOVA Xer1™ mice,
OT-IT cells achieved a higher number of cell divisions (Fig. 3C) and
showed increased percentage of interferon-y (IFN-y)-producing cells
(Fig. 3D) as compared with transfer into K5.mOV A mice. Therefore,
absence of MHCII molecules on cDCl1s enhanced their cross-priming
capacity toward a self-Ag and increased Ag-induced production of
IFN-y by autoreactive CD8" T cells.

Absence of MHCII molecules on cDC1s leads to an early-onset
lethal autoimmunity toward a self-Ag expressed

in keratinocytes

In view of the exacerbated OT-I T cell activation resulting from OVA
cross-presentation by MHCII-deficient cDCls, we tested next whether
autoimmunity ensues in K5.mOVA Xcr1*"! mice as compared with
K5.mOVA mice. All the K5.mOVA Xcr1**! mice that had received
OT-IT cells showed a rapid decrease in survival (Fig. 4A), associated
with marked weight loss (Fig. 4B) and skin lesions (Fig. 4D) as
compared with K5.mOVA CTRL mice. The severe weight loss
manifested by K5.mOVA XcrI*! mice as early as day 8 after
OT-IT cell transfer was likely due to the expression of OVA in
the esophagus epithelium of K5.mOVA mice (5), triggering marked
esophageal lesions (Fig. 4C) and, in turn, impaired feeding. Eight
days after adoptive transfer, OT-I T cells were 25 times more
numerous in the CLNs of K5.mOVA XcrI**! mice as compared
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Fig. 1. Absence of MHCII on cDC1s results in higher frequency of effector memory CD8" T cells in the spleen. (A) MHCII expression on cDC2s (Lin"CD19 Ly-6G~
CD11c*CD11b%), cDC1s (Lin"CD19 Ly-6G CD11c*XCR1*), and B cells (Lin"CD19"%) from Xcr1*P" (Xcr1*/~Ab1™M) (red) and CTRL (Xcr1™/~Ab 1% (gray) spleen. A fluorescence
minus one (FMO) control without the anti-MHCII antibody is shown. Median fluorescence levels of MHCII molecules are also shown in the right. Data are representative
of five experiments with n >4 mice per group. (B) Absolute number of CCR7~and CCR7" cells among cDC2s and cDC1s and of neutrophils in the spleen of Xer1*®" and CTRL
mice. Data are pooled from two independent experiments with n >3 animals per group. (C) Median fluorescence levels of CD40 on CCR7~ and CCR7* cDC2s and cDC1s
found in the spleen of Xcr1A°! and CTRL mice. Gating strategy for spleen B cells, CCR7~ and CCR7* cDC1s and cDC2s, and neutrophils is shown in fig. S2A. (D) Percentage of
CD4* T cells among total splenocytes and of CD62L*CD44~, CD62L"CD44*, and FoxP3"CD25" subsets among splenic CD4" T cells of the specified mice. (E) Frequency of
natural (Nrp1*FoxP3*) and peripherally induced (Nrp1~FoxP3™) Treg cells among splenocytes of the specified mice. (F) Treq cells from CTRL or Xcr1*°" mice were cultured
at the indicated ratio with CTV-labeled conventional CD4" T cells from CTRL mice in the presence of anti-CD3, and the percentage of conventional CD4* T cells that have
divided was evaluated after 60 hours of culture. n.s., not significant. (G) Percentage of CD8" T cells among total splenocytes and of CD62L*CD44~, CD62L*CD44", and
CD62L"CD44" subsets among splenic CD8" T cells. The absolute number of CD62L"CD44" CD8* T cells in Xcr1™®' and CTRL mice is also shown. (H) PD-1 and CD44 expres-
sion on CD8* T cells from Xcr1*°" and CTRL spleen. Also shown is the percentage of CD44"PD-1*CD8" T cells. In (D), (E), (G), and (H), data are representative of three exper-
iments with n >3 mice per group. (F) Each dot corresponds to a single measurement and the corresponding mean (horizontal bar) is indicated; data are representative of
two experiments. Samples were analyzed with one-way ANOVA with Sidak correction for multiple testing. In (A) to (E), (G), and (H), each dot corresponds to a mouse and
the means (horizontal bar) are indicated, and samples were compared using two-tailed Student’s t test with Welch’s correction. *P < 0.05, **P < 0.01, ***P < 0.001.
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of Xcr1A°! and CTRL littermates. (I) CD40 median fluorescence levels on cDC2s, cDC1s, and LCs found in the skin of Xcr7"°" and CTRL mice. (J) CD4*CD8* contour plots
and absolute numbers of CD8* T cells in the skin of Xcr1*®" and CTRL mice. Gated CD8* T cells were analyzed for PD-1 and CD44 expression. Absolute numbers of
PD1*CD8" T cells in the gut of Xcr1*°! and CTRL mice are shown in the right. (K) Representative H&E-stained section of the back of the skin of CTRL and Xcr1*°" mice
(objective, 20x). Scale bars, 100 um. Gating strategies for cDC1s, cDC2s, neutrophils in the gut and skin and LC in the skin are detailed on fig. S2B. Each dot corresponds to
a mouse and the means (horizontal bar) are indicated, and data are pooled from two independent experiments with n >3 animals per group. Samples were compared
using two-tailed Student’s t test with Welch’s correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

with those of K5.mOVA mice (Fig. 4E). The CD44/CD62L pro-
file of OT-I T cells found in the CLNs of K5.mOVA Xcr1*"!
and K5.mOVA mice corresponded to effector cells, and increased = Consistent with the view that high expression of the T cell factor 1

Wohn et al., Sci. Imnmunol. 5, eaba1896 (2020)
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percentage of CD62L"CD44" T cells were found in K5.mOVA
XcrI*®! CLN as compared with those of K5.mOVA mice (Fig. 4F).
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Fig. 3. MHCII-deficient cDC1s show enhanced
cross-priming capacity toward a keratinocyte-
expressed self-Ag. (A) CTV-labeled OT-I T cells
(1 x 10%) were transferred into CTRL, K5.mOVA,
or K5.mOVA Xcr1°™ hosts. CTV profiles and ab-
solute numbers of proliferating CTV'®" OT-I T cells
found in the CLN 60 hours after transfer. In the
plot shown in the right, each dot corresponds
to a mouse and the means (horizontal bar) are
indicated. Data are representative of three inde-
pendent experiments with four mice per group.
i.v,, intravenously. (B) CTV profiles and absolute
numbers of CTV'®" proliferating OT-1 T cells in
the CLN of CTRL, XcrlAt”, K5.mOVA, or K5.mOVA
Xcr1*" mice 60 hours after adoptive transfer.
(€) On the basis of the data shown in (B), the per-
centage of proliferating CTV®" OT-I T cells in
each division cycle and the index of OT-I proliferation,
replication, and expansion were calculated. (D) Pro-
duction of IFN-y by CTV-labeled OT-I T cells iso-
lated from K5.mOVA and K5.mOVA Xcr1*°! mice
60 hours after adoptive transfer and after ex vivo
restimulation. Also shown is the percentage of
IFN-y*CTV!®" OT-I T cells. (B to D) Each dot corre-
sponds to a mouse and the means (horizontal
bar) are indicated. Data are representative of
three independent experiments with at least
four mice per group. Samples were compared using
two-tailed Student'’s t test with Welch’s correction.
*P < 0.05, **P < 0.01.

(TCF1) transcription factor counteracts
the differentiation of effector CD8"
T cells (21) and that the SLAM Family
Member 6 (SLAMF6) surface receptor
(also known as Ly108 or CD352) inhibits
T cell responses (22), OT-I T cells found
in K5.mOVA Xcr1*® CLN expressed
diminished levels of both TCF1 (Fig. 4G)
and SLAMF6 (Fig. 4H) as compared with
their counterpart found in K5.mOVA
mice. Moreover, histological analysis of the
back skin of K5.mOVA Xcr1**! mice 8 days
after OT-I T cell transfer revealed severe
epidermal erosion, perifollicular infiltra-
tion, and degeneration of the hair shafts,
whereas no histopathological manifesta-
tions were observed in K5.mOVA mice
that received the same numbers of OT-I
T cells (Fig. 41). Last, a significant increase
(P <0.05) of OT-IT cell was found in the
skin of untreated K5.mOVA Xcr1A%
mice as compared with K5.mOVA CTRL
mice (Fig. 4]). Therefore, the effector OT-IT
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cells elicited in the CLN of K5.mOVA Xcr1**! mice triggered a fatal
early-onset autoimmunity resembling toxic epidermal necrolysis.

Sequestration of autoreactive OT-I T cells in the CLN of K5.
mOVA Xcr1"*" mice rescues them from lethal autoimmunity
T cell egress from LN requires the sphingosine-1 phosphate recep-
tor (S1PR), and the FTY-720 (fingolimod) immunosuppressant
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inhibits such emigration via down-regulation of S1IPR (23). To
establish a causal link between the activation of OT-I in the CLNs of
K5.mOVA XcrI*®! mice and the occurrence of skin lesions, we
adoptively transferred K5.mOVA Xcr1**! mice with OT-I T cells
and then treated them with FTY-720 or left them untreated
(Fig. 5A). The numbers of OT-I T cells expanding in the CLNs
of FTY-720-treated K5.mOVA Xcr1**! mice were almost similar
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Fig. 4. Absence of MHCII mol-
ecules on cDC1s results in le-
thal autoimmune syndromes
to keratinocyte-derived self-
Ag. (A) Experimental outline
and percentage of disease-
free K5.mOVA CTRL (black line)
and K5.mOVA Xcr1"°" (red line)
mice after adoptive transfer
of OT-I T cells. Disease-free
mice correspond to mice show-
ing no weight loss and no sign
of skin lesions. (B) Changes in
body weight of K5.mOVA CTRL
(blackline)and K5.mOVAXcr1*?!
(red line) mice after OT-I T cell
transfer. Each line corresponds
to one individual mouse.
(C) Representative H&E-stained
section of the esophagus of
K5.mOVA CTRL and K5.mOVA
Xcr1™®' mice that received
OT-I T cells (objective, 20x;
scale bars, 100 um). (D) Mac-
roscopic manifestations of the
skin pathology developing in
K5.mOVA Xcr1*°! mice after
OT-I T cell transfer as com-
pared with K5.mOVA mice. In
(B) to (E), data are represent-
ative of n >3 independent
experiments with n >3 mice
per group. (E) Absolute num-
bers of CTV'®" proliferating
OT-IT cells in the CLNs of the
specified mice. (F) CD62L versus
CD44 expression of prolifer-
ating OT-I T cells found in the
CLNs of the specified mice and
corresponding percentages of
(D621 CD44* and CD62L"CD44*
cells among proliferating OT-I
T cells.(G) TCF1 expressionamong
proliferating OT- T cells fromthe
CLNs of the specified mice.
Also shown is the percentage of
TCF1™ cells. (H) Ly108/SLAMF6
expression on proliferating
OT-1 T cells and percentage
of Ly108™ cells among prolif-
erating OT-l cells. (I) Represent-
ative H&E-stained sections of
the back of the skin of KSmOVA
CTRL and K5mOVA Xcr1"®!
mice that received OT-l T cells
(objective, 20x; scale bars,
100 um). (J) Absolute num-
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bers of skin-infiltrating OT-I T cells (Lin" TCRB*CD3*CD5"CD8*Va2*VB5.1/2*) in 12-mm punch biopsies of back skin of the specified mice. In (B), Disease-free survival curves
were compared using log rank (Mantel-Cox) test. In (E) to (H) and (J), samples were compared using two-tailed Student’s t test with Welch'’s correction. *P < 0.05, **P < 0.01.
Data are representative of two independent experiments with n > 3 mice per group.

to those of K5.mOVA Xcr1*®! mice (Fig. 5B). A large infiltrate of increased numbers of total CD4" T cells that included FoxP3"CD4"

OT-1T cells was found in the skin of untreated K5.mOVA Xcr14b!
mice as compared with K5.mOVA mice. It was associated with

Wohn et al., Sci. Imnmunol. 5, eaba1896 (2020)
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T cells and a massive infiltrate of monocytes and neutrophils
(Fig. 5, C and D). FTY-720 treatment markedly decreased the
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Fig. 5. Sequestering autoreactive OT-I T cells in the CLN of
K5.mOVA Xcr1**! mice prevents unfolding of the lethal auto-
immune syndrome. (A) Experimental outline. From day 2 post-
adoptive transfer of OT-I T cells, mice were treated with FTY-720
to impair T cell egress from the CLNs. i.p., intraperitoneally.
(B) Absolute numbers of OT-I T cells (Lin" TCRB*CD3*CD8*
Va2*CD45.1%) in the CLNs of the specified mice. (C) FACS
plots and absolute numbers of CD4* T cells (Lin TCRB*CD3*CD4%),
OT-I T cells (Lin"TCRB*CD3*CD8*V02*CD45.1%), and IFN-y* OT-I
T cells found in the ear skin of the specified mice. (D) FACS
plots and absolute numbers of monocytes (Ly-6G Lin"CD24~
CD11b*Ly-6C*CD64°*°*) and neutrophils (Lin"CD11b*Ly-6G*) in
the ear skin of the specified mice. (E) Changes in body weight
of FTY-720-untreated K5.mOVA Xcr1*°' (red line) and FTY-720-
treated K5.mOVA Xcr 1" (black line) mice after OT-I T cell transfer.
Each line corresponds to one individual mouse. (F) Presence of
macroscopic skin lesions in K5.mOVA CTRL, FTY-720-untreated
K5.mOVA Xcr1*®!, and FTY-720-treated K5.mOVA Xcr1*°" mice
that received OT-I T cells. In (B) to (D), samples were compared
using two-tailed Student’s t test with Welch’s correction.
*P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are
pooled from two independent experiments with n > 2 mice
per group.

numbers of skin-infiltrating OT-I T cells, including
those producing IFN-y, CD4" T cells, monocytes,
and neutrophils as compared with untreated K5.
mOVA Xcr1*®! mice (Fig. 5, C and D). As a result,
FTY-720-treated K5.mOVA XcrI*"! mice presented
neither a marked weight loss (Fig. 5E) nor skin lesions
(Fig. 5F) as compared with untreated K5.mOVA
Xer1*® mice. Therefore, the potent OT-I effector
T cells that are induced in the draining LN of K5.
mOVA XcrI**! mice in response to OVA cross-
presented by MHCII-deficient cDCls account for the
early-onset and fatal autoimmunity observed in those mice.

DISCUSSION

Original mouse models aiming at assessing the role
of MHCII molecules in vivo led to their conditional
deletion on B cells, DCs, macrophages, and thymic
epithelial cells (24). A more recent study revealed that
direct TCR-MHCII interactions between suppressive
CD4" T cells and CD11c" cells were essential for in-
duction of peripheral CD8" T cell tolerance (19).
Considering that the MHCIT*CD11c" cells comprised
cDC2s, monocyte-derived DCs, macrophages, and pDC
in addition to cDCls, we generated mice in which cDCls
are specifically deprived of MHCII and analyzed whether
they remained capable of tolerizing CD8" T cells that
were either weakly or strongly autoreactive.

Most of naive T cells circulating in the periphery
have been selected during thymic selection to be weakly
autoreactive and continuously engage their TCR with
self-peptide MHC complexes expressed by cDCs to
maintain a state of heightened Ag sensitivity to foreign
Ags (25-27). It has been argued that the need for such
weak “tonic” TCR signals creates a potential threat
that cannot be constrained by negative regulatory
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mechanisms intrinsic to conventional naive T cells and that such
risk is buffered by the suppressive action of T, cells (28, 29).
Accordingly, after homeostatic maturation, cDCs serve as information-
transmission platform favoring the encounter of Ty cells and naive
T cells (30). As a result, Ty cells down-regulate the levels of CD80/
CD86 ligands available on ¢DCs via transendocytosis, thereby in-
creasing the threshold above which TCR signals must rise to trigger a
productive response in naive T cells (20, 29, 31, 32). Ty cells can
also consume interleukin-2 (IL-2) to suppress activation of neigh-
boring naive CD8" T cells and suppress naive CD4" T cells using
pathways other than IL-2 consumption (28).

By depriving cDC1s of MHCII molecules and preventing them from
receiving suppressive Trg cell inputs, the first objective of the present
study was to determine whether cDCls lose their tolerogenicity and
instead trigger the differentiation of the weakly self-reactive naive
CD8" T cells that populate the periphery into effector cells capable
of inducing autoimmunity. A twofold increase in the percentage of
CD62L"CD44"PD-1" effector memory CD8" T cells was noted in
mice containing MHCII-deficient cDCl1s, which did not, however,
result in inflammation or autoimmunity when mice were analyzed
for up to 52 weeks. Treg cells isolated from mice with MHCII-deficient
cDCls were as effective as Treg cells isolated from CTRL mice in sup-
pressing proliferation, suggesting that expression of MHCII on cDC2s
sufficed to select and maintain normal numbers of Ty, cells with
intact suppressive capacity. In support of that view, mice lacking MHCII
on both cDC1s and cDC2s exhibited profound intestinal inflammation
(33) and thus markedly differed from mice with MHCII-deficient cDCls.

Peptide MHCI tetramer-based studies showed that central tolerance
is much less complete than previously anticipated in that strongly
autoreactive CD8" T cells specific for the Y chromosome-encoded
selected mouse cDNA on Y (SMCY) Ag are found in the periphery
of male individuals. They showed a threefold lower frequency as
compared with female individuals and had a TCR affinity distribution
overlapping that of female individuals (34). Considering that such
strongly autoreactive CD8" T cells are likely under control of Ag-specific
Treg cells (31, 35), the second objective of the present work was to
assess whether MHCII-deficient cDC1s maturing under homeostatic
conditions were capable of tolerizing strongly autoreactive CD8" T cells.
In the case where mice specifically lack MHCII molecules on cDCls,
CD8" T cells with a strong affinity for self-Ag presented on both cDC1s
and cDC2s will undergo both cDC2-mediated tolerizing encounters
and ¢cDCI1-mediated nontolerizing encounters. On the basis of
previous experiments using bone marrow chimeras (19), it can be
surmised that tolerization will constitute the net result. In contrast,
provided that cDC1s lack MHCII molecules and that the strongly au-
toreactive CD8" T cells recognize self-Ag that are solely presented
on cDCls, only cDC1-mediated nontolerizing encounters will en-
sue, resulting in cytotoxic T lymphocyte-mediated autoimmunity.
To model this last condition, we exploited the fact that the cDC1s found
in K5.mOV A mice are the sole skin cDCs capable of cross-tolerizing
strongly reactive OT-1 CD8" T cells toward keratinocyte-expressed
OVA (6, 7). Note that, in our model, the frequency of OT-I precursors
achieved upon adoptive transfer overrides CD4" T cell help (36, 37),
making cDCls only sensitive to Ty cell input. When K5.mOVA mice
were adoptively transferred with OT-I T cells, their MHCII" <DC1 were
capable to cope with such frequency of strongly autoreactive T cell pre-
cursors in that their skin showed only transient microscopic lesions
that contained apoptotic keratinocytes and resolved upon time (5).
In contrast, MHCII-deficient cDCls cross-primed OT-1 T cells into

Wohn et al., Sci. Immunol. 5, eaba1896 (2020) 13 March 2020

effectors responsible for lethal autoimmunity. Supporting the view
that it is the lack of Treg cell inputs on OV A-laden, MHCII-deficient
cDCls that accounted for the ensuing fatal autoimmunity, the skin
lesions observed in these animals closely resembled those of athymic
K5.mOV A mice adoptively transferred with OT-I T cells in absence
Of Theg cells (38).

In conclusion, we established that, under homeostatic conditions,
tissue-resident cDC1s mature and migrate to draining LN irrespective
of CD4" T cell-cDCl interactions. However, proper execution of their
tolerogenic function in the draining LN requires MHCII-restricted
interactions with Ty cells. The need for Ty cell-cDC interaction
was found particularly important for tolerizing the strongly auto-
reactive CD8" T that escape thymic selection (34). Further studies
will be necessary to test whether our observation extends to models
other than the K5.mOVA OT-I model used in the present study.
Therefore, consistent with recent studies (9, 39), cDC maturation
should not be viewed as a binary “on-oft” event but rather as an
extended, multistep process that initiates in tissue parenchyma and
continues in tissue-draining LN via the integration of extrinsic sig-
nals that are delivered by T cells and CDA4" helper T cells (40) and
determines the final capacity of a given DC to perform tolerogenic
or immunogenic functions, respectively. Future studies should help
to further define at the system levels, the transcriptional, translational,
and posttranslational changes that occur in cDCls as a result of their
interaction with Ty, cells.

MATERIALS AND METHODS

Study design

The objective of the present study was to determine whether pre-
venting cDCls to receive suppressive Ty inputs abolishes their
capacity of tolerizing autoreactive CD8" T cells. Accordingly, we
developed a mouse model in which ¢cDCls specifically lacked MHCII
and backcrossed it to K5.mOVA transgenic mice that express a cell
membrane-bound form of OVA in skin keratinocytes. Experiments
were designed to validate the model and gauge whether OV A-laden,
MHCII-deficient cDC1s lose their capacity of cross-tolerizing adoptively
transferred CD8" T cells specific for OVA. The number of mice per
experimental group and the number of repetitions of the experi-
ments are indicated in the individual figure legends.

Mice

Generation of Xcr1“ ™ P! mice is described below. H2-Ab1"
(B6.129X1-H2-Ab1™1Koni/1) ' Rosa 26" PTA [B6.129P2-GH(ROSA)
2680r"™ PTAR) | Rosa26™ 4R [GHROSA) 26 ], and K5.mOVA
mice were previously described (5, 17, 41, 42). All mice were main-
tained on C57BL/6 (B6) background. OT-I mice (43) were kept on
a CD45.1/CD45.2 B6 background. CD45.1 B6 mice were from
Charles River. Mice were housed under specific pathogen-free con-
ditions, and in vivo procedures were performed following protocols
approved by the Ethics Committee of Marseille in accordance with
institutional, national, and European directives for animal care
(approval APAFIS 779-2015 0605 10534083).

Generation of Xcr1-IRES-iCre-GSG-2A-mTFP1 mice

A targeting construct was designed to introduce an IRES-iCre-
GSG-2A-mTFP1 cassette in the 3’ untranslated region of the Xcrl
gene, 29-base pair (bp) downstream of the stop codon. IRES corre-
sponds to an IRES, iCre to a sequence coding for a iCre (44), 2A to
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the sequence coding for a self-cleaving 2A peptide, and mTFP1 to a
sequence coding for a monomeric, bright, and photostable version of
Clavularia cyan fluorescent protein (45). JM8.F6 C57BL/6N
embryonic stem (ES) cells (46) were electroporated with the targeting
vector. After selection in G418, ES cell clones were screened for
proper homologous recombination by polymerase chain reaction and
Southern blot. Properly recombined ES cells were injected into FVB
blastocysts. After germline transmission, excision of the frt-neo'-frt
cassette was achieved through crossing with mice expressing an
FLP recombinase (47). Two pairs of primers were used to distinguish
the wild-type (WT) and edited XcrI alleles. The first pair (sense,
5-TCCTGAAAACTGGAATCATC-3"; antisense, 5'-TTTTCTTTCT-
GTAGCTGCTAAG-3") amplified a 635-bp band in case of the WT
Xcrl allele, whereas the second pair (sense, 5'-TCTACGAGATA-
CACCTCAAG-3'; antisense, 5'-TTTTCTTTCTGTAGCTGCTAAG-3")
amplified a 775-bp band in the case of the Xcr1-IRES-iCre-GSG-
2A-mTFP1 allele.

Detection of germline deletion in Xcr 1”7 and Xcr1**" mice

In both Xcr1™* and Xcr1**! models, mice with adventitious germ-
line deletion were excluded from our study. Accordingly, flow
cytometry analysis was used to check whether RFP was ubiquitously
expressed in blood cells of Xcr1®* mice or whether MHCII mole-
cules were lacking at the surface of B cells from the blood of Xcr14®!
mice. Germline deletion in Xcr1*°! mice was further tested by tail
DNA genotyping using sense (5'-AAGCCAGGAAGGGACCA-
GAGCCTCT-3’) and antisense (5'-TTGCCAGTTTCTGCTAC-
CCCACCC-3’) primers, allowing to detect a 4642-bp band and a
398-bp band corresponding loxP-flanked and floxed H2-Ab1"
alleles, respectively.

Cell preparations and isolation from tissues

Cells were isolated from the ear skin as described (48). Briefly, ears
were incubated for 105 min at 37°C in RPMI 1640 containing Liberase
TL (0.25 mg/ml; Roche Diagnostic Corp.) and deoxyribonuclease I
(DNase I) (0.5 mg/ml; Sigma-Aldrich). Digested tissue was homo-
genized using Medicons and Medimachine (BD Biosciences). To
isolate cells from the skin of the mouse back, the skin was digested
in RPMI with Liberase TL and DNase and homogenized using C tube
and gentleMACS Dissociator (Miltenyi Biotec). For isolation of cells
from the spleen and LN, organs were cut into small pieces and
digested for 25 min at 37°C with type II collagenase (Worthington
Biochemical) and DNase I in 2% fetal bovine serum (FBS) RPMI.
Red blood cells of the spleen were lysed using the Red Blood Cell
Lysis Buffer (eBioscience). For isolation of cells from the lamina
propria of the large intestine, the intestinal tissue was opened longi-
tudinally, cut into pieces, and washed in Hanks’ balanced salt solu-
tion (HBSS). The epithelial cell layer was isolated by two consecutive
incubations of 20 and 30 min, respectively, in HBSS containing
2 mM EDTA. Then, pieces of intestinal tissue were washed twice
in HBSS and digested in RPMI medium containing 10% FBS, collage-
nase 8 (1 mg/ml; Sigma-Aldrich), and DNAse I (30 ng/ml). Tissue
was homogenized in C tube and gentleMACS Dissociator. Light
density cells were purified by centrifugation on a 70 to 40% Percoll
gradient. For isolation of cells from the lung, perfused organs were
cut into small pieces and digested for 40 min at 37°C with a mixture
of type IV collagenase (Worthington Biochemical) and DNase I
in RPMI medium containing 2% FBS on a shaker. Tissue was homo-
genized in C tube and gentleMACS Dissociator.
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Flow cytometry

For surface staining, cells were preincubated with anti-Fc receptor
antibody (clone 2.4G2) and stained with appropriate antibodies in
phosphate-buffered saline containing 5 mM EDTA and 2% FBS at
4°C for 25 min. Viability was assessed by staining with 4',6-diamidino-
2-phenylindole (Thermo Fisher Scientific) or Fixable LIVE/DEAD
Blue or Aqua Cell Stain (Molecular Probes). For intracellular cyto-
kine staining, cells were stained with antibodies against surface
markers and then fixed with 2% (w/v) paraformaldehyde for 12 min
at 25°C and permeabilized using Permeabilization Buffer (Invitrogen).
Cells were subsequently stained with anti-IFN-y antibody for 60 min
at 4°C. For intranuclear staining, cells were stained with antibodies
against the specified surface markers, and fixation-permeabilization
was performed using the Transcription Factor Kit (Invitrogen)
according to the manufacturer’s instructions. Flow cytometry was
performed on fluorescence-activated cell sorting (FACS) LSRII or
LSRFortessa X-20 systems (BD Biosciences), and data were ana-
lyzed with FlowJo software (FlowJo LLC). Doublets and dead cells
were excluded from analyses. For the analysis of DCs, neutrophils,
B cells, T cells, and NK cells were gated out using a Lin~ gate (CD3,
CD197, CD1617, and Ly-6G"). For the analysis of skin T cells,
MHCII* cells, CD11b* myeloid cells, neutrophils, and NK cells were
systematically gated out using a Lin~ gate (MHCII, CD11b", CD161",
and Ly-6G"). Antibodies used are listed in table S1. Biotin-conjugated
antibodies were detected using streptavidin-conjugated Brillant
UltraViolet 395 (BUV395), R-phycoerythrin-CF594 (PE-CF594)
or R-phycoerythrin-cyanine dye Cy7 (PE-Cy7) (BD Biosciences).
The gating strategies for DC subsets, B cells, and neutrophils on
Figs. 1 and 2 (B to D and G to I) and fig. S3 (A to Cand G to I)
are shown in fig. S2 (A and B).

OT-IT cell transfer and analysis of OT-I proliferation

OT-I naive CD8" T cells were isolated from LNs and the spleen of
6- to 12-week-old CD45.1/CD45.2 OT-I mice, using a negative CD8
isolation kit (Invitrogen). T cells were stained with 5 uM CellTrace
Violet (CTV; Molecular Probes). To analyze OVA cross-presentation
in the K5.mOVA model, 1 x 10° or 2.5 x 10° naive OT-I T cells were
transferred intravenously. Proliferation of OT-I T cells in CLNs
(corresponding to a pool of inguinal, auricular, and brachial LN unless
specified) and skin infiltration were analyzed either 60 hours or 8 to
11 days later using flow cytometry. OT-I T cells were identified on
the basis of their Lin " TCRB"CD5'CD8 V2" VB5.1/2" CD45.1"CD45.2"
phenotype. Proliferation, replication, and expansion indexes were
calculated using FloJo software (FlowJo LLC).

Assay for the in vitro suppressive capacity of T4 cells

Mouse LN and spleen single-cell suspensions were enriched for
CDA4" T cells by negative CD4 isolation (Invitrogen). Cells were stained
with monoclonal antibody (mAb) to CD5, CD4, and CD25, as
detailed above. CD4"CD25" T cells from CTRL and Xer1**! mice
and conventional CD4"CD25™ T cells (responder) were sorted using
a FACSAria Special Order Research Product (BD Biosciences). Cell
purity was >98%. CD4"CD25 T cells were labeled with 5 uM CTV
(Molecular Probes). CD4*CD25~ WT T cells (5 x 10* cells per well)
were cultured in 96-well U-bottom plates with or without Ty cells
at responder to Ty ratios of 1:0, 1:1, 1:2, 2:1, 4:4, 8:1, and 16:1 in
the presence of irradiated (25 gray) syngeneic T cell-depleted spleno-
cytes (5 x 10* cells per well) (Corning) and anti-CD3e mAb (0.5 ng/ml;
clone 145-2C11, EXBIO). Cells were collected after 60 hours, and
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cell division was measured by assessing relative CTV dilution on a
Fortessa X20 systems (BD Biosciences).

Ex vivo restimulation of OT-I T cells

For intracellular cytokine staining, cells from the CLN or skin were
isolated 60 hours or 8 to 11 days after adoptive transfer of OT-I
T cells. Cells were cultured for 4 hours in RPMI 1640 plus 10% FBS con-
taining OV A peptide (257 to 264) (1 pg/ml). Brefeldin A (10 mg/ml)
was added after the first hour of culture. Then, cells were surface stained
to identify OT-I (Lin TCRB"CD5*CD8"Vo2Vp5.1/2*CD45.1"CD45.2")
cells and subsequently stained intracellularly with anti-IFN-y antibody.

Lymphocyte sequestration in the CLN
Mice received an intraperitoneal injection of 100 pg of FTY-720
(Cayman Chemical Company) as specified.

Histology
Biopsies from the skin of the back or the esophagus were incubated
for 45 min at 4°C with Antigenfix (Diapath) washed with 0.1 M
phosphate-buffered saline (pH 7.4) for 45 min at 4°C and subsequently
with 30% (w/v) sucrose for 12 hours at 4°C and subsequently em-
bedded in Tissue-Tek optimum cutting temperature (O.C.T., Sakura),
snap-frozen, and stored at —20°C until use. Eight-micrometer cryo-
sections of the skin were cut using a cryostat (Jung Frigocut CM35000 S,
Leica). Sections were stained with hematoxylin and eosin (H&E).
Small intestine biopsies were fixed in 10% neutral buffered formalin
(Microm Microtech) for 24 hours, dehydrated, and embedded in
paraffin (Thermo Fisher Scientific). Microtome sections (Leica
RM?2245, Leica) of 3.5 um were stained (H&E) staining using Leica
Autostainer XL (Leica). Slides were mounted with Entellan (VWR)
and kept at room temperature.

Statistical analyses

Statistical significance was determined using two-tailed Student’s
t tests with Welch’s correction, one- or two-way analysis of variance
(ANOVA) test, with or without Sidak correction for multiple testing,
or log rank (Mantel-Cox) as specified in individual figure legends.
Points in graphs indicate either individual mice or a quadruplicate
well, and lines indicate means or medians. In bar graphs, bars indi-
cate means, and error bars indicate SD. Analysis was performed using
GraphPad Prism software. P < 0.05 was considered statistically
significant.

SUPPLEMENTARY MATERIALS

immunology.sciencemag.org/cgi/content/full/5/45/eaba1896/DC1

Fig. S1. Expression of the mTFP1 fluorescent reporter and Cre activity are restricted to cDC1 of
Xer1<e ™Y mice.

Fig. S2. Gating strategies used for identifying the myeloid cell subsets found in the spleen, gut,
skin, CLN, and lung.

Fig. S3. Absence of MHCIl on cDC1s results in a higher frequency of effector memory CD8*
T cells in the CLN and lung.

Fig. S4. Xcr1°™ mice permit constitutive cDC1 ablation.

Table S1. List of antibodies used in the study.

Data file S1. Raw data.
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Cross-tolerization tale

Conventional type 1 dendritic cells (cDC1s) present exogenous antigen on MHCI to CD8* T cells through the
process of cross-presentation. Wohn et al. now show that MHCII on cDC1s is required for cross-tolerization of CD8% T
cells. They developed a mouse model in which Cre recombinase is expressed under control of the cDC1 marker XC
chemokine receptor (XCR1) to generate mice that are specifically lacking MHCII on cDC1 cells. MHCII-deficient cDC1s
could not cross-tolerize autoreactive CD8 T T cells but instead converted them into effector CD8* T cells that caused a
lethal autoimmune response. The ability of cDC1s to enforce cross-tolerization is not completely acquired during
homeostatic maturation but requires MHCII-restricted interactions with regulatory T cells.
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