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SUMMARY

Stem cells are critical for the maintenance of many
tissues, but whether their integrity is maintained in
the face of immunity is unclear. Here we found that
cycling epithelial stem cells, including Lgr5+ intesti-
nal stem cells, as well as ovary and mammary stem
cells, were eliminated by activated T cells, but quies-
cent stem cells in the hair follicle and muscle were
resistant to T cell killing. Immune evasion was an
intrinsic property of the quiescent stem cells result-
ing from systemic downregulation of the antigen
presentation machinery, including MHC class I and
TAP proteins, and is mediated by the transactivator
NLRC5. This process was reversed upon stem cell
entry into the cell cycle. These studies identify a
link between stem cell quiescence, antigen presenta-
tion, and immune evasion. As cancer-initiating cells
can derive from stem cells, these findings may help
explain how the earliest cancer cells evade immune
surveillance.

INTRODUCTION

Adult stem cells are essential for the homeostasis and repair of

many different tissues (Blanpain and Fuchs, 2014). For example,

hematopoietic stem and progenitor cells continuously give rise

to new blood cells, and epithelial stem cells replace their differ-

entiated progeny that turn over at barrier interfaces, such as

the gut (Barker, 2014). There is a long-standing interest in under-

standing the immunogenicity of stem cells (Chidgey and Boyd,

2008; Tang et al., 2013; Wood et al., 2016). This is because of

their unique capacity to re-grow replacement tissues for trans-

plantation, which would potentially be subject to immune

rejection. In addition, a significant and unanswered question in

autoimmune disease is whether the stem cells of a tissue are

irrevocably destroyed during immune attack, which would

make it impossible for proper tissue repair upon resolution of

immunity, or whether stem cells are somehow spared through
mechanisms evolved to protect these critical cells. Understand-

ing the interaction between T cells and stem cells is also relevant

to bone marrow transplant and adoptive T cell therapy, in which

large numbers of allo-reactive or antigen-specific T cells are

transferred into a patient and infiltrate different tissues (Rosen-

berg and Restifo, 2015). Answering these questions is important

for regenerative medicine, as well as immune oncology.

Most stem cell populations are present at low frequency and

may express some genes that are not centrally tolerized because

they are not expressed in the thymus. Moreover, the self-renew-

ing capacity of stem cells means they are very long lived and can

accumulate mutations over time, which would give rise to neo-

antigens (Blokzijl et al., 2016; Jan et al., 2012; Mandal et al.,

2011). The presence of these antigens makes stem cells poten-

tial targets of T cells. Since epithelial stem cells give rise to cells

at barrier surfaces and they themselves are present at or near

these surfaces where infections often occur, this exposes these

rare but important cells to immune responses. However, very

little is known about the immune surveillance of adult tissue

stem cells.

There has been study of T cell interactions with embryonic

stem cells (ESCs) and mesenchymal stem cells (MSCs). ESCs

were thought to be immune privileged, but subsequent studies

indicated that ESCs can be eliminated by an adaptive immune

response (Chidgey and Boyd, 2008; Swijnenburg et al., 2008;

Wu et al., 2008), and MSCs appear to be immune modulatory

rather than immune privileged, as they are rejected in major his-

tocompatibility complex (MHC) mismatched hosts (Ankrum

et al., 2014). One reason why so little is known about the interac-

tion between the immune system and tissue stem cells is

because there is no experimental system in which a defined

stem cell population expresses a model antigen. Thus, almost

all studies to date on the immunogenicity of stem cells have

used allogeneic transplant models. This confounds interpreta-

tion of the results because the T cells are reacting with many

different antigens and cell types, including cells differentiating

from the stem cells. Moreover, the stem cells have been manip-

ulated ex vivo, and the T cells do not interact with the stem cells in

their niche. The latter is particularly relevant for assessing phys-

iological outcomes of T cell and stem cell interactions, especially

as we increasingly appreciate that stem cell biology can be

altered when stem cells are removed from their tissue of
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residency (Busch and Rodewald, 2016; Quarta et al., 2016). As

such, the immunogenicity of stem cells remains poorly defined

and controversial.

Here we set out to determine the outcome of T cell interactions

with adult tissue stem cells in their niche. To do so, we utilized the

Jedi model (Agudo et al., 2015), which enabled study of antigen-

dependent interactions between T cells and tissue stem cells.

We showed that immune privilege is not a general property of

adult stem cells. Instead, our studies revealed that fast cycling

epithelial stem cells, such as those in the gut and ovary, were

subjected to immune clearance but that slow cycling stem cells,

such as hair follicle stem cells and satellite cells, escaped im-

mune detection. This escape is due to systematic downregula-

tion of the antigen presentationmachinery,making the stem cells

virtually invisible to the adaptive immune system. Enforced

expression of the transcriptional transactivator Nlrc5, which is

not expressed in the quiescent state, restored MHC-I on the

stem cells. These studies establish that some tissue stem cells

hide from immune surveillance and protect their integrity. Our

findings may help to explain how hair follicles can regenerate

upon resolution of immunity and suggest that one of the mecha-

nisms of tumor escape from immune editing may be coopted

from quiescent stem cells.

RESULTS

Stem Cells of the Gut, Ovary, and Breast Are Subject to
T Cell Clearance
The gut is the site of substantial adult stem cell activity (van der

Flier and Clevers, 2009), most notably by the Lgr5+ stem cells,

which are responsible for renewing the intestinal epithelium

every 3–7 days (Barker, 2014; Barker et al., 2007). The gut is

also an important immunological environment, as it is a location

of tolerance induction and an interface with many pathogens

(Turner, 2009). We wondered whether the intestinal stem cells

may be protected from T cell immunity. To address this, we

took advantage of just EGFP death-inducing (Jedi) T cells,

which have a T cell receptor (TCR) specific for the immunodo-

minant epitope of green fluorescent protein (GFP) loaded into

MHC class I (MHC-I) (Agudo et al., 2015), and Lgr5-GFP

mice, which express GFP in intestinal stem cells (Barker

et al., 2007).
Figure 1. Gut, Ovary, and Mammary Gland Stem Cells Are Eliminated b

(A) Lgr5-GFP mice were injected with Jedi or control CD8+ T cells and vaccinate

1 week after T cell transfer. Graph presents the mean ± SD. Data are representa

(B) Fluorescent microscopy of the gut of mice in (A). White bar represents 500 m

(C) Fluorescent microscopy of the gut 4 days after T cell transfer. Representative

(D) Histology of the gut of Lgr5-GFP mice injected with control or Jedi T cells an

(n = 4–5 mice/group) 3 days post-irradiation. Black bar represents 100 mm.

(E) Flow cytometry detection of CD45.1+ T cells in the ovaries 1week after transfer

(n = 7–9 mice/group).

(F) Flow cytometry detection of CD45.1+ T cells in the mammary gland 1 week a

2 experiments (n = 4–6 mice/group and time point).

(G) Flow cytometry detection of GFP+ cells in the ovaries 1 week after T cell trans

(n = 4 mice/group).

(H) Fluorescent microscopy of the ovaries of mice described in (E). Representative

White bar represents 500 mm.

(I) Flow cytometry detection of GFP+ cells in the mammary gland 1 week after

experiments (n = 4–6 mice/group).

*p < 0.05, **p < 0.01, ***p < 0.001 versus control treated.
We injected Lgr5-GFP mice with Jedi or control T cells and

vaccinated them with GFP to activate the T cells. Within

1 week, we could not detect any GFP+ cells in the intestine, indi-

cating that the stem cells had been completely eliminated (Fig-

ures 1A–1C). Histological analysis 4 days after T cell injection

confirmed that the stem cells had undergone apoptosis following

injection of Jedi but not control T cells (Figure S1A). In control

mice, T cells weremostly located in the upper part of the villi (Fig-

ure 1C). Instead, in mice that received Jedi T cells, there was

accumulation of T cells in the crypt area and an overall increase

in the frequency of GFP-specific CD8+ T cells in the gut and

mesenteric lymph nodes (Figures 1C and S1B). RT-qPCR for

the Va and Vb chains Trav7-4 and Trbv2, respectively, confirmed

that the infiltrating CD8+ T cells were Jedi T cells (Figure S1C).

To determine the physiological impact of T cell clearance of

the intestinal stem cells, after injecting Lgr5-GFP mice with

Jedi or control T cells, we irradiated the mice to induce damage

in the intestine and force tissue regeneration. After 3 days, in

Jedi-treated mice, there was a dramatic loss of intestinal villi,

which was not observed in irradiated mice that received control

T cells (Figure 1D), indicating that tissue regeneration was

severely impaired upon T cell clearance of the Lgr5+ intestinal

stem cells. These results phenocopy DTR-mediated ablation of

the Lgr5+ stem cells (Metcalfe et al., 2014) and provide functional

evidence that antigen-specific T cells can kill intestinal stem cells

and disrupt normal gut biology.

The ovary and breast also contain populations of adult epithe-

lial stem cells. Lgr5 is expressed by populations of ovary and

mammary stem cells, and they express GFP in the Lgr5-GFP

mice (Flesken-Nikitin et al., 2013; Ng et al., 2014; Plaks et al.,

2013). We could therefore also examine how these stem cells

interact with antigen-specific T cells. In mice that received the

Jedi, but not control T cells, there was T cell infiltration in the

ovary and mammary gland, indicating that expression of an an-

tigen in rare stem cells was sufficient for T cell homing, even in

sterile tissue (Figures 1E and 1F). Moreover, in both tissues there

was complete clearance of the antigen-expressing stem cells

(Figures 1G and 1H). These results demonstrate that, like the in-

testinal stem cells, stem cells in the ovary and mammary gland

are subject to T cell clearance in an antigen-dependent manner,

and thus epithelial stem cells are not inherently immune

privileged.
y Antigen-Specific T Cells

d with GFP. Flow cytometry analysis of the frequency of GFP+ cells in the gut

tive of 3 experiments (n = 7–9 mice/group).

m.

images from 3 mice/group. White bar represents 100 mm.

d irradiated (10 Gy) or left untreated. Representative image shown per mouse

of CD45.1 Ctrl (control) or Jedi T cells. Data are representative of 2 experiments

fter transfer of CD45.1 Ctrl (control) or Jedi T cells. Data are representative of

fer. Graph presents the mean ± SD. Data are representative of 2 experiments

images from 3–5 mice per group from 2 independent experiments are shown.

T cell transfer. Graph presents the mean ± SD. Data are representative of 2
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Figure 2. Hair Follicle Stem Cells Escape Antigen-Specific T Cell Killing

(A) Lgr5-GFPmice were injected with Jedi or control CD8+ T cells and vaccinated with GFP. Flow cytometry detection of GFP+ cells in the epidermis 1 week after

T cell transfer. Graphs present the mean ± SD. Data are representative of 2 experiments (n = 6 mice/group). Note mice were 7 weeks old at the time of injection,

when the hair follicles are in telogen phase.

(B) Fluorescent microscopy of the skin of mice described in (A). Representative images are shown. White bar represents 500 mm.

(C) Fluorescent microscopy analysis of the skin of 7-week-old Lgr5-GFP mice 5 days after control or Jedi T cell transfer. Representative images are shown

(n = 3 mice). White bar represents 100 mm.

(D) Florescentmicroscopy of the epidermal sheets of Langerin-GFPmice (7–8 weeks old, telogen phase) injected with Jedi or control CD8+ T cells and vaccinated

with GFP. Data are representative of 2 experiments (n = 5 mice/group). White bar represents 500 mm.

(E) Flow cytometry detection of GFP+ cells in the epidermis of Krt14-GFP (Krt14-CreERT x CAG-DsRed-GFP) mice were treated with Tamoxifen and injected with

control or Jedi CD8+ T cells and vaccinated with GFP. Graph presents the mean ± SD. Data are representative of 2 experiments (n = 3–5 mice/group).

(legend continued on next page)
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Hair Follicle Stem Cells Evade Cellular Immunity
A population of epithelial stem cells also exists in the skin, which

can give rise to hair follicles (Blanpain and Fuchs, 2014; Jaks

et al., 2008). Hair follicle stem cells (HFSCs) are characterized

by expression of CD34 and cytokeratin 15 (Krt15) (Morris et al.,

2004), as well as Lgr5, and in Lgr5-GFP mice HFSCs express

GFP (Jaks et al., 2008). We hypothesized that these cells would

also be killed by Jedi T cells. To test our hypothesis, we analyzed

the epidermis of the Lgr5-GFP mice that received Jedi or control

T cells. Unexpectedly, there was no reduction in the number of

GFP+ cells (Figures 2A and 2B). Although CD8+ T cells had infil-

trated the skin of the mice that received Jedi T cells and could

even be found near the HFSCs (Figure 2C). RT-qPCR for

Trav7-4 and Trbv2 confirmed the Jedi T cells had infiltrated the

skin (Figure S2A). Thus, CD8+ T cells can access the epidermis,

but they do not kill HFSCs expressing their target antigen.

It has been suggested that the hair follicle (HF) may be an im-

mune-privileged site (Paus et al., 2005). To determine whether

other cells in the HF are protected from immune clearance, we

evaluated T cell killing of other cell populations in the skin. We

transferred Jedi T cells into Langerin-GFP mice, which express

GFP in Langerhans cells (LCs) (Kissenpfennig et al., 2005). In all

mice, there was complete clearance of the LCs (Figures 2D and

S2D). Next, we generatedmice that express GFP in both HFSCs,

and terminally differentiated keratinocytes by treating Krt14-Cre-

ERT/CAG-GFPfl/fl mice with tamoxifen (Vasioukhin et al., 1999).

We then injected the mice with Jedi or control T cells. Examina-

tion of the skin indicated that GFP+ keratinocytes (Krt14+CD34�)
were eliminated in mice injected with Jedi T cells, but that the

GFP+ stem cells (Krt14+CD34+) were not (Figure 2E). These re-

sults indicate that T cells are capable of killing cells in the HF,

and thus that the HF is not an immune-privileged site. They also

demonstrate that immune protection is specific for HFSCs.

The HF has three phases, telogen (resting), anagen (growth),

and catagen (destruction). In telogen, Lgr5 expression is

restricted to the bulge HFSCs, but during anagen, as the HF

grows, Lgr5 is also expressed by another population with stem

cell potential, situated at the outer root sheath (ORS) (Figure 2F;

Jaks et al., 2008). We transferred Jedi or control T cells into Lgr5-

GFP mice during anagen, and after 1 week, unlike during telo-

gen, there was a significant reduction in the number of Lgr5+

cells in the HF, which was concomitant with an infiltration of

T cells into the HF (Figures 2F and 2G). Thus, our results indicate

that immune privilege is highly restricted to the Lgr5+ stem cells

during telogen.

Stem Cell Immune Evasion Is Cell Autonomous
Regulatory T (Treg) cells in the skin can help regulate HFSC dif-

ferentiation (Ali et al., 2017). Since Jedi T cells entered the skin,
(F) 4-week-old Lgr5-GFP mice (anagen phase) were injected with CD45.1 Jedi

fluorescent microscopy 1 week later. Data are representative of 2 independent e

(G) Flow cytometry detection of CD45.1 T cells in the epidermis of mice in (F).

individual mice.

(H) Lgr5-GFPmice were injected with anti-CD25 (PC61) or IgG isotype control anti

for GFP. Flow cytometry detection of GFP+ cells in the epidermis 9 days after T

(I) In vitro proliferation analysis of Brilliant Violet Dye-labeled CD8+ Jedi T cells co-

mice. Dye dilution was measured at day 5. Histograms are representative of n =

**p < 0.01 versus control treated.
we wondered whether the HFSCs may be protected by cuta-

neous Treg cells. We injected Lgr5-GFP mice with an anti-

CD25 antibody (PC61) to eliminate Treg cells (Setiady et al.,

2010). CD4+CD25+Foxp3+ cells were reduced to <0.15% in the

lymph nodes and skin (Figures S2B and S2C). We then trans-

ferred Jedi T cells into the Lgr5-GFP mice treated with anti-

CD25, or IgG isotype control. In both groups, intestinal stem cells

were eliminated (Figure S2C) but the HFSCs were not killed (Fig-

ure 2H). This suggested that Treg cells may not be responsible

for protection of the HFSCs.

To determine whether the mechanism of HFSCs protection is

cell autonomous, we isolated Lgr5-GFP+ HFSCs from the skin

during telogen and co-cultured them with Jedi T cells loaded

with proliferation dye. In parallel we isolated GFP-expressing

differentiated skin epidermal cells from Sca1-GFP mice and

similarly cultured them with dye-labeled Jedi T cells. When the

Jedi T cells were co-cultured with GFP+ epidermal cells, they

became activated and vigorously proliferated, as indicated by

dye dilution (Figure 2I). In contrast, the Jedi T cells cultured

with the GFP+ HFSCs did not proliferate, indicating that HFSCs

do not activate T cells, even when they express an antigen

recognized by the T cells. These results demonstrate that HFSCs

are intrinsically resistant to T cell surveillance and killing.

The Antigen Presentation Machinery Is Downregulated
in HFSCs
In considering a cell-autonomous mechanism that could enable

HFSCs to escape a CTL response, we examined the expression

of MHC-I. MHC-I is generally expressed by all nucleated cells

(Pamer and Cresswell, 1998), but it has been reported to be

low expressed in the HF (Paus et al., 2005). As expected, all of

the hematopoietic cells in the skin were MHC-I+, as were the

vast majority (>85%) of non-hematopoietic, GFP� cells, which

encompasses most cells of the epidermis (Figure 3A). All of the

Lgr5+ HFSCs were MHC-I�/lo. Conversely, all the stem cells in

the intestine, ovary, and mammary gland were MHC-I+ (Figures

3B and S3A).

Though Lgr5 is a good marker for HFSCs, some HFSCs lack

Lgr5 expression. A more inclusive marker of HFSCs is CD34.

We examined MHC-I on CD34+ cells in the epidermis and found

that, as observed with the Lgr5+ HFSCs, MHC-I was absent on

the majority of CD34+ HFSCs (Figure 3C). We confirmed the

HFSCs do not express MHC-I using an antibody that stains a

different MHC-I gene (H-2Db) (Figure 3D). We also found the

HFSCs did not express beta-2 microglobulin (B2m), an essential

component of the MHC-I complex (Figures 3E and 3F). Addition-

ally, we stained sections of epidermis from Lgr5-GFP mice for

MHC-I and found the HFSCs were MHC-I�, whereas other cells

in the hair follicle were MHC-I+ (Figure 3G). Importantly, we
or control CD8+ T cells and vaccinated with GFP. The skin was analyzed by

xperiments (n = 4–5 mice/group). White bar represents 100 mm.

Graph presents the frequency of GFP+ cells relative to the total live cells in

body, and 5 days later injected with Jedi or control CD8+ T cells and vaccinated

cell transfer. Graph presents the mean ± SD (n = 3 mice/group).

cultured with GFP+ cells isolated from the epidermis of Lgr5-GFP or Sca1-GFP

4/group.
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observed the same result in the epidermis from wild-type mice

using CD34 to mark the HFSCs (Figure 3H). Looking at the HF

in anagen, the stem cells (Lgr5+CD34+) remained MHC-I�, but
the keratinocytes (Krt14+GFP+CD34�) and Lgr5+CD34� ORS

cells, which were both targeted by Jedi T cells (see Figures 2E

and 2F), were MHC-I+ (Figures 3I and 3J). Thus, the absence of

MHC-I is a property of HFSCs, and correlates with protection

from immunity. These results suggest that HFSCs do not present

antigen to CD8+ T cells.

To determine whether loss of MHC-I would protect the sensi-

tive tissue stem cells, we took advantage of the fact that the Je-

di’s TCR is restricted to the H2-KdMHC-I haplotype. This means

the Jedi’s TCR does not recognize antigen presented on H2-Kb

MHC-I. We injected Jedi or control T cells in to Lgr5-GFP mice

carrying only H2-Kb and vaccinated with GFP. After 7 days,

the frequency of GFP+ cells in the intestine was indistinguishable

between Jedi and control treatedmice, indicating that loss of an-

tigen presentation on sensitive tissue stem cells protects them

from antigen-specific T cells (Figures 3K and 3L).

One reason it is unexpected to find an MHC-I� population is

because there are immune cells, the natural killer (NK) cells,

which are specialized in killing MHC-I� cells (Orr and Lanier,

2010). We sought to determine whether the HFSCswould be tar-

gets of NK cells. We isolated HFSCs and co-cultured them with

NK cells. As a negative control, we isolated keratinocytes which

express MHC-I, and as a positive control we used YAC-1 cells,

which express low MHC-I (Piontek et al., 1985). As expected,

YAC-1 cells activated the NK cells and were killed, whereas

the keratinocytes did not stimulate the NK cells and were not

killed (Figures S3B and S3C). Despite being MHC-I�/lo, the

HFSCs did not activate the NK cells and were not eliminated.

Thus, the HFSCs also appear to be protected fromNK cell killing.

Downregulation ofMHC-I Is a Property of Quiescent Hair
Follicle Stem Cells
HFSCs share some characteristic stem cell features with stem

cells of the intestine, such as their ability to self-renew and repo-

pulate their tissue of residence, but a notable difference between
Figure 3. Hair Follicle Stem Cells Downregulate the Antigen Presentat

(A) Flow cytometry analysis of MHC-I in the skin of 7- to 8-week-old Lgr5-GFPmic

H2Kb (two different alleles of MHC-I). Representative dotplots shown (n = 8 mic

(B) Flow cytometry analysis of MHC-I in Lgr5+ stem cell populations from differe

mammary gland (MG), ovaries (Ov), and epidermis (Epid) and stained for H2K

experiments).

(C) Flow cytometry analysis of H2Kd (from the H2-K1 gene) and CD34 in the skin

(D) Flow cytometry analysis of H2Db (from the H2-D1 gene), and CD34 in the sk

(E) Flow cytometry analysis of B2M and CD34 in the skin of 7- to 8-week-old C57B

(F) B2M expression in different populations of the skin in mice from (E) compare

staining. Representative plots shown (n = 4, 2 independent experiments).

(G) Fluorescence microscopy of MHC-I in the HF of Lgr5-GFP mice. Tissue

Representative image is shown (n = 3 mice).

(H) Fluorescence microscopy of MHC-I in HF of C57BL/6 mice. Tissue stained

dependent experiments).

(I) Flow cytometry analysis of MHC-I in GFP+ cells in Krt14-GFP (Krt14-CreERT x

HFSCs (CD34+) and keratinocytes (CD34�). Representative plot shown (n = 3 m

(J) Flow cytometry analysis of MHC-I in GFP+ cells in Lgr5-GFPmice during Anage

(K) Lgr5-GFPmice homozygous for H2Kdwere injected with Jedi or control CD8+

T cells. Flow cytometry analysis of GFP+ cells in the small intestine 1 week a

(n = 4 mice/group, 2 independent experiments).

(L) Fluorescent microscopy analysis of the small intestine of mice described in (K
these stem cell populations is that the intestinal stem cells are

continuously proliferating, whereas the HFSCs are mostly quies-

cent (Blanpain and Fuchs, 2014). In support of previous reports

(Jaks et al., 2008; Ng et al., 2014), we found that Lgr5+ stem cells

from the gut and ovary were cycling (Figure 4A). Instead, <0.5%

of stem cells in the skin were cycling. To determinewhetherMHC

expression was associated with the proliferative state of the

stem cells, we looked at MHC-I on the small fraction of HFSCs

that were proliferating using Ki67 or BrdU. HFSCs that were

proliferating (Ki67+ or BrdU+) expressed MHC-I, whereas non-

proliferating HFSCs were MHC-I negative (Figures 4B and 4C).

We further confirmed this using the Fucci mice (Sakaue-Sawano

et al., 2008), in which cells express differential fluorescence de-

pending on cell cycle status and once again found that MHC-I

was only expressed on the small population of HFSCs in S, G2,

or M phase (Figures S4A and S4B).

The studies of HFSCs described above were carried out when

the HF of the mice were in telogen and the HFSCs quiescent.

However, during anagen, Lgr5+ cells proliferate (Figure S4C),

and, as we found, the Lgr5+ cells also express MHC-I during an-

agen (see Figure 3J), which supports the notion that MHC-I is

linked to stem cell quiescence. To further test this hypothesis,

we examined MHC-I on another population of proliferating

stem/progenitor cells in the HF, the Lrig1+ cells (Page et al.,

2013). Consistent with our findings for the proliferating Lgr5+

cells in anagen, the cycling Lrig1+ stem cells also expressed

MHC-I (Figure 4D). Thus, downregulation of MHC-I appears to

be a specific property of the quiescent stem cells in the HF.

Nlrc5 Is Downregulated in Quiescent Stem Cells and Its
Expression Upregulates MHC-I on HFSCs
All nucleated cells are expected to express MHC-I (Pamer and

Cresswell, 1998). Though MHC-I can be downregulated by vi-

ruses and mutated in some cancer cells, it is unexpected to

find populations of naturally existing MHC-I� cells in the periph-

ery, and thus we sought to understand how its expression is

controlled in the HFSCs. We isolated Lgr5+ cells from telogen

and anagen HFs by flow cytometry and performed RNA-seq.
ion Machinery

e. Cells were collected from the epidermis and stained for CD45 and H2Kd and

e/group, 3 independent experiments).

nt tissues of Lgr5-GFP mice. Cells were collected from the small intestine (SI),

d and H2Kb. Representative histogram shown (n = 4 mice, 2 independent

of 7- to 8-week-old Lgr5-GFP mice. Representative plot shown (n = 3 mice).

in of 7- to 8-week-old C57BL/6 mice. Representative plot shown (n = 3 mice).

L/6 mice. Representative plots shown (n = 4mice, 2 independent experiments).

d to splenocytes. Skin from NOD mice was used as a negative control for the

sections were stained for MHC-I (red). GFP was directly visualized (green).

for MHC-I (red) and CD34 (yellow). Representative image shown (n = 4, 2 in-

CAG-DsRed-GFP) mice 10 days after Tamoxifen treatment, comparing GFP+

ice).

n, comparing CD34+ and CD34� cells. Representative plot shown (n = 3 mice).

T cells, and Lgr5-GFPmice homozygous for H2Kb allele were injected with Jedi

fter. Graph presents the mean ± SD. Cells were stained for H2Kd (MHC-I)

). Representative images are shown.
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Figure 4. Downregulated MHC Class I Is a Property of Quiescent HFSCs

(A) Intestine, ovaries, and skin (P56) from Lgr5-GFP mice were processed to obtain a single cell suspension and stained with Hoechst33342 to assess prolif-

eration. Representative flow cytometry plots shown (n = 3 mice). Histograms show GFP+ live (7AAD-negative) cells. Gate in the histogram includes

cells in S and G2.

(B) Ki67 was assessed in the skin of C57BL/6mice in telogen. The skin was processed and cells were stained with CD34 and alpha-6-integrin (a6i) to label HFSCs,

CD45 to label hematopoietic cells, ki67 to label proliferating cells, and H2Kb for MHC-I. Representative flow cytometry plots shown (n = 5 mice/group, 2

independent experiments).

(C) C57BL/6 mice in telogen (P56) were injected with BrdU. 2 hr later, the skin was processed and stained with anti-BrdU to assess proliferation. Representative

flow cytometry plots shown (n = 3 mice/group, 2 independent experiments).

(D) Flow cytometry analysis of Ki67 andMHC-I in CD34+ bulge HFSCs (CD45�Sca1�), Lrig1+ stem cells (CD45�a6i+Sca1lo), and nonHFSCs a6i+CD34� epidermal

cells (n = 3 mice).
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Figure 5. Nlrc5 Is Downregulated in Slow Cycling Stem Cells and Its Expression Restores MHC Class I in HFSCs

(A) RNA-seq analysis of isolated Lgr5+ cells from telogen and anagen skin. Heatmap shows key differentially expressed genes involved in cell cycle, antigen

presentation, response to inflammation, and gene expression control. Each column is one individual Lgr5-GFP mouse. Data are color coded to reflect gene

expression Z-scores.

(B) Heatmap shows key differentially expressed genes involved in antigen presentation in RNA-seq data from Wang et al. (2016) (GEO: GSE67404), in which

HFSCs from Foxc1-deficient mice were compared to HFSCs from littermate controls. Each column shows an individual mouse. Data are color coded to reflect

gene expression Z-scores.

(legend continued on next page)
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As expected, the Lgr5+ HFSCs from telogen HF expressed lower

levels of cell cycle genes, consistent with the fact that they are

quiescent. There was also a major reduction in the expression

of numerous genes essential for antigen presentation in the

resting HFSCs (Figure 5A). The expression of genes encoding

MHC-I and B2m were downregulated by as much as 80% (Fig-

ure S5A). The genes responsible for loading peptide into the

MHC-I complex were also downregulated in the resting stem

cells, including Tap1, Tap2, and Tapbp. Moreover, key genes

involved in cell-intrinsic control of inflammation were highly

downregulated in telogen Lgr5+ cells. These included interleukin

and cytokine receptors, such as Ifngr1, Il6ra, Il17re, the Nfkb

subunit Rela, the inflammasome component Pycard, and

inflammation-responsive transcription factors Irf3, Irf5, Stat1,

and Stat3.

The transcriptomic comparison of telogen and anagen Lgr5+

cells indicated that the antigen presentation machinery is down-

regulated at the transcriptional level. However, because the

Lgr5+ cells from anagen follicles also contain more committed

cells, it is difficult to distinguish between mechanisms related

to stemness versus quiescence. Two recent studies reported

that the transcription factor Foxc1 is essential for HFSC quies-

cence (Lay et al., 2016; Wang et al., 2016). Both studies

compared gene expression changes between the quiescent

Foxc1+/+ and proliferating Foxc1�/� HFSCs. When we examined

those signatures, among the genes that were most significantly

upregulated in HFSCs upon Foxc1 deletion were those encoding

MHC-I and B2m (Figures 5B and S5B). Indeed, pathway analysis

indicated that in both datasets (Lay et al., 2016; Wang et al.,

2016), antigen presentation was, after cell cycle, the most signif-

icantly increased pathway in the HFSCs upon loss of Foxc1 (Fig-

ures 5C and S5C). This supports the notion that downregulation

of the antigen presentation machinery is a feature of quiescent

HFSCs and molecularly linked to one of the regulatory factors

that controls stem cell quiescence.

Since several components of the MHC-I pathway were down-

regulated, we hypothesized that this might be due to a common

regulatory factor. We cross-compared the differentially ex-

pressed genes between the anagen and telogen Lgr5+ cells

and Foxc1-deficient HFSCs. There were 78 genes consistently

altered between proliferating and quiescent HFSCs (Figure 5D),

and pathway analysis showed that cell cycle and antigen presen-

tation are the two most significantly downregulated pathways

(Figure 5E). We looked for regulatory sequences shared between

the promoters of downregulated antigen presentation genes and

found that several contained motifs for Nlrc5. Nlrc5 is a member

of the NOD-like receptor family of genes (Cui et al., 2010) that has

been shown to interact with the basal transcriptional machinery
(C) Ingenuity analysis of differential pathway expression between wild-type and F

and a cutoff of 10 reads.

(D) Venn diagram comparing the number of common differentially expressed gen

Foxc1�/� HFSCs from Wang et al. (2016) and Lay et al. (2016) (GEO: GSE77256

(E) Ingenuity pathway analysis of common differential pathway usage betwee

(from Wang et al., 2016, and Lay et al., 2016).

(F) Nlrc5 expression from RNA-seq of GFP+ cells isolated from telogen and anage

versus telogen Lgr5+ cells.

(G) CD34+ HFSCs were flow sorted and nucleofected with either a plasmid encod

and stained with H2Kd antibody to determine MHC-I expression. Histograms show

of Nlrc5/GFP versus GFP transfected CD34+ cells (n = 3 of 3 independent exper
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of several MHC-I complex genes to regulate MHC levels (Meiss-

ner et al., 2010, 2012; Staehli et al., 2012). Nlrc5 mRNA was

virtually undetectable in the telogen HFSCs, whereas it was

well expressed in the anagen cells (Figures 5A and 5F). Nlrc5

was also one of the most significantly upregulated genes in

HFSCs upon Foxc1 knockout (Figures 5B and S5B).

To determine whether Nlrc5 might be involved in mediating

the differential MHC-I between the quiescent and proliferating

HFSCs, we isolated CD34+ cells from telogen HF and trans-

fected them with a plasmid encoding Nlrc5 and GFP or a con-

trol plasmid. After 36 hr, there was upregulation of MHC-I on

the HFSCs transfected with the Nlrc5 plasmid, which did not

occur with the control (Figure 5G). This was not a general

effect of overexpressing Nlrc5, as transfection of isolated

keratinocytes did not lead to an upregulation of MHC-I (Fig-

ure S5B). These studies suggest that Nlrc5 is one of the

regulatory factors that controls expression of the antigen pre-

sentation pathway between proliferating and quiescent stem

cell states.

Quiescent Muscle Stem Cells Evade Immunity
Our findings indicated that fast cycling epithelial stem cells ex-

pressed MHC-I, whereas the non-proliferating HFSCs did not.

We wondered whether other slow cycling stem cells would

have a similar phenotype. Adult muscle stem cells or satellite

cells have been shown to be quiescent in the absence of muscle

injury (Brack and Rando, 2012). We harvested muscles from

mice and stained them for MHC-I and markers to distinguish

the satellite cells (SCA1�CD31�CD45�VCAM+CD34+) as well

as the endothelial and SCA1+ cells and hematopoietic cells

(CD45+) (Figure S6A). Whereas all the endothelial and hemato-

poietic cells expressed MHC-I, the satellite cells expressed little

to no MHC-I (Figure 6A). As observed with HFSCs, the small

population of proliferating satellite cells (Ki67+) expressed

MHC-I (Figures 6B and S6B). We confirmed that MHC-I, as

well as B2m, was downregulated at the RNA level by isolating

the satellite cells and measuring expression by RT-qPCR (Fig-

ure 6C). Like the HFSCs, the satellite cells did not express

Nlrc5, which suggests that a similar mechanism of antigen pre-

sentation control operates in different slow cycling stem cells

(Figure 6C).

To further clarify whether the downregulation of MHC-I was

linked to stem cell quiescence, we injected cardiotoxin (CDT)

into the muscle to induce damage and activate satellite cell pro-

liferation (Figures 6D and S6C). In the satellite cells that remained

quiescent (Ki67�), MHC-I levels did not increase (Figures 6E and

S6D), whereas proliferating satellite cells (Ki67+) upregulated

MHC-I by more than 3-fold (Figures 6E and S6E).
oxc1�/� HFSCs from Wang et al. (2016). We analyzed genes that had p < 0.05

es between anagen and telogen Lgr5+ cells (described in A), and wild-type and

).

n Lgr5+ cells from anagen and telogen skin, and WT and Foxc1�/� HFSCs

n skin of Lgr5-GFP mice. Graph presents the mean ± SD (n = 3–4). ***p < 0.001

ing Nlrc5 and GFP or GFP alone as a control (Ctrl). Cells were cultured for 36 hr

DAPI� (live) GFP+ cells. Graph presents the mean ± SD fold-change of MHC-I

iment). *p < 0.05 versus control treated.



Figure 6. Immune Evasion Is a Property of Quiescent Muscle Stem Cells

(A) Gastrocnemius, soleus, and quadriceps were processed from C57BL/6 mice to single cells and analyzed by flow cytometry. Satellite cells

(SCA1�CD45�CD31�CD34+VCAM+) were compared with hematopoietic (CD45+) and stroma (SCA1+) cells. Histograms show H2Kb expression. Muscle from

B10D2 mice was used as a negative control for H2Kb staining. Representative histograms shown (n = 8 mice, 4 independent experiments).

(B) Flow cytometry analysis of Ki67 in satellite cells from gastrocnemious+soleus. Satellite cells were gated on Ki67� (red) and Ki67+ (blue) populations andMHC-I

(H2Kd) was assessed in these populations (right). Representative flow cytometry plots are shown (n = 4 mice/group, 2 independent experiments).

(C) Measurement of H2-K1 (H2Kb), B2m, and Nlrc5 mRNA in purified Satellite cells, hematopoietic and stroma cells from the muscle by RT-qPCR. Each sample

corresponds to a different mouse. Graphs present expression of indicated genes versus GAPDH in each population (n = 2 samples/group).

(D) Flow cytometry analysis of Ki67 in satellite cells from the muscles of C57BL/6 mice 40 hr after intramuscular injection of cardiotoxin (CDT) (n = 3 mice/group).

(legend continued on next page)
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To understand whether the satellite cells could present anti-

gen, we isolated GFP-expressing satellite cells from actin-GFP

mice, along with GFP-expressing CD45+ cells from muscle and

co-cultured them with Violet dye-labeled Jedi T cells. Whereas

the CD45+ cells triggered Jedi proliferation, the satellite cells

did not activate the T cells and were not killed (Figures 6F

and 6G). Thus, like HFSCs, satellite cells do not present

antigen.

To determine whether satellite cells would be protected from

immune surveillance in vivo, we generated mice in which GFP

was expressed in satellite cells only by crossing a Pax7-CreERT2

mouse (Mathew et al., 2011) with a Stop-Flox GFP mouse. After

tamoxifen, we injected Jedi or control T cells. Despite Jedi T cell

recruitment to the muscle (Figures 6H and S6F), there was no

change in the number of satellite cells (Figures 6I and 6J), indi-

cating that muscle stem cells are protected from immune surveil-

lance. Since muscle injury triggers satellite cell proliferation and

upregulation ofMHC-I, we could test whether exiting quiescence

altered satellite cell privilege.We injected CDT in to themuscle of

Pax7-GFP mice, and 1 day later we transferred Jedi or control

T cells. Unlike the resting satellite cells, there was significant

loss of GFP+ satellite cells in the injured muscle of mice injected

with Jedi T cells (Figure 6J). Together, these data indicate that

immune evasion, through downregulation ofMHC-I, is a property

shared by slow cycling tissue stem cells.

DISCUSSION

Peripheral tissues are defended from malignant and pathogen-

infected cells by immune surveillance. Harmful cells are killed

by T cells, and, in many tissues, are replaced by cells differenti-

ating from stem and progenitor cells within the tissue. Our

studies indicate that some naturally occurring adult stem cell

populations can hide from immune surveillance.

As stated above, there was a notion that stem cells may be im-

mune privileged. This was based predominately on studies of

ESCs and MSCs. ESCs were reported to express low levels of

MHC-I in vitro (Drukker et al., 2002). However, both types

of stem cells can be rejected upon transplant (Chidgey and

Boyd, 2008). Our data indicate that immune evasion is not a

property of all adult stem cells, but instead suggests that it is a

property of slow cycling stem cells, as the two most well defined

populations of quiescent tissue stem cells, the HFSCs and the

satellite cells (Clevers, 2015), shared this phenotype, even

though they are functionally and ontologically distinct cell types.
(E) Flow cytometry analysis of MHC-I on Ki67+ and Ki67� satellite cells from mice

*p < 0.05; **p < 0.01 versus Ki67� satellite cells in the same muscle.

(F) Analysis of Jedi T cell proliferation in response to GFP+ satellite cells. Satellite c

cultured with Brilliant Violet proliferation dye-loaded Jedi T cells. Proliferation wa

(G) Flow cytometry analysis of GFP+ satellite cells (from actin-GFP mice) co-

(Brilliant Violet 450 dye) and satellite cells by GFP. Gated on live (DAPI�) cells.
(H) Pax7-CreERT2mice were bredwith CAG-DsRed-GFP andwith B10D2 to acqu

control or Jedi T cells were injected. 1 week later, the gastrocnemius and qua

GFP+VCAM+ satellite. Graph present the mean ± SD percentage of GFP+ satellit

(I) Florescence microscopy analysis of the muscles frommice in (H). Sections wer

(red). Representative images shown (n = 3/group). White bar represents 20 mm.

(J) Pax7-CreERT2 x CAG-DsRed-GFP carrying the H2Kd haplotype were treated

After 2 days, control or Jedi T cells were injected and 1 week later muscles wer

Graph represents the mean ± SD of the percentage of live GFP+ satellite cells (n
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It is not a general property of quiescent cells since resting T cells,

pancreatic beta cells, and many other differentiated cells, which

are not constantly proliferating, express B2m andMHC-I and are

subject to immune clearance (Agudo et al., 2015). This is thus a

rare but potent phenomenon that appears to be specific for

these adult tissue stem cells. It is interesting that this property

was not shared by fast cycling stem cells, such as the intestinal

stem cells, and may be because these cells can be replaced if

they are destroyed by ‘‘backup’’ stem cells, as can occur in

the gut (Tian et al., 2011). Immune protection may then be a

property of stem cells at the top of their tissue hierarchy, as

this may also correlate with proliferation status.

It is important to note that we cannot rule out the possibility

that there are populations of stem cells in the intestine, ovary,

and mammary glad that may be privileged but do not express

Lgr5. Indeed, in the gut there are non-Lgr5-expressing cells

with stem cell potential, and they have slower cycling kinetics

(Li et al., 2016; Yan et al., 2012). These cells may be less suscep-

tible to immune clearance, but this will need to be determined

experimentally. It will also be relevant to investigate the immuno-

genicity of other stem cell populations, including hematopoietic

stem cells (HSCs) and neural stem cells (NSCs), which both

have a fraction that are quiescent (Codega et al., 2014; Wilson

et al., 2008). As HSCs and NSCs have a very different physical

association with the immune system than peripheral tissue

stem cells—HSCs being intimately connected and NSCs being

markedly isolated—they may not utilize the same mechanism

of the HFSCs and satellite cells, but this must be studied. It will

also be worthwhile to examine how cell state affects the immu-

nogenicity or privilege of MSCs, as there are MSCs in the bone

marrow with slower cycling kinetics (Méndez-Ferrer et al.,

2010). Pairing Jedi T cells with additional GFP-expressing stem

cell models will provide a means to investigate the immunoge-

nicity of other stem cell populations, but it will also be important

to utilize additional model antigens to provide an alternative

evaluation.

It is notable that we could detect some MHC-I and B2m tran-

scripts in the HFSCs and satellite cells, albeit low levels. This is

despite the fact that there was little to no MHC-I complexes

measured by flow cytometry and histology, and more signifi-

cantly, that the antigen-specific T cells were not activated by

the stem cells, which provides functional evidence that they

are invisible to the adaptive immune system, as a T cell requires

only a few peptideMHC complexes for activation (Purbhoo et al.,

2004). It appears that the collective reduction of several critical
in (D). Graph presents the mean ± SD of the MFI of MHC-I (n = 3 mice/group).

ells and CD45+ cells were isolated from themuscles of actin-GFPmice and co-

s measured at day 4 by flow cytometry. A representative histogram is shown.

cultured with either control or Jedi T cells. T cells are visualized by BV450

ire H2Kd haplotype.Mice were treatedwith Tamoxifen and 2 days later CD45.1

driceps muscles were analyzed. Representative flow cytometry plots show

e cells (n = 5 mice/group, 2 independent experiments).

e stained with anti-GFP and anti-CD3e to mark satellite cells (green) and T cells

with Tamoxifen and 3 days later Cardiotoxin (CDT) was injected in the muscle.

e analyzed by flow cytometry. Representative plots show GFP+ satellite cells.

= 4 mice/group). *p < 0.05.



antigen presentation genes reduces component stoichiometry

to a level that prevents efficient MHC-I and peptide complex

assembly and effectively collapses the pathway. Nlrc5 serves

as a key factor here since it is a transactivator of several

MHC-I genes and its downregulation in HFSCs and satellite cells

reduces expression of a network of genes relevant to antigen

presentation.

MHC-I is an inhibitory receptor for NK cells, and its absence

serves as a signal for NK cell activation. However, the HFSCs

did not activate or get killed by NK cells in vitro. This suggests

that the HFSCs are protected from not only adaptive cellular im-

munity, but also the innate killer response, and that additional

mechanisms protect the HFSCs from the immune system. This

could be due to low expression of activating NK cell ligands on

the HFSCs or through expression of inhibitory molecules (Orr

and Lanier, 2010). This will require further investigation to deter-

mine. As there are few known healthy cell types that are naturally

MHC-I negative, HFSCs and satellite cells present an opportu-

nity to understand how a cell can downregulate the antigen pre-

sentation pathway and survive.

An outstanding question is why some tissue stem cells are

programmed to evade immune surveillance. One reason may

be because long-lived stem cells acquire mutations over time,

which would give rise to neo-antigens, and make the stem cells

susceptible to immune clearance. Exome sequencing has iden-

tified an abundance of mutations present in stem cells (Jan et al.,

2012), including quiescent stem cells (Beerman et al., 2014), and

ultra-deep sequencing of targeted genes from healthy skin re-

vealed that up to 20% of skin cells carried mutations in coding

genes (Martincorena et al., 2015). Clearance of differentiated

cells expressing these mutated genes is beneficial to prevent

malignancy, but clearance of stem cells carrying the mutations

could lead to impaired tissue homeostasis. Thus, there would

be selective pressure for long-lived stem cells to evade immune

surveillance.

Tissue stem cells can serve as the cancer-initiating cells of

some tumors (Barker et al., 2009), and so their permissiveness

to immune surveillance is relevant to preventing malignancy. Es-

tablished tumors use a number of mechanisms to prevent their

clearance by the immune system (Chen and Mellman, 2013),

which responds to the neo-antigens produced bymutated genes

(Tran et al., 2015), but the earliest events of immune evasion are

not known. Our findings suggest that one explanation may be

that the cancer-initiating cells start out as immune privileged

because they are quiescent stem cells. This is speculative, but

in support of the hypothesis that cancer cells co-opt properties

of quiescent stem cells, it was recently shown that cancer

stem-like cells have immune-evasive properties when they enter

quiescence (Malladi et al., 2016).

It had been suggested the human hair follicle is privileged

(Paus et al., 2005; Westgate et al., 1991). This was based mainly

on histological analysis showing differential expression of im-

mune-regulatory genes, including lower B2m and MHC-I. Our

data provide functional evidence that, at least in mice, the hair

follicle per se is not privileged, but that quiescent stem cells in

the hair follicle are protected from immune clearance. It may

be that humans evolved more extensive privilege in the hair

follicle, or there could be gradients of privilege, with quiescent

stem cells being the most resilient.
As immunotherapies are being increasingly used to direct the

immune system against cancer, including injections of antigen-

specific T cells (Rosenberg and Restifo, 2015), there is an

emerging need to better understand immune privilege in

humans. These therapies can lead to unwanted killing of non-

cancer cells and even autoimmune-like disease (Stucci et al.,

2017). If particular stem cell populations are protected from im-

mune system detection, as we found with HFSCs and satellite

cells, this could minimize the long-term effects of immuno-

therapy on some tissues.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD8a (53-6.7)-AlexaFluor594 BioLegend Cat#100758; RRID: AB_2563237

CD3e (17A2)-AlexaFluor647 BioLegend Cat#100209; RRID: AB_389323

H2Kd (SF1.1.1)-AlexaFluor647 BioLegend Cat#116627; RRID: AB_493067

H2Kd(SF1.1.1)-biotin BioLegend Cat#116603; RRID: AB_31373

CD34 (RAM34)-biotin eBiosciences Cat#13-0341-82; RRID: AB_466425

Streptavidin-Alexa-594 BioLegend Cat#405240

Langerin (E-17) Santa Cruz Cat#sc-22620; RRID: AB_2074213

GFP-Alexa 488 serum Invitrogen Cat#A-21311; RRID: AB_221477

Lrig1 (R7D) Invitrogen Cat#PA5-47009; RRID: AB_2608300

Secondary goat IgG-AlexaFluor647 Invitrogen Cat#A-21447; RRID: AB_2535864

CD45 (30-F11) APC-Alexa780 eBiosciences Cat#47-0451-82; RRID: AB_1548781

CD45 (30-F11) eFluor450 eBiosciences Cat#48-0451-80; RRID: AB_1518807

CD45.2 (104) APC-Alexa780 eBiosciences Cat#47-0454-80; RRID: AB_1272211

CD45.1 (A20) eFluor450 eBiosciences Cat#48-0453-82; RRID: AB_1272189

CD8 (53-6.7)-PerCPCy5.5 eBiosciences Cat#45-0081-80; RRID: AB_906236

CD8 (53-6.7)-PE eBiosciences Cat#12-0081-81; RRID: AB_465529

CD3e (145-2C11)-PE eBiosciences Cat#12-0031-81; RRID: AB_465495

H2-Kb (AF6-88.5.5.3)-APC eBiosciences Cat#17-5958-82; RRID: AB_1311280

H2-Kd (SF1-1.1.1)-PE eBiosciences Cat#12-5957-82; RRID: AB_2043875

H2-Kd (SF1-1.1.1)-APC eBiosciences Cat#17-5957-82; RRID: AB_1311276

H2-Kd (SF1-1.1.1)-biotin eBiosciences Cat#13-5957-82; RRID: AB_1582234

CD24 (M1/69)-PE eBiosciences Cat#12-0242-82; RRID: AB_465602

CD24 (M1/69)-eFluor450 eBiosciences Cat#48-0242-80; RRID: AB_1311174

alpha-6-integrin (GoH3)-APC eBiosciences Cat#17-0495-80; RRID: AB_2016626

alpha-6-integrin(GoH3)-PerCPeFluor710 eBiosciences Cat#46-0495-80; RRID: AB_10669711

Sca1 (D7)-FITC eBiosciences Cat#11-5981-81; RRID: AB_465332

Sca1 (D7)-APC eBiosciences Cat#17-5981-81; RRID: AB_469486

CD31 (390)-FITC eBiosciences Cat#11-0311-81; RRID: AB_465011

CD31 (390)-eFluor450 eBiosciences RRID: AB_10598808

Vcam (429)-PE eBiosciences Cat#12-1061-82; RRID: AB_2572573

streptavidin PE eBiosciences Cat#405204

streptavidin APC-Alexa780 eBiosciences Cat#405208

Beta-2-microglubulin (S19.8)-PE Santa Cruz Cat#sc-32241 PE; RRID: AB_626750

Ki67 (SolA15)-PE eBiosciences Cat#12-5698-80; RRID: AB_11149672

Ki67 (SolA15)-FITC eBiosciences Cat#11-5698-80; RRID: AB_11151689

CD4 (GK1.5)-FITC eBiosciences Cat#11-0041-82; RRID: AB_464892

CD25 (PC61)-PerCP-Cy5.5 eBiosciences Cat#45-0251-80; RRID: AB_914323

FoxP3 (FJK-16 s)-APC eBiosciences Cat#17-5773-80; RRID: AB_469456

CD25 (clone PC61) Bio X Cell Cat#BE0012; RRID: AB_1107619

rat isotype IgG control Bio X Cell Cat#BE0088; RRID: AB_1107775

Chemicals, Peptides, and Recombinant Proteins

10X RBC Lysis Buffer (Multi-species) eBiosciences Cat#00-4300-54

Fisher Healthcare Tissue-Plus; O.C.T. Compound Fisherbrand Cat#23-730-571

Invitrogen UltraPure 0.5M EDTA, pH 8.0 Fisherbrand Cat#15575020

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Trypsin-EDTA (0.25%), phenol red Invitrogen Cat#25200056

StemPro Accutase Cell Dissociation Reagent GIBCO Cat#A1110501

R&D Systems Bacterial Thermolysin Protein R&D Cat#3097ZN020

BD Hoechst 33342 Solution BD Cat#BDB561908

Cardiotoxin from Naja mossambica mossambica Sigma-Aldrich Cat#C9759

Cell Line Nucleofector Kit L Lonza Cat#VCA-1005

Sterile Cell Strainers 70um Fisherbrand Cat#22-363-548

Sterile Cell Strainers 100um Fisherbrand Cat#00-4300-54

VECTASHIELD Antifade Mounting Medium with DAPI Vector Laboratories Cat#H-1200; RRID: AB_2336790

Collagenase, Type IV GIBCO Cat#17-104-019

Collagenase, Type I Sigma-Aldrich Cat#SCR103

Dispase I Sigma-Aldrich Cat#D4818

Critical Commercial Assays

FoxP3 Transcription Factor Staining Buffer Kit Thermo Fisher Scientific Cat#A25866A

BD Cytofix/Cytoperm BD Biosciences Cat#554714

LIVE/DEAD Fixable Violet Dead Cell Stain Kit Life Technologies Cat#L34963

MagniSort Mouse CD8 Naive T cell Enrichment Kit eBiosciences Cat#8804-6825-74; RRID: AB_2575266

CellTrace Violet Cell Proliferation Kit Invitrogen Cat#C34571

BrdU staining kit BD PharMingen Cat#552598

Deposited Data

RNA-sequencing Wang et al., 2016 GEO: GSE67404 and GSE68288

RNA-sequencing Lay et al., 2016 GEO: GSE77256

RNA-sequencing in this paper GEO: GSE109574

Experimental Models: Organisms/Strains

Jedi Brown Lab N/A

Lgr5-CreERT2-IRES-GFP Jackson Stock#008875

Pax7-CreERT2 Jackson Stock#017763

Langerin-GFP Malissen Lab N/A

Sca1-GFP Jackson Stock#012643

actin-GFP Jackson Stock#006567

Krt14-CreERT2 Jackson Stock#005107

CAG-DsRed-GFP Jackson Stock#008705

B10D2 Jackson Stock#000463

Oligonucleotides

Actin Fw: CTAAGGCCAACCGTGAAAAG N/A N/A

Actin Rev: accagaggcatacagggaca N/A N/A

Gapdh Fw: TGTGTCCGTCGTGGATCTGA N/A N/A

Gapdh Rev: CCTGCTTCACCACCTTCTTGA N/A N/A

TCRa-Fw: GAGGAGCCAGCAGAAGGT N/A N/A

TCRa Rev: TCCCACCCTACACTCACTACA N/A N/A

TCRb Fw: TCAAGTCGCTTCCAACCTCAA N/A N/A

TCRb Rev: TGTCACAGTGAGCCGGGTG N/A N/A

H2Kd Fw: CACAGGTGGAAAAGGAGTGAA N/A N/A

H2Kd Rev: CACGCTAGAGAATGAGGGTCA N/A N/A

H2Kb Fw: ATACCTGAAGAACGGGAACG N/A N/A

H2Kb Rev: TGATGTCAGCAGGGTAGAAGC N/A N/A

B2m Fw: CTGCTACGTAACACAGTTCCACCC N/A N/A

B2mRev: CATGATGCTTGATCACATGTCTCG N/A N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Nlrc5 Fw: CCTGCGTCCCAGTCATTC N/A N/A

Nlrc5 Rev: CTGCTGGTCAGTGATGGAGA N/A N/A

Recombinant DNA

pl_murine Nlrc5-GFP fusion Kobayashi Lab Meissner et al., 2010

pl_PGK-GFP Brown Lab Agudo et al., 2015

Software and Algorithms

NisElements software Nikon N/A

FlowJo 9 and 10 Tree Star Inc https://www.flowjo.com/

ImageJ N/A https://imagej.net/Welcome
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by, the Lead Contact, Dr. Brian Brown (brian.

brown@mssm.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Lgr5-GFP, Langerin-GFP, Sca1-GFP and actin-GFP mice were bred with B10D2 mice to express H2-Kd allele of MHC class I. Lgr5-

GFPwere also bredwith C57BL/6 to express H2-Kb allele only. Pax7-CreERT2 andKrt14-CreERT2were bredwith CAG-DsRed-GFP

and with B10D2 to acquire both GFP and H2-Kd. Lgr5-GFP, Sca1-GFP, actin-GFP, Pax7-CreERT2, Krt14-CreERT2 and CAG-

DsRed-GFP were purchased from Jackson Laboratories. Langerin-GFP mice were a generous gift from Dr. Malissen. Jedi mice

were previously described (Agudo et al., 2015) and generated and bred in our facility, All animal procedures were performed accord-

ing to protocols approved by the Mount Sinai School of Medicine Institutional Animal Care and Use Committee.

METHOD DETAILS

No randomization or blinding was performed in this study. Sample-size and statistical methods are indicated in the quantification and

statistical analysis paragraph.

Adoptive transfer of CD8+ T cells
Jedi and control CD8+ T cells were purified from spleens and LNs (cranial, axillar, brachial, inguinal and mesenteric) after obtaining a

single cell suspension by mechanical disruption and filtering through 70mm cell strainer. After RBC lysis, CD8+ T cells were selected

with the mouse CD8+ T cells isolation kit from eBiosciences following manufacturer’s instructions. 3-5x106 Jedi or control T cells

were injected via tail vein. In parallel, all mice were also intravenously injected with �2x108 transducing units (TU) of a vesicular sto-

matitis virus (VSV)-pseudotyped lentiviral vectors (LV) encoding green fluorescent protein (GFP) as described in Agudo et al. (2015).

Irradiation
Lgr5-GFP that had been injected with either control or Jedi T cells were irradiated once at 10Gy 7 days later with a X-ray source

(RS 2000), held in Hess building mouse facility, Icahn School of Medicine.

Immunostaining and histology
Skin, ovaries and mammary gland were harvested, frozen directly in OCT and kept at�80C. Intestines were fixed and equilibrated in

20% sucrose (Sigma-Aldrich) 4% paraformaldehyde (Sigma-Aldrich) and embedded in OCT prior to sectioning. Sections from skin,

ovary andmammary glandwere fixed for 5minwith 4%paraformaldehyde prior to staining. GFPwas directly visualizedwithout stain-

ing. Sections (8mm) were blocked with 2% rat serum and 0.5% BSA in PBS before staining. AlexaFluor594-conjugated anti-CD8a

(53-6.7), AlexaFluor647-conjugated anti-CD3e (17A2), Alexa647-conjugated or biotin-conjugated H2Kd and CD34 (RAM34)-biotin

(along with Alexa-594-conjugated streptavidin all from BioLegend, except CD34 from eBiosciences, were used for CD8, CD3,

CD34 and MHCI staining respectively. For Ki67 staining anti-Ki67 (VP-RM04) from Vector Laboratories was used.

For epidermal sheet preparation, after the hair removal cream was applied, the ears were harvested and the dorsal and ventral

surfaces were separated and mounted epidermis-side down on microscope slides using clear double-sided tape (3M). They were

incubated in 10mMEDTA for 2 h at 37C and the dermis was removed. The sheets were fixed, blocked, and stained with anti-Langerin

(E-17) from Santa Cruz.
e3 Immunity 48, 271–285.e1–e5, February 20, 2018

mailto:brian.brown@mssm.edu
mailto:brian.brown@mssm.edu
https://www.flowjo.com/
https://imagej.net/Welcome


For muscle immunofluorescent images, quadriceps and gastrocnemius were harvested, embedded in OCT and directly frozen.

Sections (8mm) were fixed with cold acetone for 5 minutes and blocked with 2% rat serum and 1% BSA in PBS before staining.

Anti-GFP-Alexa 488 serum (Invitrogen) and AlexaFluor647-conjugated anti-CD3e (17A2) were used to visualize GFP and T cells.

DAPI (Vector Laboratories) staining was used for nuclei labeling. Images were obtained with an upright wide-field microscope

(Nikon) and analyzed with NisElements software and with a Zeiss LSM780 confocal microscope.

Flow cytometry analysis
Intestines were harvested, cleaned and rinsed twice with cold PBS. Once cleaned, they were transferred to 0.5% BSA (Sigma-Al-

drich) PBS supplemented with 20mM EDTA (Fisherbrand) and cut into small pieces and incubated for �45 minutes in ice with

vigorous agitation every 10 – 15 minutes. Intestinal crypts were enriched by filtration through a 100mm cell strainer (Fisherbrand).

The intestines were further filtered through a 70mm cell strainer to remove mucus. The crypts were dissociated by digestion with

1x Accutase (GIBCO) for 3 minutes at 37�C. Cells were then stained and washed for flow cytometry analysis. They were again filtered

using a 70mm cell strainer immediately before analysis.

For flow cytometry analysis of the skin, we followed a protocol adapted from a previously established protocol from the Fuchs lab.

Briefly, the back of the mice was shaved, and fur was completely removed by using depilatory cream. Skin back was harvested, and

placed in cold PBS after the underlying fat was removed. PBS was removed and replaced with 1x Trypsin-EDTA (Invitrogen) and

skins were then placed at 37�C for 35 minutes and the epidermis was mechanically separated from the dermis by scrapping with

a scalpel to obtain single cell suspensions. Cells were filtered using a 70mm cell strainer and stained for flow cytometry analysis.

For flow cytometry analysis of Lrig1 cells in the skin, Thermolysin (R&D) was used for tissue digestion at 0.25mg/ml for 45 min at

37C as previously established by the Watt lab. The cells were stained used goat anti-Lrig1 (R7D) and anti-goat IgG-AlexaFluor647

(Invitrogen).

Ovaries were harvested and placed in 1x Trypsin-EDTA (Invitrogen). After cutting in small pieces, they were placed at 37�C
for �20 minutes. After obtaining a single cell suspension by mechanically disrupting the tissue, RBC lysis was performed and cells

were filtered through a 70mm cell strainer. Samples were stained with appropriate antibodies for flow cytometry analysis.

Mammary glands were harvested and placed into 1.5mg/ml collagenase I (Sigma) and 10 mg/ml DNase I (Roche) in 10% FBS sup-

plemented HBSS (Invitrogen). After cut in small pieces, they were kept at 37�C for 45 minutes. To enrich for organoids, the samples

were briefly centrifuged at 1,200 rpm for 3minutes. They were digested with 1x Accutase (GIBCO) at 37�C for 5 minutes, washed and

filtered through a 70 mm cell strainer. After RBC lysis, cells were stained for flow cytometry analysis.

LNs and spleens were mechanically disrupted in flow buffer (PBS containing 0.5% BSA and 2mM EDTA) to obtain a single cell

suspension. After filtration using 70mm cell strainer (Fisherbrand), red blood cells (RBC) in the spleen were lysed with RBC lysis buffer

(eBioscience) for 3 minutes.

Skeletal muscles (gastrocnemious, soleous and quadriceps) were digested in 1mg/ml collagenase IV (Sigma-Aldrich) and

0.2mg/ml Dispase (Sigma-Aldrich) in 10% FBS HBSS for 40 minutes at 37�C and similarly filtered through a 70 mM cell strainer

and RBC were lysed for 3 minutes.

Samples were stained with: CD45 (30-F11) APC-Alexa780 and eFluor450, CD8 (53-6.7)-PerCPCy5.5 and PE, CD3e (145-

2C11)-PE, H2-Kb (AF6-88.5.5.3)-APC, H2-Kd (SF1-1.1.1)-PE, APC and biotin, CD24 (M1/69)-PE and eFluor450, alpha-6-integrin

(GoH3)-APC and PerCPCy5.5, Sca1 (D7)-FITC and APC, CD31 (390)-FITC, Vcam (429)-PE, CD34 (RAM34)-biotin, streptavidin

PE and APC-Alexa780 from eBioscience. Anti-mouse beta-2-microglubulin (S19.8)-PE was from Santa Cruz Laboratories. DAPI

(Sigma-Aldrich) or LIVE/DEAD� Fixable Blue Dead Cell Stain Kit (Life Technologies) was used to stain dead cells.

For proliferation analysis tissues were stained with Hoechst33342, Ki67 or BrdU. For Hoechst33342 staining, 10mg/ml was used for

40 min at 37C. For intranuclear staining of Ki67 cells were fixed and permeabilized with FoxP3 buffer set from eBiosciences and

stained with either anti-mouse Ki67 (SolA15)-PE or FITC. For BrdU labeling, mice were intraperitoneally injected with

BrdU (1mg/kg of body weight) 2 h prior to harvesting the samples. After obtaining a single cell suspension, BrdU staining kit

(BD PharMingen) was used following manufacturer’s indications.

LSR-Fortessa (BD) was used to acquire the samples and FlowJo� was used to analyze the data.

Regulatory T cell depletion
Lgr5-GFP mice were injected with 500 mg of anti-CD25 (clone PC61) or a rat isotype IgG control both from Bio X Cell by tail vein in-

jection. Five days later, depletion was ensured by flow cytometry analysis of CD4 (GK1.5)-FITC and CD25 (PC61)-PerCP-Cy5.5 in

blood obtained by clipping the tail. At day five Jedi CD8+ T cells were transferred.

T cell proliferation in vitro

Lgr5+ HF cells were isolated from Lgr5-GFP mice during telogen, CD45- Sca1+ GFP+ epidermal cells were isolated from Sca1-GFP

mice, muscle GFP+ CD45+ andGFP+ satellite cells were isolated from actin-GFPmice. Cells were isolated by flow cytometry sorting

to achieve high purity. Jedi T cells were isolated as described above and stained with Brilliant Violet 450 proliferation dye (Invitrogen)

following the manufacturer’s instructions. Cells were co-cultured in 96-well round bottom plates for 4 – 5 days in RPMI 1640 media

(GIBCO) supplemented with 10% FBS and 1% penicillin/streptamicin (GIBCO).
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Cardiotoxin treatment
Animals were injected with 5 mg of Cardiotoxin (Sigma) in 10 ml of PBS per muscle. Tibialis, gastrocnemius and quadriceps from the

left leg were injected by using a Hamilton syrenge.

Tamoxifen treatment
Animals were intraperitoneally injected with 100 ml of a solution of Tamoxifen (Sigma) in corn oil (Sigma) at a concentration of

20 mg/ml. Pax7-CreERT2xCAG-GFP mice were injected 5 consecutive days and Krt14-CreERT2 were injected only 2 consecutive

days.

NK cell activation and killing assay
HFSCs (CD45- CD34+ Sca1- H2Kb-/low) and keratinocytes (CD45- CD34- Sca1+ H2Kb+) were flow sorted at high purity and

co-cultured with total blood leukocytes from littermates. The blood was collected the previous day, red blood cells were lysed

and leukocytes were cultured in complete DMEM with 5ng/ml of IL-2 for 16h. YAC-1 cell line (a gift from Dr Bhardwaj) was used

as a positive control. Equal numbers of HFSCs, keratinocytes and YAC-1 cells were co-cultured with blood leukocytes at a ratio

1:50. CD107a (1D4B)-APC antibody (0.5ug/ml) and Monensin 1x both from BD Biosciences were added at the beginning of the cul-

ture. The cells were harvested and stained for analysis 6 hours later.

mRNA expression analysis
Skin fromP35 and P49 Lgr5-GFPmice were harvested and processed as described above. GFP+CD45- cells were collected directly

in Trizol LS (QIAGEN) and the RNAwas then extractedwithmiRNeasyMini kit (QIAGEN) following themanufacturer’s instructions. For

detection of the Jedi T cells by qPCR, skin was harvested and directly frozen in dry ice prior to homogenization in Trizol (QIAGEN) by

mechanical disruption by using the Tissue Disruptor (QIAGEN) and the RNA was then extracted following the manufacturer’s

instructions.

For qPCR, 0.1 – 1 mg total RNA was reverse-transcribed for 1 h at 37�C using RNA-to-cDNA kit (Applied Biosystems). qPCR was

performed using the SYBR green qPCR master mix 2x (Fermentas, Thermo Scientific)

For RNA-seq of the telogen and anagen HFSCs, we isolated GFP+ cells from the epidermis of Lgr5-GFP mice directly into Trizol.

Total RNA was extracted and RNA integrity and concentration was determined on the Agilent 2100 Bioanalyzer (Agilent; Palo Alto,

CA, USA). 20ng of total RNA was pre-amplified using the Nugen Ovation RNA-seq System 2 (Nugen, San Carlos, CA), and then pre-

pared for sequencing on the Illumina platform using the Tru-seq RNA Library Prep V2 (Illumina, San Diego, CA). The barcoded sam-

ples weremultiplexed and sequenced on an Illumina NextSeq 550 to a depth of at least 50,000,000 reads per sample. The readswere

mapped using RNA Dashboard software, as previously described. Normalized gene expression levels were calculated by RPKM us-

ing exon mapping reads. Differential expression of transcripts between Lgr5+ Anagen and Telogen cells was assessed using DE-

Seq2. Transcripts were identified as significantly different between the two conditions if they had a Benjamini-Hochberg adjusted

p value less than 0.001, a log2 fold change greater than 1.4, and a mean expression value greater than 2 RPKM across all samples.

Differential genes represented in the Venn diagram from the other studies were identified either by a Student’s t test p value less than

0.05 and a log2 fold change greater than 1 for Wang et. al., or by the authors label of significance for Lay et. al.

Nucleofection of epidermal cells
Skin from wild-type mice in telogen was harvested and processed into single cell suspension as described above. CD34+ (HFSCs)

and keratynocytes (CD34- CD45-) were flow cytometry-sorted. 25 mg of plasmid expressing GFP alone (pl_PGK-GFP) (Agudo et al.,

2015), or Nlrc5-GFP (pl_murine Nlrc5-GFP fusion) (gift from Dr. Kobayashi) were used for nucleofection of�500,000 cells, using Cell

Line Nucleofector Kit L and the Amaxa Nucleofector II device (Lonza). Cells were cultured in DMEM/F12 media (GIBCO) supple-

mented with 10% FBS, 1% pen/strep and 0.1% insulin-transferrin (GIBCO).

QUANTIFICATION AND STATISTICAL ANALYSIS

To assess differences between groups we first used Fisher test for Variance to discern whether our samples followed a Normal

distribution. When our samples did not follow a Normal distribution, we used Mann-Whitney test. A P value < 0.05 was considered

statistically significant.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data generated in this paper is GEO: GSE109574.
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