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Abstract

Langerhans cell histiocytosis (LCH) is characterized by the accumulation of Langerin
(CD207)-expressing histiocytes. Mutational activation of mitogen-activated protein kinase
pathway genes, in particular BRAF, drives most cases. To test whether activated BRAF is
sufficient for the development of LCH, we engineered mice to express BRAF V600OE under
the control of the human Langerin promoter. These mice have shortened survivals, smaller
lymphoid organs, absent Leydig cells, and fewer epidermal LCs than controls, but do not
accumulate histiocytes. To test whether the absence of histiocyte proliferation could be due
to oncogene-induced senescence, we engineered homozygous Ptenloss in the same cells
that expressed BRAF V600E. Like mice with intact Pten, these mice have shortened surviv-
als, smaller thymi, and absent Leydig cells. However, loss of Pten also leads to the accumu-
lation of CD207* histiocytes in spleen, thymus, and some lymph nodes. While many
CD207* histiocytes in the thymus are CD8’, reminiscent of LCH cells, the CD207" histio-
cytes in the spleen and lymph nodes are CD8". These mice also accumulate large numbers
of CD207" cells in the lamina propria (LP) of the small intestine. Both the lymphoid and LP
phenotypes are likely due to human Langerin promoter-driven BRAF V600E expression in
resident CD8* dendritic cells in the former and LP dendritic cells in the latter and confirm
that Ptenloss is required to overcome inhibitory pathways induced by BRAF V600OE expres-
sion. The complex phenotype of these mice is a consequence of the multiple murine cell
types in which the human Langerin promoter is active.

Introduction

Langerhans cell histiocytosis (LCH) is a rare disease characterized by the accumulation of his-
tiocytes having features reminiscent of Langerhans cells [1]. Although predominantly a disease
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of childhood, LCH can occur at any age and has a broad spectrum of clinical behaviors ranging
from a mild, self-limited disease to an aggressive multi-system disorder with significant mor-
tality. In all cases examined to date, the abnormal LCH histiocytes have evidence of constitu-
tive activation of the mitogen-activated protein kinase (MAPK) pathway caused, most often,
by somatic activating mutations in genes encoding components of this pathway: BRAF muta-
tions in 50% (mostly encoding the BRAF V600E variant), MAP2K1 mutations in an additional
25%, and a variety of mutations or rearrangements in these or other genes accounting for
some, but not all, of the remainder [2-5]. The essential “driver” role for these abnormalities in
LCH has been proven by the remarkable clinical responses seen in patients with BRAF or
MAP2K] mutations who are treated with RAF or MEK inhibitors [6-8].

While these observations have advanced our understanding of LCH and provided new ther-
apeutic targets, they have also led to new questions. For example, in other neoplastic diseases
driven by activated BRAF, such as melanoma, expression of this strong oncogene in normal
precursor cells leads to oncogene-induced senescence, presumed to be an organism-level pro-
tective response to oncogenic transformation [9]. Development of cancer in that setting requires
disabling of the genes responsible for the senescence response such as TP53 or PTEN [10]. Con-
comitant mutations in these genes along with BRAF in melanoma and other cancers provide
evidence for this mechanism [10, 11]. However, LCH samples with mutations that activate the
MAP kinase pathway only rarely have additional mutations in genes that drive other pathways.
This observation suggests two alternative possibilities: either LCH precursor cells are uniquely
able to accommodate a powerful dominant oncogene and respond by proliferating or, like
other cells, they also require inactivation of a senescence pathway which has not yet been identi-
fied. The lack of LCH precursor cell lines makes this a particularly daunting question to answer.

Another unanswered question concerns LCH’s cell of origin. Although the abnormal histio-
cytes in LCH share many features with mature Langerhans cells, including expression of CD1a
and CD207/Langerin, mRNA expression patterns of LCH cells are more similar to myeloid
precursor cells than mature Langerhans cells [12]. In addition, patients who have multi-system
LCH with BRAF mutations in their LCH cells also have BRAF mutations in their hematopoi-
etic stem cell populations [13]. This has led to a compelling hypothesis that the cell of origin
for LCH is a hematopoietic precursor and that the clinical manifestations of LCH depend on
where along the differentiation pathway the oncogenic BRAF mutation occurs [1]. Again,
however, the absence of cell lines corresponding to LCH precursors has confounded attempts
to test this hypothesis mechanistically.

We have attempted to approach these questions using in vivo modeling. We have generated
mice expressing BRAF V600OE under the control of the human Langerin promoter to deter-
mine if this dominant oncogene is sufficient to cause accumulation of LCH-like cells. Previous
work from others shows that this is the case when the murine Langerin promoter drives BRAF
V600E expression [13]. In contrast, our model, which uses the human Langerin promoter,
does not feature histiocyte accumulation. To address the question of whether a second genetic
alteration is required, we engineered biallelic inactivation of Pten in the cells that express
BRAF V600E. These mice develop a complex proliferative disorder with aspects that are remi-
niscent of LCH. Together, these results provide insight into mechanisms of histiocyte transfor-
mation which may be relevant to LCH.

Materials and methods
Mice

Braf ““Tg(CD207-cre) mice expressing BRAF V600E under control of the human Langerin
promoter and Braf “* control littermates were produced by crossing Braf “* mice [14] with Tg
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(CD207-cre) mice [15]. Braf C4 mice were a gift from their developers. Pten' PP mice [16],

which undergo cre recombinase-mediated deletion of exon 5, were purchased from Jackson
Laboratory (#006440). These mice were crossed with Braf €4 or with Tg(CD207-cre) mice to
create Braf “/“* Pten'™*"F and Pten'**"**P Tg(CD207-cre) parental lines which, when
crossed, produced Braf “*Pten'*""***Tg(CD207-cre) mice and Braf “*Pten'™""** control lit-
termates. Mx1-Cre mice [17] were purchased from Jackson laboratory (#003556). Male mice
were used in all experiments unless otherwise indicated. All procedures involving mice were
performed according to protocols approved by Dana-Farber Cancer Institute’s Institutional
Animal Care and Use Committee (protocol numbers 09-083 and 11-043). Animals were
housed in a specific pathogen-free ASBL-1 room in the Redstone Family Vivarium at Dana-
Farber Cancer Institute. Up to five mice at a time were kept in an Animal Care Systems (Cen-
tennial, CO) Optimice sterilized microisolator cage containing BioFresh (Ferndale, WA) Per-
formance Bedding-1/8” pelleted cellulose. Mice were maintained on a 12 hr light/dark cycle in
aroom controlled for temperature (72°+ 2°F) and humidity (50% + 10%). Animals had free
access to water and food (Purina Prolab [St. Louis, MO] 5P76/5P75 Irradiated Diet). Enrich-
n’Nest (Anderson Lab Bedding Products, Maumee, OH) bedding material was added to cages
for enrichment. Animal health was assessed daily. Animals showing signs of distress such as
difficulty with ambulation, persistent lethargy, or poor body condition were euthanized using
carbon dioxide asphyxiation followed by cervical dislocation. Five hundred mice were used in
this study.

Genotyping

The Braf “* and rearranged Braf '* alleles were identified using tail snip DNA as described
previously [18] using the primer pair F5’ -TGA GTA TTT TTG TGG CAA CTG Cand
R5’-CTC TGC TGG GAA AGC GGC. A modified cycler program was used: 94° for 3 min,
43 cycles of denaturation at 94° for 30 secs, annealing at 60° for 30 sec, and elongation at 72°
for 45 sec; followed by elongation for 5 min at 72°. This yields PCR products of 185 bp for wild
type Braf, 308 bp for Braf “*, and 335 bp for Braf V%,

The Tg(CD207-cre) allele was identified using primers F5’ ~-GAG GCA AAT GAT TGG
CAT TCT ACandR5’-CTG GAA AAT TCA AGA AGA GCC Tat 95 for 3 min, followed
by 41 cycles of denaturation at 95° for 30 sec, annealing at 60° for 30 sec, elongation at 72° for
1 min; followed by elongation for 72° for 5 min. This yields a PCR product of 272 bp for the Tg
(CD207) transgene.

Pten genotyping from tail DNA was performed with primers F5’ ~CAA GCA CTC TGC
GAA CTG AGandR5’- AAG TTT TTG AAG GCA AGA TGC with PCR conditions at 94°
for 3 min, 36 cycles of denaturation at 94° for 30 sec, annealing at 60° for 1 min, and elonga-
tion at 72° for 1 min; followed by elongation 72° for 2 min. PCR products of 156 bp for wild-
type Pten, and 328 bp for Pten'™""*" are produced. In the presence of cre recombinase, exon
5is deleted from Pten™"**" To detect Pten'*"***" and Pten“ ®** in sorted cells the primers
used were PTEN6637-F: 5' ~-TCCCAGAGTTCATACCAGGA-3"', PTEN6925-R: 5' -GCAATG
GCCAGTACTAGTGAAC-3"',and PTEN7319-R: 5' -AATCTGTGCATGAAGGGAAC-3". This
produces a Pten'*""*! PCR product of 650 bp and a Pten™ *> PCR product of 300 bp.

Peripheral blood analysis

Blood counts were performed with the Hemavet 950 hematology system using blood obtained
by cardiac puncture from euthanized mice. Testosterone levels were analyzed at the University
of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core.
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Antibodies

Antibodies used in these studies included: anti-CD8a, clone 53-6.7; anti-CD11b, clone M1/70;
anti- CD11c, clone N418; anti-CD103, clone 2E7; anti-I-A/I-E (MHC Class II) for flow cytom-
etry and epidermal sections, clone M5/114.15.2 (all from Biolegend, San Diego, CA); anti-I-A/
I-E for small intestine cryosections, clone 2G9 (BD Biosciences, Franklin Lakes, MJ); and anti-
CD207, clone 929F3.01 (Novus Biologicals, Littleton, CA).

Histology, immunohistochemistry, and immunofluorescence

For histological analysis of mouse tissues, samples were fixed in Bouin’s solution or 4% para-
formaldehyde and paraffin embedded. Immunohistochemical staining for CD207 was per-
formed on paraffin sections and images were obtained with the Olympus IX73 Imaging
System. Immunohistochemistry for androgen receptor was performed on paraffin sections by
HistoWiz (Brooklyn, NY).

To prepare epidermal sheets for immunofluorescent staining and LC quantification, ears
were removed and separated into dorsal and ventral sides with tweezers. Ventral sides were
floated in 3.8% ammonium thiocyanate at 37° for 30 minutes. The epidermis was separated
from dermis with tweezers and fixed in ice cold acetone for 15 minutes. Epidermis was washed
in PBS and blocked with PBS containing 10% rat serum for 30 minutes at room temperature.
Samples were then incubated overnight at 4° with AF488-conjugated anti-I-A/I-E and
AF647-conjugated anti-CD207 and mounted on slides with Vectamount anti-fade. Images
were captured with a Leica SP5X laser scanning confocal microscope using the 63x objective.
An average of 9.4 fields of 60 um” were captured for each mouse. The number of LCs in each
field was counted using Image], then checked visually and corrected for any program counting
errors.

For preparation of cryosections for immunofluorescence, small intestines were flushed with
cold Hank’s balanced salts solution (HBSS) using a blunt 22-gauge needle. Samples were
soaked in cold 30% sucrose for 10 minutes then placed in cryomolds with Tissue-Tek OCT
and frozen on a steel block cooled in liquid nitrogen. Frozen sections on glass slides were air
dried for 60 minutes, fixed in ice cold acetone for 20 minutes, then blocked in PBS containing
5% rat serum for 60 minutes at room temperature. Slides were incubated with antibodies over-
nightat4°C.

Flow cytometry

Single cell suspensions of epidermis, spleen, and small intestine were prepared and analyzed
on a BD LSR Fortessa or sorted on a BD FACS Aria IL

For epidermis, skin was collected from ears or from the flanks. Ears were separated into
dorsal and ventral halves as described above. Flank skin was cut into small pieces and floated
in 2 ml of RPMI containing 2 units/ml Dispase II neutral protease grade II (Roche Diagnostics,
Risch-Rotkreutz, Switzerland, catalog #04942078001) for 90 minutes at 37°. Epidermis was
separated from dermis and pulled into small pieces, then incubated with Collagenase IV (Life
Technologies, Carlsbad, CA, catalog 17104019) in HBSS with calcium chloride and magne-
sium chloride, 10% FBS, P/S for 120 minutes at 37°. Skin was triturated by passing 3 times
through a 20-gauge needle and cells were collected after passing through a 70-micron filter.
Prior to staining with anti-CD207 antibodies, cells were treated with IC Fixation Buffer and
Permeabilization Buffer (eBioscience/ThermoFisher, Waltham, MA).

Spleens were pressed through a 70 um cell strainer and splenocytes were incubated for one
minute in RBC Lysis Buffer (eBioscience). Splenocytes were incubated with antibodies for 30
minutes on ice in PBS containing 1% fetal bovine serum.
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For small intestine, fat and mesenteric tissue were removed and small intestine was flushed
with ice cold HBSS. Intestine was cut longitudinally with a scalpel and incubated in HBSS,
10% FBS, penicillin and streptomycin, 5 mM DTT for 20 minutes at 37°with shaking at 200
rpm to remove mucus. To remove epithelial cells, samples were incubated 15 minutes three
times with 5 mM EDTA, HBSS, 10% fetal bovine serum, penicillin and streptomycin with
shaking. Samples were washed 2x in HBSS 10 mM HEPES to remove fetal bovine serum and
EDTA. Cells were then incubated with 0.2 units/ml Liberase TM (Roche Diagnostics), 40 units
per ml Rnase-free Dnase I (Roche Diagnostics, catalog 04 716 728 001 in HBSS with penicillin
and streptomycin for 30 minutes at 37°. DNase I was omitted when DNA was to be isolated.
Liberase digestion was halted by addition of 0.5 volumes of RPMI, 10% FBS, 20 mM HEPES
pH 7.4. Tissue was triturated by passing three times through an18 gauge needle and filtered
through a 70 um cell strainer.

Braf mRNA analysis

Epidermal cells were sorted, and total RNA was purified using Qiagen RNeasy Micro Kit.
cDNA was produced with the High Capacity cDNA Reverse Transcriptase Kit with RNase
Inhibitor (Applied Biosystems, Foster City, CA). Braf cDNA was amplified by PCR and
digested with BamHI, Xbal, or left untreated as described previously [18] to detect Braf, Braf
“A and Braf "* transcription products.

Quantitative RT-PCR

Total RNA was isolated from ventral ear skin (dermis and epidermis) by Trizol extraction.
cDNA was produced by reverse transcription in the presence of RNase inhibitor. qPCR was
performed on the BioRad CFX96 Real Time System using Power SYBR Green Master Mix
(Applied Biosystems) with primers pairs CD207 F5’ ~ATGTTGAAAGGTCGTGTGGAC-3"
and CD207 R5’ -GGTGGTGTTCACTATCTGCATCT-3’,iCre F5' ~-ACAACTACCTGTTCT
GCCG-3’ and iCre R5’ -= GCCTCAAAGATCCCTTCCAG-3’, GAPDH F5’ -AGGTCGGTGT
GAACGGATTTG-3’ and GAPDH R5’ ~-TGTAGACCATGTAGTTGAGGTCA.

Results
Development of Braf “*Tg(CD207-cre) mice

To test the effect of BRAF V600E expression in Langerin-expressing cells in vivo we crossed
mice carrying the conditional BRAF allele, Braf ““, with mice carrying a bacterial artificial
chromosome in which the human Langerin locus was modified by inserting a cDNA encoding
cre recombinase at the translation initiation site (Tg(CD207-cre)). The non-rearranged Braf ca
allele expresses wild-type BRAF under control of the endogenous mouse promoter. In cells in
which the human Langerin promoter is active, expression of cre recombinase results in rear-
rangement of the allele to form Braf "*, which encodes BRAF V600E. Several mice carrying
both the Braf “* and Tg(CD207-cre) alleles were identified using DNA extracted from tail
snips but no Braf ¥ could be detected (Fig 1A). This is most likely a consequence of the small
number of Langerin-expressing cells in tail tissues. Therefore, to test for cre-mediated Braf “*
rearrangement, we analyzed DNA from epidermal Langerhans cells (LCs) isolated as described
in Materials and Methods. I-A/I-E*/CD11c* LCs from mice carrying both the Braf “* and Tg
(CD207-cre) alleles showed rearrangement of Braf “* to produce Braf V" (Fig 1B). Mice carry-
ing only Braf “* showed no such rearrangement, nor did cells that were I-A/I-E/CD11c" from
mice carrying both alleles. In addition, I-A/I-E" cells expressed an mRNA specific for the rear-
ranged Braf " allele (Fig 1C) which was not expressed in I-A/I-E cells from the same mice.
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Thus, Braf “ is rearranged in the LCs of Braf “*Tg(CD207-cre) mice and expresses an mRNA
encoding BRAF V600E. Unfortunately, the VEI antibody directed against human BRAF
V600E provided no specific immunohistochemical staining in these or control mouse tissues,
and so we were unable to document BRAF V600E protein expression. Careful literature review
revealed no examples of specific staining using VE1 to detect BRAF V600E in mouse tissues
suggesting that this is a commonly encountered problem.

Macroscopic phenotype of Braf “Tg(CD207-cre) mice

We consistently observed a smaller than expected number Braf ““Tg(CD207-cre) progeny
from crosses involving mice heterozygous or homozygous for the Braf “* with Tg(CD207-cre)
alleles. For example, among 307 evaluable progeny from several such crosses, 124 Braf ““Tg
(CD207-cre) mice were expected but only 24 were observed when we performed genotyping at
3-4 weeks of age (p < 0.0001 by two-sided exact binomial test). However, by carefully moni-
toring all litters, we determined that Braf “*Tg(CD207-cre) mice were born alive in expected
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Fig 1. Rearrangement and expression of the rearranged Braf “* allele in Braf “Tg(CD207-cre) mice. A. Presence of non-
rearranged alleles in Braf “Tg(CD207-cre) mice. Top panel. PCR analysis of bulk DNA extracted from the tails of littermates
(numbers 1-6) produced by a cross of Braf “* with Tg(CD207-cre) mice, as well as a wild type mouse (wt) homozygous for wild type
Braf. The sizes of PCR products are: 185bp for wild type Braf, 308bp for non-rearranged Braf “; 335bp for rearranged Braf *~.
Positions of wild type Brafand non-rearranged Braf “* products are indicated. No product derived from Braf ' was detectable.

C, wild type control; Bottom panel. Presence of 272 bp PCR product from the CD207-cre allele in mice numbered 4-6. B.
Rearrangement of the Braf “* allele in Langerhans cells from Braf “ Tg(CD207-cre) mice. Cells derived by collagenase digestion
of epidermis from 34-day-old Braf “*Tg(CD207-cre) mice were sorted into CD11c*/I-A/I-E (region 1) and CD11c*/I-A/I-E*
(region 2) populations. PCR analysis of DNA derived from these populations for wild type Braf (185 bp), non-rearranged Braf “*
(308 bp), and rearranged Braf V¥ (335 bp). C, positive control for the rearranged Braf * allele using bulk DNA from the spleens of
Braf “*Tg(MxI-cre) mice in which a large proportion of cells are hemizygous for the rearranged allele. C. Expression of Braf £
mRNA in Langerhans cells from Braf “*Tg(CD207-cre) mice. Cells derived by collagenase digestion of epidermis from 32-day-old
Braf ““Tg(CD207-cre) mice were sorted into I-A/I-E” (region 1) and I-A/I-E* (region 2) populations. cDNA reverse transcribed
from the RNA extracted from both populations was used to produce a 425 bp PCR product spanning the wild type and transgenic
Brafloci (I-A/I-E’, uncut). Non-rearranged Braf “* contains a BamH1 site and digestion of the PCR product from the non-
rearranged allele produces fragments of 247 bp and 178 bp (I-A/I-E’, BamH], *) which are not present in the BamHI1 digestion of
the I-A/I-E* cells. Rearranged Braf ** loses the BamHI1 site but gains an Xbal site and digestion of the PCR product from the
rearranged allele produces fragments of 286 bp and 139 bp (I-A/I-E", Xbal, **) which are not present in the Xbal digestion of the
I-A/I-E cells. (The PCR product of approximately 260 bp in all three lanes from I-A/I-E* cells is a contaminant which is also present
in lower amounts in the three lanes from I-A/I-E” mice).

https://doi.org/10.1371/journal.pone.0222400.9001
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numbers but had a median survival of only 19 days and all mice of that genotype were dead by
65 days of age (Fig 2A).

Although 50% of Braf ““*Tg(CD207-cre) mice died by 19 days of age a significant proportion
could be weaned and survived for nearly two months. At birth, Braf “* Tg(CD207-cre) mice
appeared similar to their Braf “ littermates but gained little to no weight after weaning (Fig
2B). Thorough anatomic and histological examination revealed no obvious cause for their low
weight and early death. These mice had a 60% lower total white blood count than controls pre-
dominantly due to a 73% reduction in lymphocytes and a lesser reduction in monocytes (Fig
3). Braf “*Tg(CD207-cre) mice also had smaller thymi, spleens, and testes compared to con-
trols as determined by visual inspection and weight (Fig 4).

Microscopic phenotype of Braf “*Tg(CD207-cre) mice

Histological analysis of the thymus showed absence of a well-defined cortical-medullary bor-
der in Braf ““Tg(CD207-cre) mice with a decrease in numbers of cortical lymphocytes (Fig
5A). Spleens from Braf ““ Tg(CD207-cre) mice showed a loss of distinct zones of red and white
pulp (Fig 5A). Leydig cells and mature spermatozoa were absent from testes of Braf “Tg
(CD207-cre) mice (Fig 5A). No accumulation of histiocytic cells was observed in any organ
from Braf “*Tg(CD207-cre) mice at any age.
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Fig 2. Survival and weights of genetically modified mice. A. Kaplan-Meier plot showing proportional survival of Braf “4
(black line, n = 53) and BmeATg(CD207—cre) (red line, n = 69) littermates. The median survival omefCATg(CD207—cre)
mice was 19 days. P < 0.0001 by log-rank test. B. Weights of Braf “* (black dots) and Braf “Tg(CD207-cre) (red dots)
mice. Horizontal bars show means. p < 8.9 x 1077 by t-test for all time points. C. Kaplan-Meier plot showing proportional
survival omefCAPten’”P/l”"P mice (black line, n = 41) and BmfCAPten’“P/I”"PTg(CDZW—cre) littermates (red line,

n = 38). The median survival of Braf “*Pten'**/"*** Tg(CD207-cre) mice was 20 days. P < 0.0001 by log-rank test. D.
Weights of BrafCAPten’“P/l"XP (black dots) and BrufCAPten["xp/’”"PTg(CDZO%cre) (red dots) mice. Horizontal bars show
means. p < 2.8 x 107 by t-test for all time points.

https://doi.org/10.1371/journal.pone.0222400.9002
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Fig 3. Peripheral blood counts in Braf ““ Tg(CD207-cre) mice. Total white blood count (WBC) and differential count in Braf “* and
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eosinophil, and basophil counts are shown on the right ordinate. Results are shown as the mean and standard deviation of 19 Braf *
and 13 Braf “*Tg(CD207-cre) mice. Comparisons made by two-sided Welch t-test: *, p = 7.27 x 107 **, p = 1.45 x 10™% ***, p = 0.0113.

https://doi.org/10.1371/journal.pone.0222400.9003

Although Leydig cells appeared to be absent from the testes of Braf ““ Tg(CD207-cre) mice,
serum testosterone levels were only 46% lower than Braf ““Tg mice (41.3 + 7.9 ng/dL vs.

76.0 = 25.1 ng/dL, p = 0.04) suggesting either an alternative source of hormone or only a par-
tial loss of Leydig cells. However, immunohistochemical staining for androgen receptor
showed no specific staining in the testes of Braf “* Tg(CD207-cre) mice indicating a near com-
plete absence of Leydig cells (Fig 5B). Epididymal cells did show staining in these mice indicat-
ing that they did not have a global loss of androgen receptor (Fig 5B).

To examine the effect of BRAF V600E expression on LCs, we identified epidermal I-A/
I-E*/CD207" cells by immunofluorescence (Fig 6) in Braf “* and Braf ““*Tg(CD207-cre) mice
and measured their abundance. Braf “*Tg(CD207-cre) mice had significantly higher numbers
of LCs than controls at 15-21 days of age but that number steadily decreased so that the num-
ber of LCs in Braf “*Tg(CD207-cre) was the same as in control Braf “* mice at 22-28 days of
age, and lower than in those controls by 29-42 days of age (Fig 7A). Thus, expression of BRAF
V600E in cells in which the human Langerin promoter is active leads to an early expansion of
cutaneous LCs within 1-3 weeks of birth but their number steadily declines thereafter. The
absence of sustained LC proliferation in Braf “*Tg(CD207-cre) is not due to loss of rearranged
Braf V¥ since the rearranged allele was detected in epidermal LCs from these mice (Fig 1B).

This phenotype is strikingly different from the mild LCH-like phenotype reported by Berres
et al. in which cre-recombinase expression was driven by the murine Langerin promoter [13].
To test whether the difference in phenotypes between Braf “*Tg(CD207-cre) and the Berres
et al. mice might be due to differences in the temporal pattern of human versus murine Lan-
gerin expression, we used quantitative RT-PCR to compare the levels of cre recombinase and
endogenous CD207 mRNA expression in Tg(CD207-cre) mice at two different time points.
Cre recombinase mRNA expression driven by the human Langerin promoter was detectable
in day 19 post-coital embryos (designated E19 in Fig 8) while expression of CD207 driven by
the endogenous Langerin promoter was not. Both promoters were active at postnatal day 25
(designated PN25 in Fig 8). This temporal difference in human versus murine Langerin
expression combined with differences in tissue-specific expression, discussed below, may
account for the phenotypic differences in these two models.
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Fig 4. Organ size in Braf “* and Braf “*Tg(CD207-cre) mice. Photographs of representative thymi and spleens, from
31 day old mice, and testes from 39 day old Braf “*Tg(CD207-cre) (cre+) and Braf “* (cre-) mice. Bar graphs indicate
the mean ratio of organ weight (thymus, spleen, testis) to body weight for the indicated Braf “* (cre-) and Braf “*Tg
(CD207-cre) (cre+) mice. Thymi and spleens were from 30 to 50 day old mice. Testes were from mice aged 30 to 41
days. Comparisons made by two-sided Welch t-test: *, p = 8.85x 107'% **, p = 1.43x 107% ***, p = 3.69 x 107%,

https://doi.org/10.1371/journal.pone.0222400.9004

Development of Braf “ Pten'"*"*** Tg(CD207-cre) mice

The progressive loss of epidermal LCs in Braf “*Tg(CD207-cre) mice raises the possibility that
the expression of BRAF V600E in those cells causes oncogene-induced senescence or apopto-
sis. By analogy to other MAPK-driven neoplasms, oncogene-induced proliferation may
require loss of tumor suppressor genes [10, 11]. To test this idea, we crossed Braf ““Tg
(CD207-cre) mice with mice carrying a Pten allele in which exon 5 is floxed, and performed
intercrosses to develop Braf “ Pten'*""**P Tg(CD207-cre) mice which are homozygous for
floxed Pten and also carry the Braf “* allele and Tg(CD207-cre). Similar to Braf ““Tg
(CD207-cre) mice, the proportion of CD207-expressing cells in the tail tissues used for DNA
analysis was too low to detect rearranged alleles (Fig 9A). However, rearranged Braf " and
Pten™ ©** alleles were detected in sorted epidermal Langerhans cells (Fig 9B).

Comparison of Braf ““Pten'”*""**F Tg(CD207-cre) to Braf “*Tg(CD207-cre)
mice
Like Braf“*Tg(CD207-cre) mice, Braf “* Pten'™""*** Tg(CD207-cre) mice have a median sur-

vival of 20 days and very few survive to 60 days of age (Fig 2C). Also similar to Braf “*Tg
(CD207-cre) mice, surviving Braf “*Pten™""**Tg(CD207-cre) mice have lower weights than
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Fig 5. Histology of thymus, spleen, and testis in Braf “* and Braf “* Tg(CD207-cre) mice. A. Histology of thymus, spleen, and testis. Hematoxylin and eosin
staining of representative microscopic sections of thymus, spleen, and testis from Braf “* and Braf “* Tg(CD207-cre) mice at 40X and 200X magnification. The
sharp cortico-medullary border in the thymus of Braf “* mice (arrows) is obscured in the thymus of Braf “*Tg(CD207-cre) 19 day old female mice. Similarly, the
sharp border between red pulp and white pulp in the spleen of Braf “* mice (arrows) is obscured in the spleen of Braf “*Tg(CD207-cre) 36 day old male mice.
Spermatozoa which are visible in the testis of 36 day old Braf “* mice are absent from the testis of 42 day old Braf “*Tg(CD207-cre) mice. Original
magnifications, 40X and 200X as indicated. B. Androgen receptor expression in testis and epididymis. Immunohistochemical staining for androgen receptor
of testis and epididymis from Braf “* and Braf “* Tg(CD207-cre) mice. Androgen receptor staining is apparent in Leydig and some Sertoli cells in Braf “* mice
but not Braf ““Tg(CD207-cre) mice (both 58 days of age). However, androgen receptor staining is present in the epididymis of both genotypes at the same age.
Scale bars are shown.

https://doi.org/10.1371/journal.pone.0222400.9g005

controls (Fig 2D) and lower numbers of circulating lymphocytes and monocytes but a non-sig-
nificant decrease in total white blood count (Fig 10). Finally, although the thymi and testes of
Braf ““Pten'""*P Tg(CD207-cre) mice are reduced in size to the same extent as those of Braf “*
Tg(CD207-cre) mice, spleen size is not reduced as much (Fig 11). (We have reported as controls
the phenotypes of Braf “* Pten'™*"**" mice rather than Pten'™*"**’Tg(CD207-cre) mice because
Pten'™P*PTo(CD207-cre) mice were indistinguishable from Pten'”*"* mice in these
experiments.)
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Fig 6. Epidermal Langerhans cells identified by immunofluorescence in Braf “* and Braf “*Tg(CD207-cre) mice. Epidermis was prepared from the ears of
43 day old mice of the indicated genotype as described in Materials and Methods. Immunofluorescence imaging was performed using antibodies directed
against MHC Class II (I-A/I-E, green) and CD207 (red). Merged images are also shown indicating that nearly all I-A/I-E* cells are also CD207" in Braf “* mice,
identifying these cells as Langerhans cells. In Braf “*Tg(CD207-cre) mice, most Langerhans cells have reduced CD207 expression.

https://doi.org/10.1371/journal.pone.0222400.9006

Most of the histological abnormalities present in Braf “* Tg(CD207-cre) mice were also seen
in Braf “ Pten'*""*P Tg(CD207-cre) mice. Thymi showed a lack of a sharp cortical-medullary
border and a decrease in cortical lymphocytes (Fig 12). Despite some preservation in organ
size, spleens again showed loss of well-defined zones of red and white pulp, and testes showed
loss of Leydig cells and an absence of spermatic maturation (Fig 12).

Compared to Braf “*Tg(CD207-cre) mice, Braf “* Pten'™""** Tg(CD207-cre) mice had an
even higher number of epidermal LCs at early ages, 170/field vs. 101/field (p < 0.001 using the
mixed model described in Fig 7A) (Fig 7B, Fig 13). That number decreased at 22-28 days of
age but, unlike Braf ““Tg(CD207-cre) mice, the number of LCs in Braf “*Pten'**"**Tg
(CD207-cre) remained stable thereafter at a level comparable to control mice and higher than
Braf ““Tg(CD207-cre) mice. Again, the rearranged Braf * allele was present in these LCs
(Fig 9).

Dendritic cell accumulation in the small intestine of Braf“* Pten'™""**P Tg(CD207-cre) mice.
Surviving Braf “*Pten'™""** Tg(CD207-cre) mice displayed a striking phenotype involving
accumulation of cells in the lamina propria of the small intestine which distorted the villi (Fig
14A). These cells have the appearance of histiocytes with round-to-oval pleiomorphic nuclei
and abundant pale eosinophilic cytoplasm. However, they do not express CD207 by immuno-
histochemistry (Fig 14B).

To characterize this cell population further, intestinal cells from Braf “*Pten'>""* g
(CD207-cre) and Braf “*Pten'”*"**" controls were sorted for I-A/I-E and CD11c expression.
Double positive cells were 10-fold more abundant in Braf “*Pten'*""***Tg(CD207-cre) mice

compared to control Braf “*Pten'”*"** mice (Fig 14C). The majority of these cells were
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Fig 7. Quantitation of epidermal Langerhans cells in genetically modified mice. A. Epidermal Langerhans cells in Braf “* and Braf “* Tg(CD207-cre)
mice. Epidermal sheets were prepared from Braf “* (blue dots) and Braf “*Tg(CD207-cre) (red dots) mice of the indicated ages and stained with
fluorescence-conjugated antibodies against I-A/I-E. LCs were counted as described in Materials and Methods. Mean is plotted as the horizontal bar for
each group and error bars indicate standard deviation. All comparisons were determined using a mixed model with a random effect that included
mutational status, age, and an interaction term to analyze repeated measures over time. A Tukey-Kramer adjustment for p-values was then used to test the
difference between mutational status and time. *, p = 0.0309; **, p = 0.0062; ***, p < 0.001. B. Epidermal Langerhans cells in Braf “* Pten'**"""**F and
Braf A Pten'™""**FTg(CD207-cre) mice. Epidermal sheets were prepared from Braf © Pten'""**" (blue dots) and Braf “*Pten'®""PTg(CD207-cre) (red
dots) mice of the indicated ages and stained with fluorescence-conjugated antibodies against I-A/I-E. LCs were counted as described in Materials and
Methods. Comparisons were made using a model similar to that described in A. ***, p< 0.001.

https://doi.org/10.1371/journal.pone.0222400.9007

CD103*/CD11b™ or CD103™/CD11b" (Fig 14C), and carried cre-mediated rearrangements
of both the Braf “* and Pten alleles (Fig 14D). No such rearrangement was observed in CD11¢"
cells from the intestines of Braf “* Pten'**"*** Tg(CD207-cre) or Braf “*Pten™""**" mice.

Accumulation of CD207-expressing histiocytes in spleen and lymph nodes
of Braf “* Pten'***"*** Tg(CD207-cre) mice

As shown in Fig 11, spleen weight was somewhat preserved in Braf “* Pten™""*** Tg(CD207-
cre) compared to Braf CATg( CD207-cre) mice (compare Fig 4). This was due, in part, to the
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Fig 8. Expression of human CD207-driven cre recombinase occurs earlier in development than expression of
endogenous murine CD207. RNA was extracted from trunk skin of embryos of the indicated genotype at post-coital
day 19 (E19) and from the ear skin of mice of the indicated genotype at 25 days of age postnatal (PN25). RNA was
analyzed by quantitative RT-PCR for the expression of cre recombinase, CD207, and GAPDH. The ratios of C, for cre
recombinase to C, for GAPDH are shown in the plot on the left; the ratios of C, for CD207 to C, for GAPDH are
shown in the plot on the right. Results were combined from three mice for each age and genotype. The E19 Tg(CD207)
group had 2 males and one female, while the wild type group had 2 females and one male. *, no expression detected.

https://doi.org/10.1371/journal.pone.0222400.9008
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Fig 9. Presence and rearrangement of Brafand Pten alleles in Braf “*Pten'""**P Tg(CD207-cre) mice. A. Presence
of non-rearranged alleles in tail-cut DNA of Braf “*Pten'*""**P Tg(CD207-cre) mice. Top panel, DNA was extracted
from tails of mice numbered 1-4 and analyzed by PCR for the presence of wild type Braf (product size 185 bp), non-
rearranged Braf “* (308 bp), and Braf * (335 bp). Only the wild type and non-rearranged alleles are detectable in bulk
DNA. C1, C2, and C3 are control DNAs from mice homozygous for wild type Braf, mice heterozygous for wild type
Brafand Braf “*, and mice homozygous for Braf “*, respectively. Middle panel, DNA from the tails of mice 1-4 was
analyzed for the presence of the CD207-cre allele. The expected product of 272 bp was observed in mice 2 and 4. C4 and
C5 are control DNAs from mice known to carry the CD207-cre allele, and wild type mice, respectively. Bottom panel,
DNA from the tails of mice 1-4 was analyzed for the presence of the Pten'™""**" allele. The expected product of 328 bp
was observed in mice 3 and 4, and the PCR product of 156 bp derived from the wild type Pten allele was observed in
mice 1and 2. C6 and C7 are control DNAs from mice known to carry the Pten'™""* allele, and wild type mice,
respectively. B. Rearranged Braf and Pten alleles in epidermal LCs of Braf “APten'*"** Tg(CD207-cre) mice. Cells
were isolated from the epidermis of a 47-day-old Braf “* Pten'™""**P Tg(CD207-cre) mouse as described in Materials and
Methods and sorted into I-A/I-E/CD11c" (1) and I-A/I-E*/CD11c" (2) populations (left panel). DNA was extracted
from each cell population and analyzed by PCR for the presence of BRAF and Pten alleles. The LCs (population 1)
showed rearranged BRAFY® and Pten® ©** alleles which were absent from the non-LC cells (population 2).

https://doi.org/10.1371/journal.pone.0222400.9009
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Fig 10. Peripheral blood counts in Braf “*Pten'*"""** Tg(CD207-cre) mice. Total white blood count (WBC) and differential count
in Braf “ and Braf “ Pten'*""*** Tg(CD207-cre) mice. WBC, lymphocyte, and neutrophil counts are shown on the left ordinate;
monocyte, eosinophil, and basophil counts are shown on the right ordinate. Results are shown as the mean and standard deviation of 8
Braf “* and 8 Braf “ Pten™"""*P Tg(CD207-cre) mice, aged 19 to 31 days. Comparisons made by two-sided Welch t-test: *, p = 0.0512;
b =0.0213; *, p = 0.0487.

https://doi.org/10.1371/journal.pone.0222400.9010

accumulation of CD207" histiocytes in the former (Fig 15A and 15B). Similar cells were also
present in the thymus and mesenteric lymph nodes of Braf “*Pten'*""*** Tg(CD207-cre) mice
(Fig 15A). At high power, the morphological features of these cells-coffee bean-shaped nuclei
and abundant pale eosinophilic cytoplasm-were reminiscent of human LCH histiocytes (Fig
15C). Multinucleated giant cells, another characteristic of some LCH lesions, were present in
mesenteric lymph nodes (Fig 15C). Some fields showed abundant foamy histiocytes similar to
those seen in Erdheim-Chester disease (Fig 15C) suggesting a mixed LCH/ECD picture which
is increasingly recognized in LCH [19]. However, flow cytometric analysis of the CD207" cells
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Fig 11. Organ size in genetically modified mice. Thymus, spleen, and testis weights were determined relative to the body weights of the mice of the indicated
genotypes from which they were derived. The decreased weights of thymus and testis in Braf “ Pten'*""**P T¢(CD207-cre) compared to controls was similar to
the decrease seen in Braf ““Tg(CD207-cre) mice. However, spleen weight was closer to controls in Braf “ Pten'™""**P Tg(CD207-cre) mice compared to Braf

cA Tg(CD207-cre) mice (middle panel). Numbers of mice tested are indicated. Braf CApieploxP/loxP Tg(CD207-cre) and Braf cA Tg(CD207-cre) mice ranged in age
from 28 to 54 days. Braf ““Tg(CD207-cre) and Braf “* mice are the same as shown in Fig 4. Comparisons made by two-sided Welch t-test: left panel (thymus): *,
p=226x107%"*, p=8.85x10""%*"*, p=7.02x 10 "% middle panel (spleen): *, p = 4.96 x 10™% **, p = 1.43 x 10™% ***, p = 1.30 x 10; right panel (testis): *,
p=369x10"%*, p=198x10""

https://doi.org/10.1371/journal.pone.0222400.9011
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Fig 12. Histology of thymus, spleen, and testis in Braf “Pten'""*F and Braf “*Pten'*""**F Tg(CD207-cre) mice.
Hematoxylin and eosin staining of representative microscopic sections from Braf “Pten'™*"** and Braf “Pten'*""**Tg
(CD207-cre) mice at 40X and 200X magnification. Thymus, spleen, and testis were from mice aged 21, 61, and 58 days
respectively. The sharp cortico-medullary border in the thymus of Braf * Pten'**"*" mice (arrows) is obscured in the
thymus of Braf “Pten'**"*P Tg(CD207-cre) mice. Similarly, the sharp border between red pulp and white pulp in

the spleen of Braf CAPten' P mice (arrows) is obscured in the spleen of Braf CAppeploxP/loxP Tg(CD207-cre) mice.
Spermatozoa which are visible in the testis of Braf  Pten'**>* mice are absent from the testis of Braf “ Pten'>***** Tg
(CD207-cre) mice.

https://doi.org/10.1371/journal.pone.0222400.9012
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Fig 13. Epidermal Langerhans cells in genetically modified mice. Epidermal sheets were prepared from Braf <
Pten PP and Braf “*Pten'**""**P Tg(CD207-cre) mice at 15 days of age and stained with fluorescence-conjugated
antibodies against MHC Class II (I-A/I-E).

https://doi.org/10.1371/journal.pone.0222400.9013

infiltrating the spleen showed that they were CD8" which is not characteristic of LCH histio-
cytes (Fig 15B). The I-A/I-E*/CD11c*/CD8" cells in the spleens of Braf “*Pten'**"**FTg
(CD207-cre) mice, which were absent from the spleens of Braf “ Pten'"/1<"
mediated rearrangement of both the Braf “* and Pten alleles (Fig 16). However, a considerable
number of [-A/I-E*/CD11¢"/CD8§" cells in the thymus were CD207" (Fig 17) which is more
characteristic of LCH cells.

mice showed cre-

Discussion

We have found that constitutive expression of BRAF V600E driven by the human Langerin
promoter in transgenic mice results in significant perinatal mortality. Mice that survive past 21
days of age have a severe phenotype characterized by low weight, reduced thymic and splenic
mass, lympho- and monocytopenia, absent Leydig cells with no spermatic maturation, and no
survival beyond 65 days of age. Although they have a slight excess of cutaneous LCs at 3 weeks
of age, LC number decreases thereafter so that, by 5-6 weeks of age, BRAF V600E-expressing
mice have fewer LCs than their control littermates. These mice do not develop LCH-like infil-
trates in any organs despite persistence of the rearranged Braf ‘" allele in their LCs.
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Fig 14. Accumulation of CD103*/CD11b™" and CD103™/CD11b" cells in the small intestine of Braf “*Pten'*"**’Tg(CD207) mice. A.
Hematoxylin and eosin staining of representative sections from the small intestine of Braf  Pten'*"*" (left) and Braf “*Pten'*""*** Tg(CD207-cre)
(middle) for 61 day old mice showing cellular accumulation distorting the villi in the latter. Original magnification, 100X (left and middle). Right,
higher power view of infiltrating cells demonstrating their round-to-oval pleiomorphic nuclei and abundant eosinophilic cytoplasm in 29 day old
mouse. Original magnification, 400X. B. CD207 immunohistochemical staining of the small intestine from Braf “ Pten'***** (left) and Braf
Pten'o/1oxP Tg(CD207-cre) (right) 31 day old female mice. No CD207 expression could be detected (see Fig 15A for examples of positive staining). C.
Cells from the small intestines of Braf “*Pten**"*** Tg(CD207) and Braf “* Pten'®*"*** 29 day old mice were sorted for I-A/I-E and CD11c. Double
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positive cells were sorted again for CD103 and CD11b. D. DNA was extracted from cells from the indicated regions of the dot plots in C and analyzed
by PCR for the presence of rearranged Braf VE and Pten™ ® alleles. Both rearranged alleles were detected primarily in the CD103*/CD11b™ and
CD103™/CD11b" cell fractions with lower amounts in the CD103*/CD11b" fraction only from mice that carried the CD207-cre allele.

https://doi.org/10.1371/journal.pone.0222400.9014

These results are somewhat surprising given the clinical evidence that LCH is a disease
caused by single genetic drivers. Patients with a somatic mutation that activates the MAP
kinase pathway rarely have concurrent alterations in genes that drive other pathways[2-5, 20]
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Fig 15. CD207" histiocytes infiltrating the spleen, thymus, and lymph nodes of Braf “*Pten'™*"**"Tg(CD207-cre) mice. A. Representative tissue sections from
the spleen, thymus, and mesenteric lymph nodes of 36 day old Braf “* Pten/™"** Tg(CD207-cre) and Braf “ Pten'**"** mice were analyzed for CD207-expressing
cells by immunohistochemistry. CD207" cells are seen infiltrating all three organs from Braf * Pten'**"** Tg(CD207-cre) but not Braf “* Pten'*"** mice. Original
magnification, 40X. B. Spleen cells were sorted for I-A/I-E and CD207 expression. Double positive cells were present in the spleens of 28 day old Braf “*Pten'**"**Tg
(CD207-cre) but not Braf “* Pten'™"** Tg(CD207-cre) mice. These cells were then analyzed for CD8 and CD11c expression and were found to co-express both
markers. C. Hematoxylin and eosin staining of three regions of a mesenteric lymph node from a female Braf “*Pten'*"** Tg(CD207-cre) 32 day old mouse showing
histiocytic infiltration. Left, histiocytic cells showing folded nuclei and abundant eosinophilic cytoplasm similar to those seen in human LCH cell; middle, region
showing a similar histiocytic infiltrate but accompanied by multinucleated giant cells (arrows); right, region showing a histiocytic infiltrate consisting predominantly
of foamy histiocytes similar to those seen in Erdheim-Chester disease. Original magnifications, 100X.

https://doi.org/10.1371/journal.pone.0222400.9015
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Fig 16. Rearranged Brafand Pten'™""** alleles in the I-A/I-E*/CD11c*/CD8" cells from the spleens of Braf
CApien!oxP/loxP Tg(CD207-cre) mice. A. Cells from the spleens of 37 day old Braf CAppeploxP/loxP Tg(CD207-cre) and Braf
CApten'*P<P mice were sorted for I-A/I-E and CD11c expression. Double Negative (DN) cells are indicated for the
Braf “APten*""**PTg(CD207-cre) cells. The double positive cells were then sorted for CD8 and CD11b expression. The
CD8" cells from Braf “Pten'™""*PTg(CD207-cre) spleens are designated as Triple Positive (TP). B. Double Negative
(DN) and Triple Positive (TP) cells from A were analyzed by PCR for the presence of Braf and Pten alleles. Cre-
mediated rearrangement both alleles was observed in the TP, but not the DN cells.

https://doi.org/10.1371/journal.pone.0222400.9016

and a growing literature indicates that patients with mutations in MAP kinase pathway genes
respond well to targeted therapies.[1, 6-8] Furthermore, Berres et al. demonstrated that trans-
genic BRAF V600E driven by the murine Langerin promoter produces an accumulation of
LCH-like cells in a variety of organs reminiscent of a mild form of LCH.[13] One possible
explanation for the difference between their model and ours is that the histiocytic accumula-
tion in their mice appears at 12 weeks of age while the Braf “*Tg(CD207-cre) mice reported
here do not survive beyond 10 weeks, making it impossible to observe such accumulations at
later times. However, a more likely explanation is that there is a species difference in both the
cell type and timing of Langerin expression. In terms of cell type, both murine and human LCs
express Langerin and promoters from both species are active in murine LCs;[21, 22] murine
dermal DCs express Langerin[23, 24] but most human dermal DCs do not[25-27], and the
human Langerin promoter is not active in murine dermal DCs;[23] lamina propria (LP) DCs
from C57Bl/6 mice do not express Langerin in the steady state[28] but human LP DCs do,[29-
31] and the human Langerin promoter is active in murine LP cells.[31] In terms of timing,
Langerin is not expressed by murine LCs until day 2 or 3 after birth[32, 33] while Langerin is
expressed at 13 weeks gestation by human LC precursors.[34] Our observations (Fig 8) are
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Fig 17. CD207"/CD8’ cells in the thymus of Braf “* Pten'®"*** Tg(CD207-cre) mice. Thymic cells from 31 day old
Braf “ Pten'™*"**P Tg(CD207-cre) and Braf “* Pten'™***" mice were sorted for I-A/I-E and CD11c expression.
Abundant double positive cells were present in the thymus of Braf “Pten'*""**PTg(CD207-cre) but not Braf “*
Pten'"*F mice. These cells were then analyzed for CD8 and CD11b expression and were resolved into two
populations labeled “1” and “2.” Both populations expressed low levels of CD8 compared to spleen cells in Fig 6, and a
significant portion of the cells in population 2 were CD8". However, both population 1 and population 2 expressed
CD207.

https://doi.org/10.1371/journal.pone.0222400.g017

consistent with this temporal difference in murine and human Langerin expression. Recent
data indicate that LCH arises when somatic mutations activating the MAP kinase pathway
occur in hematopoietic stem cells.[13] Species specific activities of Langerin promoters have
not been examined in these precursors but it may be the case that the murine promoter is
active in an LCH precursor while the human promoter is not.

The basis for the complex phenotype of Braf “*Tg(CD207-cre) mice is not clear but could
be interpreted in the context of the senescence-inducing effects of a strong oncogene in normal
cells.[9] For example, the gradual reduction in the number of cutaneous LCs might be consis-
tent with the effect of BRAF V600E expression in normal LCs. Components of the phenotype
that involve organ atrophy might be due to a similar mechanism if the cells that express the
human Langerin promoter are involved in organ growth or homeostasis and if their number is
diminished by expression of BRAF V600E. For example, testicular macrophage populations
are essential for Leydig cell maintenance and testosterone production,[35-37] and it is possible
that loss of a testicular macrophage precursor in Braf “*Tg(CD207-cre) mice contributed to
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the absence of Leydig cells and spermatic maturation. Analysis of the ontogeny of testicular
macrophage subsets has shown that interstitial macrophages, which are CX;CR1"CD64"MH-
CII', are derived from the embryonic yolk sac.[38] Activity of the human Langerin promoter
in these precursors might explain Leydig cell absence through oncogene-mediated senescence
of this subset of testicular macrophages although that remains to be demonstrated. Prenatal
activity of the transgenic human Langerin promoter is also consistent with this idea. Loss of
Leydig cells could then contribute to the lower levels of testosterone seen in Braf ““Tg
(CD207-cre) mice which may, in turn, contribute to the smaller size of these mice.[39-41] The
fact that testosterone levels were only reduced by 46% compared to control mice suggests the
possibility of alternative sources of androgen such as adrenal gland synthesis of DHEA or
other precursors which could be converted to testosterone in the periphery. [42] However,
androgen deprivation alone cannot account for their early deaths and the decreased size of
their thymi and spleens.[40, 41]

One problem with this mechanism is the extraordinarily mild phenotype of mice in which
cells that activate the human Langerin promoter are ablated via expression of diphtheria toxin
fragment A.[21] They do not phenocopy Braf ““ Tg(CD207-cre) mice. The major difference in
the two models is that one involves toxin-induced ablation of a cell lineage and the other
involves the expression of a strong oncogene. This suggests that expression of BRAF V600E in
relevant cells may produce effects beyond those of oncogene-induced senescence in order to
create the phenotype observed in Braf “*Tg(CD207-cre) mice.

Nonetheless, if oncogene-induced senescence is at least partly responsible for the absence of
an LCH-like phenotype in Braf “* Tg(CD207-cre) mice, this could be tested by interrupting the
cellular pathways that induce this state. For example, BRAF V600E-induced senescence in
melanocytes can be overcome by deleting PTEN.[10] This was our rationale for developing
Braf ““ Pten™""**P Tg(CD207-cre) mice. However, the phenotype of Braf “*Pten'™"1*FTg
(CD207-cre) mice was complex and unexpected. Their shortened survival, lympho- and mono-
cytopenia, absence of Leydig cells, and thymic and splenic atrophy were nearly identical to
Braf ““Tg(CD207-cre) mice. These observations indicate that Pten disruption did not rescue
these components of the Braf “* Tg(CD207-cre) phenotype.

However, Braf “* Pten""*" Tg(CD207-cre) mice had novel proliferative phenotypes. At 2-3
weeks of age, the number of cutaneous LCs in Braf “*Pten'*""**" Tg(CD207-cre) mice was 68%
higher than the number in Braf “* Tg(CD207-cre) mice. If the proliferative stimulus provided by
BRAF V600E were counterbalanced by tumor suppressor-mediated senescence, this result might
indicate that the drive toward senescence was at least partially blocked by disrupting Pten. Still,
at 4-5 weeks, the number of LCs declined to the level seen in control mice. Thereafter, however,
the number remained stable rather than decreasing still further as seen in Braf “*Tg(CD207-cre)
mice, suggesting that Pten disruption may have continued to be effective.

Braf ““Pten**"**P Tg(CD207-cre) mice also displayed two additional phenotypes. The first
was a 10-fold expansion of MHCIT"CD11c" cells in the small intestine compared to controls
and to Braf “*Tg(CD207-cre) mice. Nearly all of these cells expressed CD103 and CD11b.
Molecular analysis showed that these cells harbor rearranged Braf '* and Pten® * indicating
that their accumulation is likely a cell-autonomous effect. Species-specific patterns of Langerin
expression are also consistent with this model. Under steady state conditions, murine
CD103*CD11b" cells in the LP do not express Langerin[28] but human LP DCs do[29, 30]
and, as noted above, the human Langerin promoter is active in murine LP CD103"CD11b"
cells.[31] Clearly, expression of BRAF V600E alone is insufficient to lead to the expansion of
LP CD103"CD11b" cells since this was not observed in Braf “*Tg(CD207-cre) mice. However,
disruption of Pten created a permissive context which allowed these cells to proliferate. Could
this be a model of gastrointestinal LCH? This is unlikely because gastrointestinal LCH cells
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can be CD207" while the LP histiocytes that accumulate in Braf “* Pten*"*** Tg(CD207-cre)
mice are CD207".

The second striking phenotype seen in these mice is somewhat more reminiscent of LCH.
Braf ““Pten**"**PTg(CD207-cre) mice showed an accumulation of CD207" cells in the spleen,
thymus, and lymph nodes. The lesions were filled with histiocytes having a morphology similar
to LCH cells and were accompanied by multinucleated giant cells, a common feature of LCH.
Furthermore, some regions contained foamy histiocytes similar to those seen in Erdheim-
Chester disease (ECD). Together, these observations suggest the possibility that Braf “*
Pten'?*PTa(CD207-cre) mice could be a model of multisystem mixed LCH/ECD. The fre-
quency of mixed disease in one ECD cohort is 19% [19] and BRAF V600E is a common driver
in both diseases.[43] The discovery of concurrent PIK3CA and BRAF mutations in a propor-
tion of ECD patients may be particularly relevant to our Pten-disrupted model.[44] However,
most of the histocytes that accumulate in the spleen and lymph nodes of these mice are CD8",
unlike LCH cells. This may be a consequence of the fact that, in contrast to humans, murine
resident CD207" cells in spleen and lymph nodes are CD8" [45]. In contrast, the histiocytes
that accumulate in the thymus of Braf “* Pten'**"***Tg(CD207-cre) mice are CD8™ and more
closely approximate the phenotype of LCH cells.

We chose to bypass senescence signaling by disrupting Pten, in part, because of the role it
plays in permitting BRAF V600E-driven melanocyte proliferation. But we also chose it because,
when these experiments were being planned, a case report had appeared which described a
major clinical response to an AKT inhibitor in an LCH patient.[46] However, a clinical trial of
the inhibitor in LCH patients showed minimal activity[47] and further genetic analysis of a
large number of LCH cases showed only rare disruption or alteration of the PTEN/AKT/PIK3C
pathway.[4, 5, 48] In fact, very few LCH cases with alterations in MAP kinase pathway genes
show genetic alterations affecting other pathways. Nonetheless, for reasons not yet understood,
TP53 is almost always overexpressed in LCH cells suggesting some kind of dysregulation of this
tumor suppressor.[49] Models in which disrupted or hypomorphic TP53 alleles are combined
with BRAF V600E expression might be more likely to mimic LCH.

Supporting information

S1 NC3Rs ARRIVE Guidelines Checklist. ARRIVE (Animal Research: Reporting of In
Vivo Experiments) checklist from the National Centre for the Replacement, Refinement, &
Reduction of Animals in Research shows where in this manuscript the recommendations
can be found.

(PDEF)

Acknowledgments

Some slide preparation and staining was performed by the Specialized Histopathology Core
Facility of the Dana-Farber/Harvard Cancer Center (P30 CA06516). The authors thank Dr.
To-Ha Thai for helpful discussions. The authors also thank the organizers and participants in
the Nikolas Symposium on the Histiocytoses for helpful and informative discussions.

Author Contributions
Conceptualization: David S. Nelson, Barrett J. Rollins.

Data curation: David S. Nelson, Yechaan Joo, Sara Y. Tian, Bhumi Patel, Kristen Stevenson,
Barrett J. Rollins.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222400 September 17,2019 22/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222400.s001
https://doi.org/10.1371/journal.pone.0222400

@ PLOS|ONE

BRAF V600E expression and Ptenloss in murine histiocytosis

Formal analysis: David S. Nelson, Ryan L. Marano, Roderick T. Bronson, Barrett J. Rollins.

Funding acquisition: Barrett J. Rollins.

Investigation: David S. Nelson, Ryan L. Marano, Sara Y. Tian, Bhumi Patel, Roderick T. Bron-

son, Barrett J. Rollins.

Methodology: Ryan L. Marano, Yechaan Joo, Bhumi Patel, Daniel H. Kaplan, Kristen Steven-

son, Roderick T. Bronson, Barrett J. Rollins.

Project administration: Barrett J. Rollins.

Resources: Daniel H. Kaplan, Mark J. Shlomchik.

Writing - review & editing: David S. Nelson, Ryan L. Marano, Yechaan Joo, Sara Y. Tian,

Daniel H. Kaplan, Mark J. Shlomchik, Kristen Stevenson, Roderick T. Bronson.

References

1.

10.

1.

12.

Allen CE, Merad M, McClain KL. Langerhans-Cell Histiocytosis. N Engl J Med. 2018; 379(9):856-68.
Epub 2018/08/30. https://doi.org/10.1056/NEJMra1607548 PMID: 30157397.

Badalian-Very G, Vergilio JA, Degar BA, MacConaill LE, Brandner B, Calicchio ML, et al. Recurrent
BRAF mutations in Langerhans cell histiocytosis. Blood. 2010; 116(11):1919-23. Epub 2010/06/04.
blood-2010-04-279083 [pii] https://doi.org/10.1182/blood-2010-04-279083 PMID: 20519626.

Brown NA, Furtado LV, Betz BL, Kiel MJ, Weigelin HC, Lim MS, et al. High prevalence of somatic
MAP2K1 mutations in BRAF V600E negative Langerhans cell histiocytosis. Blood. 2014. https://doi.
org/10.1182/blood-2014-05-577361 PMID: 24982505.

Chakraborty R, Hampton OA, Shen X, Simko SJ, Shih A, Abhyankar H, et al. Mutually exclusive recur-
rent somatic mutations in MAP2K1 and BRAF support a central role for ERK activation in LCH patho-
genesis. Blood. 2014; 124(19):3007-15. https://doi.org/10.1182/blood-2014-05-577825 PMID:
25202140.

Nelson DS, van Halteren A, Quispel WT, van den Bos C, Bovee JV, Patel B, et al. MAP2K1 and
MAP3K1 mutations in langerhans cell histiocytosis. Genes Chromosomes Cancer. 2015; 54(6):361-8.
https://doi.org/10.1002/gcc.22247 PMID: 25899310.

Diamond EL, Subbiah V, Lockhart AC, Blay JY, Puzanov |, Chau |, et al. Vemurafenib for BRAF V600-
Mutant Erdheim-Chester Disease and Langerhans Cell Histiocytosis: Analysis of Data From the Histol-
ogy-Independent, Phase 2, Open-label VE-BASKET Study. JAMA Oncol. 2018; 4(3):384—8. Epub
2017/12/01. https://doi.org/10.1001/jamaoncol.2017.5029 PMID: 29188284; PubMed Central PMCID:
PMC5844839.

Haroche J, Cohen-Aubart F, Emile JF, Arnaud L, Maksud P, Charlotte F, et al. Dramatic efficacy of
vemurafenib in both multisystemic and refractory Erdheim-Chester disease and Langerhans cell histio-
cytosis harboring the BRAF V600E mutation. Blood. 2013; 121(9):1495-500. Epub 2012/12/22. https://
doi.org/10.1182/blood-2012-07-446286 PMID: 23258922.

Hyman DM, Puzanov |, Subbiah V, Faris JE, Chau |, Blay JY, et al. Vemurafenib in Multiple Nonmela-
noma Cancers with BRAF V600 Mutations. N Engl J Med. 2015; 373(8):726—-36. https://doi.org/10.
1056/NEJMoa1502309 PMID: 26287849; PubMed Central PMCID: PMC4971773.

Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C, Kuilman T, van der Horst CM, et al.
BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature. 2005; 436(7051):720—
4. Epub 2005/08/05. nature03890 [pii] https://doi.org/10.1038/nature03890 PMID: 16079850.

Vredeveld LC, Possik PA, Smit MA, Meissl K, Michaloglou C, Horlings HM, et al. Abrogation of
BRAFV600E-induced senescence by PI3K pathway activation contributes to melanomagenesis.
Genes Dev. 2012; 26(10):1055-69. Epub 2012/05/03. https://doi.org/10.1101/gad.187252.112 PMID:
22549727; PubMed Central PMCID: PMC3360561.

Tsao H, Goel V, Wu H, Yang G, Haluska FG. Genetic interaction between NRAS and BRAF mutations
and PTEN/MMACH1 inactivation in melanoma. J Invest Dermatol. 2004; 122(2):337—41. Epub 2004/03/
11. https://doi.org/10.1046/j.0022-202X.2004.22243.x PMID: 15009714; PubMed Central PMCID:
PMC2586668.

Allen CE, LiL, Peters TL, Leung HC, Yu A, Man TK, et al. Cell-specific gene expression in Langerhans
cell histiocytosis lesions reveals a distinct profile compared with epidermal Langerhans cells. J Immu-
nol. 2010; 184(8):4557-67. Epub 2010/03/12. jimmunol.0902336 [pii] https://doi.org/10.4049/jimmunol.
0902336 PMID: 20220088.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222400 September 17,2019 23/25


https://doi.org/10.1056/NEJMra1607548
http://www.ncbi.nlm.nih.gov/pubmed/30157397
https://doi.org/10.1182/blood-2010-04-279083
http://www.ncbi.nlm.nih.gov/pubmed/20519626
https://doi.org/10.1182/blood-2014-05-577361
https://doi.org/10.1182/blood-2014-05-577361
http://www.ncbi.nlm.nih.gov/pubmed/24982505
https://doi.org/10.1182/blood-2014-05-577825
http://www.ncbi.nlm.nih.gov/pubmed/25202140
https://doi.org/10.1002/gcc.22247
http://www.ncbi.nlm.nih.gov/pubmed/25899310
https://doi.org/10.1001/jamaoncol.2017.5029
http://www.ncbi.nlm.nih.gov/pubmed/29188284
https://doi.org/10.1182/blood-2012-07-446286
https://doi.org/10.1182/blood-2012-07-446286
http://www.ncbi.nlm.nih.gov/pubmed/23258922
https://doi.org/10.1056/NEJMoa1502309
https://doi.org/10.1056/NEJMoa1502309
http://www.ncbi.nlm.nih.gov/pubmed/26287849
https://doi.org/10.1038/nature03890
http://www.ncbi.nlm.nih.gov/pubmed/16079850
https://doi.org/10.1101/gad.187252.112
http://www.ncbi.nlm.nih.gov/pubmed/22549727
https://doi.org/10.1046/j.0022-202X.2004.22243.x
http://www.ncbi.nlm.nih.gov/pubmed/15009714
https://doi.org/10.4049/jimmunol.0902336
https://doi.org/10.4049/jimmunol.0902336
http://www.ncbi.nlm.nih.gov/pubmed/20220088
https://doi.org/10.1371/journal.pone.0222400

@ PLOS|ONE

BRAF V600E expression and Ptenloss in murine histiocytosis

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Berres ML, Lim KP, Peters T, Price J, Takizawa H, Salmon H, et al. BRAF-V600E expression in precur-
sor versus differentiated dendritic cells defines clinically distinct LCH risk groups. J Exp Med. 2014; 211
(4):669-83. https://doi.org/10.1084/jem.20130977 PMID: 24638167; PubMed Central PMCID:
PMC3978272.

Dankort D, Curley DP, Cartlidge RA, Nelson B, Karnezis AN, Damsky WE Jr., et al. Braf(V600E) coop-
erates with Pten loss to induce metastatic melanoma. Nat Genet. 2009; 41(5):544-52. Epub 2009/03/
14. ng.356 [pii] https://doi.org/10.1038/ng.356 PMID: 19282848; PubMed Central PMCID:
PMC2705918.

Kaplan DH, Li MO, Jenison MC, Shlomchik WD, Flavell RA, Shlomchik MJ. Autocrine/paracrine
TGFbetal is required for the development of epidermal Langerhans cells. J Exp Med. 2007; 204
(11):2545-52. Epub 2007/10/17. jem.20071401 [pii] https://doi.org/10.1084/jem.20071401 PMID:
17938236; PubMed Central PMCID: PMC2118472.

Lesche R, Groszer M, Gao J, Wang Y, Messing A, Sun H, et al. Cre/loxP-mediated inactivation of the
murine Pten tumor suppressor gene. Genesis. 2002; 32(2):148-9. Epub 2002/02/22. https://doi.org/10.
1002/gene. 10036 [pii]. PMID: 11857804.

Kuhn R, Schwenk F, Aguet M, Rajewsky K. Inducible gene targeting in mice. Science. 1995; 269:1427—
9. https://doi.org/10.1126/science.7660125 PMID: 7660125

Dankort D, Filenova E, Collado M, Serrano M, Jones K, McMahon M. A new mouse model to explore
the initiation, progression, and therapy of BRAFV600E-induced lung tumors. Genes Dev. 2007; 21
(4):379-84. Epub 2007/02/15. gad.1516407 [pii] https://doi.org/10.1101/gad. 1516407 PMID:
17299132; PubMed Central PMCID: PMC1804325.

Hervier B, Haroche J, Arnaud L, Charlotte F, Donadieu J, Neel A, et al. Association of both Langerhans
cell histiocytosis and Erdheim-Chester disease linked to the BRAFVE600E mutation. Blood. 2014; 124
(7):1119-26. https://doi.org/10.1182/blood-2013-12-543793 PMID: 24894769.

Diamond EL, Durham BH, Haroche J, Yao Z, Ma J, Parikh SA, et al. Diverse and Targetable Kinase
Alterations Drive Histiocytic Neoplasms. Cancer Discov. 2016; 6(2):154—65. https://doi.org/10.1158/
2159-8290.CD-15-0913 PMID: 26566875; PubMed Central PMCID: PMC4744547.

Kaplan DH, Jenison MC, Saeland S, Shlomchik WD, Shlomchik MJ. Epidermal langerhans cell-deficient
mice develop enhanced contact hypersensitivity. Immunity. 2005; 23(6):611-20. Epub 2005/12/17.
S$1074-7613(05)00349-3 [pii] https://doi.org/10.1016/j.immuni.2005.10.008 PMID: 16356859.

Takahara K, Omatsu Y, Yashima Y, Maeda Y, Tanaka S, lyoda T, et al. Identification and expression of
mouse Langerin (CD207) in dendritic cells. Int Immunol. 2002; 14(5):433—44. Epub 2002/04/30. https://
doi.org/10.1093/intimm/14.5.433 PMID: 11978773.

Bursch LS, Wang L, Igyarto B, Kissenpfennig A, Malissen B, Kaplan DH, et al. Identification of a novel
population of Langerin+ dendritic cells. J Exp Med. 2007; 204(13):3147-56. Epub 2007/12/19. https://
doi.org/10.1084/jem.20071966 PMID: 18086865; PubMed Central PMCID: PMC2150989.

Ginhoux F, Collin MP, Bogunovic M, Abel M, Leboeuf M, Helft J, et al. Blood-derived dermal langerin+
dendritic cells survey the skin in the steady state. J Exp Med. 2007; 204(13):3133—-46. Epub 2007/12/
19. https://doi.org/10.1084/jem.20071733 PMID: 18086862; PubMed Central PMCID: PMC2150983.

Lenz A, Heine M, Schuler G, Romani N. Human and murine dermis contain dendritic cells. Isolation by
means of a novel method and phenotypical and functional characterization. J Clin Invest. 1993; 92
(6):2587-96. Epub 1993/12/01. https://doi.org/10.1172/JCI116873 PMID: 8254016; PubMed Central
PMCID: PMC288454.

Bigley V, McGovern N, Milne P, Dickinson R, Pagan S, Cookson S, et al. Langerin-expressing dendritic
cells in human tissues are related to CD1c+ dendritic cells and distinct from Langerhans cells and
CD141high XCR1+ dendritic cells. J Leukoc Biol. 2015; 97(4):627-34. Epub 2014/12/18. https://doi.
0rg/10.1189/jlb.1HI0714-351R PMID: 25516751; PubMed Central PMCID: PMC4370053.

De Monte A, Olivieri CV, Vitale S, Bailleux S, Castillo L, Giordanengo V, et al. CD1c-Related DCs that
Express CD207/Langerin, but Are Distinguishable from Langerhans Cells, Are Consistently Present in
Human Tonsils. Front Immunol. 2016; 7:197. Epub 2016/06/03. https://doi.org/10.3389/fimmu.2016.
00197 PMID: 27252701; PubMed Central PMCID: PMC4879127.

Chang SY, Kweon MN. Langerin-expressing dendritic cells in gut-associated lymphoid tissues. Immu-
nol Rev. 2010; 234(1):233—-46. Epub 2010/03/03. https://doi.org/10.1111/].0105-2896.2009.00878.x
PMID: 20193022.

Chikwava K, Jaffe R. Langerin (CD207) staining in normal pediatric tissues, reactive lymph nodes, and
childhood histiocytic disorders. Pediatr Dev Pathol. 2004; 7(6):607—14. Epub 2005/01/05. https://doi.
org/10.1007/s10024-004-3027-z PMID: 15630529.

Kaser A, Ludwiczek O, Holzmann S, Moschen AR, Weiss G, Enrich B, et al. Increased expression of
CCL20 in human inflammatory bowel disease. J Clin Immunol. 2004; 24(1):74-85. Epub 2004/03/05.
https://doi.org/10.1023/B:JOCI.0000018066.46279.6b PMID: 14997037.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222400 September 17,2019 24/25


https://doi.org/10.1084/jem.20130977
http://www.ncbi.nlm.nih.gov/pubmed/24638167
https://doi.org/10.1038/ng.356
http://www.ncbi.nlm.nih.gov/pubmed/19282848
https://doi.org/10.1084/jem.20071401
http://www.ncbi.nlm.nih.gov/pubmed/17938236
https://doi.org/10.1002/gene.10036
https://doi.org/10.1002/gene.10036
http://www.ncbi.nlm.nih.gov/pubmed/11857804
https://doi.org/10.1126/science.7660125
http://www.ncbi.nlm.nih.gov/pubmed/7660125
https://doi.org/10.1101/gad.1516407
http://www.ncbi.nlm.nih.gov/pubmed/17299132
https://doi.org/10.1182/blood-2013-12-543793
http://www.ncbi.nlm.nih.gov/pubmed/24894769
https://doi.org/10.1158/2159-8290.CD-15-0913
https://doi.org/10.1158/2159-8290.CD-15-0913
http://www.ncbi.nlm.nih.gov/pubmed/26566875
https://doi.org/10.1016/j.immuni.2005.10.008
http://www.ncbi.nlm.nih.gov/pubmed/16356859
https://doi.org/10.1093/intimm/14.5.433
https://doi.org/10.1093/intimm/14.5.433
http://www.ncbi.nlm.nih.gov/pubmed/11978773
https://doi.org/10.1084/jem.20071966
https://doi.org/10.1084/jem.20071966
http://www.ncbi.nlm.nih.gov/pubmed/18086865
https://doi.org/10.1084/jem.20071733
http://www.ncbi.nlm.nih.gov/pubmed/18086862
https://doi.org/10.1172/JCI116873
http://www.ncbi.nlm.nih.gov/pubmed/8254016
https://doi.org/10.1189/jlb.1HI0714-351R
https://doi.org/10.1189/jlb.1HI0714-351R
http://www.ncbi.nlm.nih.gov/pubmed/25516751
https://doi.org/10.3389/fimmu.2016.00197
https://doi.org/10.3389/fimmu.2016.00197
http://www.ncbi.nlm.nih.gov/pubmed/27252701
https://doi.org/10.1111/j.0105-2896.2009.00878.x
http://www.ncbi.nlm.nih.gov/pubmed/20193022
https://doi.org/10.1007/s10024-004-3027-z
https://doi.org/10.1007/s10024-004-3027-z
http://www.ncbi.nlm.nih.gov/pubmed/15630529
https://doi.org/10.1023/B:JOCI.0000018066.46279.6b
http://www.ncbi.nlm.nih.gov/pubmed/14997037
https://doi.org/10.1371/journal.pone.0222400

@ PLOS|ONE

BRAF V600E expression and Ptenloss in murine histiocytosis

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Welty NE, Staley C, Ghilardi N, Sadowsky MJ, Igyarto BZ, Kaplan DH. Intestinal lamina propria dendritic
cells maintain T cell homeostasis but do not affect commensalism. J Exp Med. 2013; 210(10):2011-24.
Epub 2013/09/11. https://doi.org/10.1084/jem.20130728 PMID: 24019552; PubMed Central PMCID:
PMC3782055.

Chorro L, Sarde A, Li M, Woollard KJ, Chambon P, Malissen B, et al. Langerhans cell (LC) proliferation
mediates neonatal development, homeostasis, and inflammation-associated expansion of the epider-
mal LC network. J Exp Med. 2009; 206(13):3089—100. Epub 2009/12/10. jem.20091586 [pii] https://doi.
org/10.1084/jem.20091586 PMID: 19995948; PubMed Central PMCID: PMC2806478.

Tripp CH, Chang-Rodriguez S, Stoitzner P, Holzmann S, Stossel H, Douillard P, et al. Ontogeny of Lan-
gerin/CD207 expression in the epidermis of mice. J Invest Dermatol. 2004; 122(3):670-2. Epub 2004/
04/17. https://doi.org/10.1111/].0022-202X.2004.22337.x JID22337 [pii]. PMID: 15086552.

Schuster C, Vaculik C, Fiala C, Meindl S, Brandt O, Imhof M, et al. HLA-DR+ leukocytes acquire CD1
antigens in embryonic and fetal human skin and contain functional antigen-presenting cells. J Exp Med.
2009; 206(1):169-81. Epub 2009/01/14. https://doi.org/10.1084/jem.20081747 PMID: 19139172;
PubMed Central PMCID: PMC2626673.

Bergh A, Damber JE, van Rooijen N. Liposome-mediated macrophage depletion: an experimental
approach to study the role of testicular macrophages in the rat. J Endocrinol. 1993; 136(3):407—-13.
Epub 1993/03/01. hitps://doi.org/10.1677/joe.0.1360407 PMID: 8473830.

Cohen PE, Chisholm O, Arceci RJ, Stanley ER, Pollard JW. Absence of colony-stimulating factor-1in
osteopetrotic (csfmop/csfmop) mice results in male fertility defects. Biol Reprod. 1996; 55(2):310-7.
Epub 1996/08/01. https://doi.org/10.1095/biolreprod55.2.310 PMID: 8828834.

DeFalco T, Potter SJ, Williams AV, Waller B, Kan MJ, Capel B. Macrophages Contribute to the Sper-
matogonial Niche in the Adult Testis. Cell Rep. 2015; 12(7):1107—-19. Epub 2015/08/11. https://doi.org/
10.1016/j.celrep.2015.07.015 PMID: 26257171; PubMed Central PMCID: PMC4545310.

Mossadegh-Keller N, Gentek R, Gimenez G, Bigot S, Mailfert S, Sieweke MH. Developmental origin
and maintenance of distinct testicular macrophage populations. J Exp Med. 2017; 214(10):2829-41.
Epub 2017/08/09. https://doi.org/10.1084/jem.20170829 PMID: 28784628; PubMed Central PMCID:
PMC5626405.

Ansar Ahmed S, Dauphinee MJ, Talal N. Effects of short-term administration of sex hormones on nor-
mal and autoimmune mice. J Immunol. 1985; 134(1):204—10. Epub 1985/01/01. PMID: 3964814.

Weinstein Y, Berkovich Z. Testosterone effect on bone marrow, thymus, and suppressor T cells in the
(NZB X NZW)F1 mice: its relevance to autoimmunity. J Immunol. 1981; 126(3):998—1002. Epub 1981/
03/01. PMID: 6450808.

Wu J, Henning P, Sjogren K, Koskela A, Tuukkanen J, Moverare-Skrtic S, et al. The androgen receptor
is required for maintenance of bone mass in adult male mice. Mol Cell Endocrinol. 2019; 479:159-69.
Epub 2018/10/12. https://doi.org/10.1016/j.mce.2018.10.008 PMID: 30308267

Antoniou-Tsigkos A, Zapanti E, Ghizzoni L, Masorakos G. Adrenal Androgens. South Dartmouth, MA:
MDText.com, Inc.; 2019.

Haroche J, Charlotte F, Arnaud L, von Deimling A, Helias-Rodzewicz Z, Hervier B, et al. High preva-
lence of BRAF V600E mutations in Erdheim-Chester disease but not in other non-Langerhans cell his-
tiocytoses. Blood. 2012; 120(13):2700-3. Epub 2012/08/11. https://doi.org/10.1182/blood-2012-05-
430140 PMID: 22879539.

Emile JF, Diamond EL, Helias-Rodzewicz Z, Cohen-Aubart F, Charlotte F, Hyman DM, et al. Recurrent
RAS and PIK3CA mutations in Erdheim-Chester disease. Blood. 2014; 124(19):3016-9. https://doi.org/
10.1182/blood-2014-04-570937 PMID: 25150293; PubMed Central PMCID: PMC4224196.

Douillard P, Stoitzner P, Tripp CH, Clair-Moninot V, Ait-Yahia S, McLellan AD, et al. Mouse lymphoid tis-
sue contains distinct subsets of langerin/CD207 dendritic cells, only one of which represents epidermal-
derived Langerhans cells. J Invest Dermatol. 2005; 125(5):983-94. Epub 2005/11/22. https://doi.org/
10.1111/1.0022-202X.2005.23951.x PMID: 16297200.

Arceci RJ, Allen CE, Dunkel |, Jacobsen ED, Whitlock J, Vassallo R, et al. Evaluation of afuresertib, an
oral pan-AKT inhibitor, in patients with Langehans cell histiocytosis. Blood. 2013; 122(21):2907.

Arceci RJ, Allen CE, Dunkel IJ, Jacobsen E, Whitlock J, Vassallo R, et al. A phase lla study of afureser-
tib, an oral pan-AKT inhibitor, in patients with Langerhans cell histiocytosis. Pediatr Blood Cancer.
2017; 64(5). Epub 2016/11/08. https://doi.org/10.1002/pbc.26325 PMID: 27804235.

Heritier S, Saffroy R, Radosevic-Robin N, Pothin Y, Pacquement H, Peuchmaur M, et al. Common can-
cer-associated PIK3CA activating mutations rarely occur in Langerhans cell histiocytosis. Blood. 2015;
125(15):2448-9. https://doi.org/10.1182/blood-2015-01-625491 PMID: 25858893.

Weintraub M, Bhatia KG, Chandra RS, Magrath IT, Ladisch S. p53 expression in Langerhans cell histio-
cytosis. J Pediatr Hematol Oncol. 1998; 20(1):12—7. PMID: 9482407.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222400 September 17,2019 25/25


https://doi.org/10.1084/jem.20130728
http://www.ncbi.nlm.nih.gov/pubmed/24019552
https://doi.org/10.1084/jem.20091586
https://doi.org/10.1084/jem.20091586
http://www.ncbi.nlm.nih.gov/pubmed/19995948
https://doi.org/10.1111/j.0022-202X.2004.22337.x
http://www.ncbi.nlm.nih.gov/pubmed/15086552
https://doi.org/10.1084/jem.20081747
http://www.ncbi.nlm.nih.gov/pubmed/19139172
https://doi.org/10.1677/joe.0.1360407
http://www.ncbi.nlm.nih.gov/pubmed/8473830
https://doi.org/10.1095/biolreprod55.2.310
http://www.ncbi.nlm.nih.gov/pubmed/8828834
https://doi.org/10.1016/j.celrep.2015.07.015
https://doi.org/10.1016/j.celrep.2015.07.015
http://www.ncbi.nlm.nih.gov/pubmed/26257171
https://doi.org/10.1084/jem.20170829
http://www.ncbi.nlm.nih.gov/pubmed/28784628
http://www.ncbi.nlm.nih.gov/pubmed/3964814
http://www.ncbi.nlm.nih.gov/pubmed/6450808
https://doi.org/10.1016/j.mce.2018.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30308267
http://MDText.com
https://doi.org/10.1182/blood-2012-05-430140
https://doi.org/10.1182/blood-2012-05-430140
http://www.ncbi.nlm.nih.gov/pubmed/22879539
https://doi.org/10.1182/blood-2014-04-570937
https://doi.org/10.1182/blood-2014-04-570937
http://www.ncbi.nlm.nih.gov/pubmed/25150293
https://doi.org/10.1111/j.0022-202X.2005.23951.x
https://doi.org/10.1111/j.0022-202X.2005.23951.x
http://www.ncbi.nlm.nih.gov/pubmed/16297200
https://doi.org/10.1002/pbc.26325
http://www.ncbi.nlm.nih.gov/pubmed/27804235
https://doi.org/10.1182/blood-2015-01-625491
http://www.ncbi.nlm.nih.gov/pubmed/25858893
http://www.ncbi.nlm.nih.gov/pubmed/9482407
https://doi.org/10.1371/journal.pone.0222400

