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ABSTRACT

Many prion diseases are acquired by peripheral expo-
sure, and skin lesions are an effective route of trans-
mission. Following exposure, early prion replication,
upon FDCs in the draining LN is obligatory for the
spread of disease to the brain. However, the mecha-
nism by which prions are conveyed to the draining LN is
uncertain. Here, transgenic mice were used, in which
langerin® cells, including epidermal LCs and langerin™
classical DCs, were specifically depleted. These were
used in parallel with transgenic mice, in which nonepi-
dermal CD11c™ cells were specifically depleted. Our
data show that prion pathogenesis, following exposure
via skin scarification, occurred independently of LC and
other langerin™ cells. However, the depletion of nonepi-
dermal CD11c™ cells impaired the early accumulation of
prions in the draining LN, implying a role for these cells
in the propagation of prions from the skin. Therefore,
together, these data suggest that the propagation of
prions from the skin to the draining LN occurs via der-
mal classical DCs, independently of langerin® cells. J.
Leukoc. Biol. 91: 817-828; 2012.

Introduction
Prion diseases (transmissible spongiform encephalopathies)
are subacute neurodegenerative diseases that affect humans
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and animals. Many prion diseases, including natural sheep
scrapie, bovine spongiform encephalopathy, chronic wasting
disease in cervids, and variant Creutzfeldt-Jakob disease in hu-
mans, are acquired peripherally, for example, orally or by le-
sions to skin and mucous membranes. After peripheral expo-
sure, prions first replicate upon FDC, as they make their jour-
ney from the site of infection to the CNS (a process, termed
neuroinvasion) [1-6]. Prion replication upon FDC appears to
be critical for efficient neuroinvasion [7-10]. During prion
disease aggregations of PrP*, an abnormally folded isoform of
the PrP%, accumulates in affected tissues. Prion infectivity co-
purifies with PrP> and is considered to constitute the major, if
not sole, component of an infectious agent [11, 12]. Host cells
must express cellular PrP® to sustain prion infection, and
FDCs express high levels of PrP® on their surfaces [10]. Al-
though low levels of prion infectivity are present in the blood-
stream of infected animals [13], prions appear to invade the
CNS by spreading from lymphoid tissue via the peripheral ner-
vous system [14].

Our data show that prion replication upon FDC within the
draining LN is crucial for efficient neuroinvasion after expo-
sure via skin scarification. For prions to replicate upon FDC,
they must first be propagated from the site of exposure (skin)
to the draining LN. The mechanism by which prions are deliv-
ered to the draining LN to establish infection upon FDC is
uncertain. The identification of the cells and molecules in-
volved in the propagation of prions may identify important
processes that influence disease susceptibility and to which in-
tervention strategies can be developed.

The skin is rich in mononuclear phagocytes, which continu-
ally survey the tissue for antigens and pathogens. Upon anti-
gen encounter, these cells exit the skin via the afferent lym-
phatics and travel to the draining LN, where they present the
antigen to T cells [15]. Within the epidermis are situated LCs,
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which express high levels of langerin (CD207) and were long
considered to be the exclusive APCs of the skin. However, the
skin has been shown to contain other important subsets of
mononuclear phagocytes, termed dermal DCs. Based on their
expression of langerin, CD11c, CD11b, and CD103, five dis-
tinct skin mononuclear phagocyte subsets have since been de-
scribed [16]. The capacity of LCs and dermal DCs to migrate
to the draining LN under steady-state and inflammatory condi-
tions, the demonstration that LC can acquire dengue virus af-
ter exposure via the skin [17], data suggesting lung CD103™
DGCs can transport influenza virus to the draining LN [18],
and data showing that the depletion of CD11c™ cells impaired
prion neuroinvasion from the intestine [19] and peritoneal
cavity [20] suggested that skin mononuclear phagocytes were
ideal candidates to propagate prions from the skin.

In the current study, langerin-DTR transgenic mice [21] and
CD11c-DTR-transgenice mice [22] were used. In each of these
transgenic mouse models, treatment with DTX transiently de-
pletes the DTR-expressing cells in vivo: CD11c™ cells in
CD11c¢-DTR mice; langerin+ cells in langerin-DTR mice. FDCs
are unaffected by DTX treatment in these transgenic mouse
models, as they do not express CD11c or langerin. These
transgenic mouse models were used in parallel to determine
the potential role of distinct mononuclear phagocyte popula-
tions in the propagation of prions to the draining LN after
exposure via skin lesions.

MATERIALS AND METHODS

Mice
CD11c¢-DTR [22] and langerin-DTR [21] (6-8 weeks old) were bred and
maintained on a C57BL/6 background under specific pathogen-free condi-

tions. Where indicated, bone marrow from the femurs and tibias of donor
mice was prepared as a single-cell suspension (3><107—4><1()7 viable cells/
ml) in HBSS (Invitrogen, Paisley, UK). Recipient adult (6—8 weeks old)
mice were y-irradiated (1000 rad) and 24 h later, reconstituted with 0.1 ml
bone marrow by injection into the tail vein. Recipient mice were used in
subsequent experiments 8 weeks after bone marrow grafting. All studies
using experimental mice and regulatory licenses were approved by The Ro-
slin Institute’s and University of Edinburgh’s Protocols and Ethics Commit-
tees. All animal experiments were carried out under the authority of a UK
Home Office Project License within the terms and conditions of the strict
regulations of the UK Home Office Animals (scientific procedures) Act
1986.

Treatment with DTX

DTX was suspended in 5% lactose in 10 mM PB. CD11¢-DTR mice were
given a single i.p. injection of 100 ng/mouse DTX (Sigma-Aldrich, Dorset,
UK) to deplete their CD11c™ cells. Langerin-DTR mice were injected i.p.
with 1 pg/mouse DTX to deplete their langerin™ cells. Some mice were
injected with PB as a control.

Prion exposure and disease monitoring

Mice were inoculated with ME7 scrapie prions by skin scarification of the
medial surface of the left thigh [3, 4, 23]. Briefly, prior to scarification, ~1
cm? area of hair covering the site of scarification was trimmed using curved
scissors and then removed completely with an electric razor. Twenty-four
hours later, a 23-gauge needle was used to create a 5-mm-long abrasion in
the epidermal layers of the skin at the scarification site. Then, using a 26-
gauge needle, one droplet (~6 ul) of prion inoculum from a 1.0% (wt/
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vol) terminal scrapie mouse brain homogenate in physiological saline was
applied to the abrasion and worked into the site using sweeping strokes.
The scarification site was then sealed with OpSite (Smith & Nephew Medi-
cal, Hull, UK) and allowed to dry before the animals were returned to
their final holding cages. Following inoculation, all animals were coded,
assessed weekly for signs of clinical disease, and killed at a standard clinical
end-point [24]. Scrapie diagnosis was confirmed by histopathological assess-
ment of spongiform pathology in the brain. For the construction of lesion
profiles, vacuolar changes were scored in nine gray-matter areas of brain as
described [25]. Where indicated, some mice were culled at the times indi-
cated postinjection, with prions and tissues taken for further analysis.

Preparation of Alexa-PrP%°

Alexa fluor 546-conjugated PrP* was prepared as described [26] with mod-
ification. Isolation of scrapie-associated PrP* fibrils: brain homogenates
10% (wt/vol) in 0.01 M sodium phosphate, pH 7.4, plus 10% sarcosine
were prepared from mice terminally affected with ME7 scrapie prion dis-
ease and centrifuged for 2.5 h at 215,000 g. Supernatants were discarded
and pellets suspended in 3 ml dH,O and incubated at room temperature
for 1 h. Iodide solution (6 ml; 0.9 M potassium iodide, 9 mM sodium thio-
sulphate, 15 mM sodium phosphate, pH 8.5, with HCI, 1% sarcosine) was
added to the samples. They were then layered onto a 3-ml sucrose cushion
(20% sucrose in iodide solution) and centrifuged at 10°C for 90 min at
285,000 g. Supernatants were discarded, and pellets were suspended in 1
ml 0.1% Sarkosyl/PBS and centrifuged at room temperature for 30 min at
13,000 g. Pellets were resuspended in 20 ul 0.1% Sarkosyl/PBS and soni-
cated (Ultrasonic Processor XL, Qsonica, Newtown, CT, USA) in 10-s bursts
to aid suspension.

Fluorescent labeling

Next, Alexa-fluor 546 succinimidyl ester (Invitrogen) was added (1 vol Al-
exa-fluor 546:10 vol sample) and incubated at room temperature for 1 h
with constant agitation (in the dark). The reaction was quenched overnight
at 4°C by adding 1 vol 1.5 M hydroxylamine (pH 8.5) to 10 vol dye reac-
tion. Labeled samples were washed extensively in 0.1% Sarkosyl/PBS at
room temperature for 10 min at 13,000 g to ensure that the supernatant of
the final wash was clear and colorless. Pellets were resuspended in 20 ul
0.1% Sarkosyl/PBS, sonicated to aid suspension, and stored at —20°C until
further use.

PK treatment

Samples were thawed and sonicated in 10-s bursts to aid suspension and PK
added at a final concentration of 100 ng/ml. Samples were incubated at
37°C for 1 h with constant agitation, and the reaction stopped with 2 mM
PMSF (Sigma-Aldrich). Samples were then diluted to 1 ml with 0.1% Sarko-
syl/PBS, washed, and stored at —20°C until use.

Analysis

Alexa-PrP%¢ samples, treated in the absence or presence of PK, were resus-
pended and electrophoresed through duplicate SDS/PAGE 12% gels (In-
vitrogen). Following electrophoresis, one gel was fixed in “fluorofix” (40%
ethanol, 2% acetic acid in dH,0), prior to imaging on a Typhoon fluores-
cent imager (GE Healthcare, Waukesha, WI, USA). Afterwards, the gel was
fixed, washed, and silver-stained to reveal proteins. The second gel was
transferred to a PVDF membrane (Bio-Rad Laboratories, Hemel Hemp-
stead, UK) by semidry blotting. PrP was detected using the PrP-specific
mAb 8H4 [27], followed by HRP-conjugated goat anti-mouse antibody.
Bound HRP activity was detected by ECL.

IHC and immunofluorescent analyses

For wholemount analysis of the epidermis and dermis, ears were separated
into dorsal and ventral halves. s.c. fat and cartilage were removed. Skin was
floated on 3.8% ammonium thiocyanate in 100 mM sodium phosphate/
100 mM potassium phosphate for 20 min at 37°C. Epidermal and dermal
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sheets were then separated and fixed in acetone at —20°C for 15 min [28].
Prior to immunostaining, samples were permeabilized for 15 min in 0.1%
saponin, 5% FCS in PBS, incubated with anti-langerin mAb (clone
929F3.01; Cambridge Bioscience, Cambridge, UK). For analysis of ZO-1
within tight junctions, ventral ear sheets were floated out, cartilage side
down, in PBS containing 0.7 mM Ca2*. s.c. fat and cartilage were removed,
and tissues floated out in 95% ethanol on ice and incubated for 30 min.
Ears were subsequently floated out, epidermis side up, onto 3.8% ammo-
nium thiocyanate and incubated at 37°C for 17 min. Tissues were floated
out in PBS, transferred onto glass slides (Superfrost slides, Thermo Scien-
tific, UK), and immunostained with mouse anti-ZO-1 mAb (clone

T8-754; [29].

LNs and spleens were removed and snap-frozen at the temperature of
liquid nitrogen. Serial frozen sections (8 wm in thickness) were cut on a
cryostat and immunostained with the following antibodies: FDC were visual-
ized by staining with mAb 7G6 to detect CR2/CR1 (CD21/CD35; BD Bio-
sciences, San Diego, CA, USA) and mAb 8CI12 to detect CR1 (CD35; BD
Biosciences). Cellular PrP® was detected using PrP-specific pAb 1B3 [30]. B
cells were detected using rat anti-mouse B220 mAb (clone RA3-RB2;
Caltag, Towcester, UK). CD1 1c* cells were detected using hamster anti-
mouse CD11c mAb (clone HL3; BD Biosciences). CD169" cells were de-
tected using mAb MOMA-1 (AbD Serotec, Germany). Neutrophils were
detected using Ly-6B-specific mAb (clone 7/4; AbD Serotec).

For the detection of PrP® in LNs and brains, tissues were fixed in perio-
date-lysine-paraformaldehyde fixative and embedded in paraffin wax. Sec-
tions (thickness, 6 wm) were deparaffinised and pretreated to enhance the
detection of PrP? by hydrated autoclaving (15 min, 121°C, hydration) and
subsequent immersion in formic acid (98%) for 5 min [31]. Sections were
then immunostained with 1B3 PrP-specific pAb. For the detection of astro-
cytes, brain sections were immunostained with anti-GFAP (Dako, Ely, UK).
For the detection of microglia, deparaffinised brain sections were first pre-
treated with Target Retrieval Solution (Dako) and subsequently immuno-
stained with anti-Iba-1 (Wako Chemicals GmbH, Neuss, Germany). Immu-
nolabeling was revealed using HRP conjugated to the avidin-biotin complex
(Novared kit, Vector Laboratories, Peterborough, UK). PET immunoblot
analysis was used to confirm that the PrP® detected by IHC was PK-resistant
PrP%¢ [32]. Membranes were subsequently immunostained with 1B3 PrP-
specific pAb.

For light microscopy, following the addition of primary antibodies, bio-
tin-conjugated, species-specific secondary antibodies (Stratech, Soham, UK)
were applied, and immunolabeling was revealed using alkaline phosphatase
conjugated to the avidin-biotin complex. Sections were counterstained with
hematoxylin to distinguish cell nuclei. For fluorescent microscopy, follow-
ing the addition of primary antibody, streptavidin-conjugated or species-
specific secondary antibodies coupled to Alexa Fluor 488 (green), Alexa
Fluor 594 (red), or Alexa Fluor 647 (blue) dyes (Invitrogen) were used.
Sections were mounted in fluorescent mounting medium (Dako) and ex-
amined using a Zeiss LSM5 confocal microscope (Zeiss, Welwyn Garden
City, UK).

For morphometric analysis, digital microscopy images were analyzed us-
ing Image] software (http://rsb.info.nih.gov/ij/). In each instance, tissues
from three to four mice from each group were analyzed. From each
mouse, the numbers of positively immunostained pixels in images from at
least three randomly chosen fields of view were collected. Data are pre-
sented as mean * sp, and significant differences between samples in differ-
ent groups were sought by Student’s ¢ test. Values of P < 0.05 were ac-
cepted as significant.

Microarray analysis

Ear skin was collected into RNAlater (Ambion, Austin, TX, USA) and
stored at —80°C prior to analysis. The quality of RNA for microarray analy-
sis was first determined on an Agilent BioAnalyzer 2100 (Agilent Technolo-
gies, Santa Clara, CA, USA). RNA was reverse-transcribed to cDNA, ampli-
fied, and labeled using the Genechip 3’ IVT Express Labeling Kit (Af-
fymetrix, Santa Clara, CA, USA), according to the manufacturer’s
instructions. Samples were hybridized to Mouse 430_2.0 Affymetrix chips
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(Affymetrix), stained, and scanned by ARK Genomics (Edinburgh, UK).
Raw data (.cel) files were normalized using Robust Multichip Average
(RMAExpress; http://rmaexpress.bmbolstad.com/). Probe sets were anno-
tated using the latest libraries available from Affymetrix. Genes of interest
were assessed for recognized homologies, cellular location, function, and
gene ontology terms using publicly available, web-based analysis tools and
databases, including: ENSEMBL (http://www.ensembl.org/index.html);
Gene Set Enrichment Analysis Molecular Signatures Database (GSEA
MSigDB; http://www.broadinstitute.org/gsea/ msigdb/index.jsp); GOstat
(http://gostat.wehi.edu.au). The raw microarray data (.cel files) are depos-
ited in the Gene Expression Omnibus (GEO) under the following acces-
sion number: GSE34955 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgiacc=GSE34955).

Statistical analyses

Survival time data are presented as mean * sg. Significant differences be-
tween groups were sought by ANOVA. Values of P < 0.05 were accepted as
significant.

RESULTS
Specific depletion of nonepidermal CD11c" cells

To determine the contribution of mononuclear phagocyte
populations in the propagation of prions from the skin to the
draining LN, transgenic mouse models were used, in which
these cells can be transiently depleted. First, we used CD11c-
DTR mice to study the potential role of CD11c* cells [22]. In
the mouse, CD11c is expressed by classical DC and at much
lower levels by LC and CD169" macrophages. As a conse-
quence, each of these populations is significantly depleted in
CD11c¢-DTR mice after DTX treatment (Fig. 1A). Classical
DGs, including those in the dermis, are considered to derive
from hematopoietic precursors, whereas LCs, although of my-
eloid origin, appear to derive independently from the bone
marrow [33]. Furthermore, in contrast to classical DCs, LCs, in
the epidermis and certain other resident mononuclear phago-
cytes (e.g., CD169" macrophages), are long-lived and relatively
radioresistant and remain in tissues following y-irradiation.
Therefore, as a result of their differing ontogeny and radiore-
sistance, it is possible to mix and match the genotype of the
LC and classical DC using bone marrow chimeric mice. Here,
a mouse model was used in which nonepidermal CD11c" cells
could be specifically depleted but not the LC in the epidermis.
To do so, WT mice were lethally y-irradiated and 24 h later,
reconstituted with bone marrow from CD11c-DTR recipients
(hereafter termed CD11c-DTR—WT mice). WT — WT mice
were used as controls. Eight weeks after bone marrow reconsti-
tution, mice were injected with DTX or PB as a control. In the
skin of CD11¢c-DTR — WT mice, the LCs derive from the WT
bone marrow and are refractory to DTX treatment (Fig. 1B;
P=0.52), whereas the classical DCs in the dermis are derived
from the CD11¢-DTR host and are significantly depleted by
DTX (Fig. 1B; P<0.004). Further analysis showed that whereas
the CD11c" cells in the spleens of DTX-treated CD11¢-DTR —
WT mice were significantly depleted, the CD169" macro-
phages were not significantly affected (Fig. 1C; P<0.0005, and
P=0.97 for CD11c" cells and CD169" macrophages, respec-
tively).

Although these data show that the classical DCs were de-
pleted almost entirely, some cells remained after DTX treat-
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Figure 1. Effect of DTX treatment on the status of LCs, CD11c" cells, and CD169" cells in the tissues of CD11¢-DTR — WT mice. (A) CD11c-
DTR mice were treated with DTX or PB (control) and 2 days later, tissues analyzed by IHC. Epidermal LCs, classical CD11c¢™ DCs, and CD169™
macrophages are significantly depleted after DTX treatment of CD11¢-DTR mice. (B and C) WT mice were lethally y-irradiated and 24 h later,
reconstituted with bone marrow from CD11c-DTR recipients (CD11¢-DTR—WT mice). WT' — WT mice were used as controls. Eight weeks after
bone marrow reconstitution, mice were injected with DTX or PB as a control. Two days after treatment, tissues were analyzed by IHC. (B) LCs are
unaffected by DTX treatment in the epidermis of CD11¢-DTR — WT mice (B, upper panels). In contrast, nonepidermal langerin™ classical DC in
the dermis (B, lower panels) and CD11c™ cells in the spleen (C) were significantly depleted by DTX treatment in CD11¢-DTR — WT mice. Histo-
grams show the effects of DTX treatment on mean the number of LCs in the epidermis and langc:rirfr DCs in the dermis (expressed as mean no.
cells = sp/450X450 um field of view) and the morphometric analysis of the mean number of CD11c* and CD169™ pixels in images from spleens
(expressed as mean no. positive pixels*sp/900X900 wm field of view). In each instance, three to four mice/group were analyzed and data col-
lected from three to six images/mouse. Original scale bars = 100 wm.

ment. Previous data showed that in the LNs and spleen, the As prion replication upon PrP%expressing FDCs within the
depletion of CD11c" cells is 60-80% efficient in CD11¢-DTR draining LN is important for efficient prion neuroinvasion af-
mice [19, 22]. Why cell depletion in these tissues is not 100% ter exposure via the skin [3, 4], we next determined the effect
effective is not known and may be influenced by a number of of DTX treatment on the status of FDC in CD11c-DTR — WT
factors: differing expression levels of DTR on the target cells, mice. FDCs in mice characteristically express high levels of
differing cell-cycling kinetics in classical DC subpopulations, or CR1 (CD35) [34] and cellular PrP€ [10, 35, 36]. The expres-
simply, a result of the penetrance of the DTX. Despite exten- sion of each of these molecules by FDC is important for the
sive attempts, we were unable to readily detect CD11c" cells in retention and replication of prions upon their surfaces. IHC
the epidermis and dermis by whole-mount immunofluores- analysis suggested that DTX treatment had no observable ef-
cence. This was most likely a result of the very low expression fect on the expression of PrP“ and CD35 by FDC within B cell
level of CD11c by the cells with these tissues and the effects of follicles in the spleens (Fig. 2) and LNs (data not shown) of
the fixation and treatments used to prepare the epidermal and mice from each group. These data are consistent with the
dermal sheets on the epitope recognized by the anti-CD11c lack of expression of ltgax (which encodes CD11c) by FDC
mAD. [37]. Together, these data confirm that classical DCs are
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PrP°

specifically and significantly depleted in DTX-treated
CD11c¢-DTR — WT mice without affecting the status of LCs
in the epidermis or CD169" macrophages and FDCs in lym-
phoid tissues.
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Nonepidermal CD11c™ cell depletion impairs the
early accumulation of PrP> upon FDC in the
draining LN

Within weeks of exposure via skin scarification, ME7 scrapie
prions accumulate, first upon FDC within the draining LNs
and persist there at high levels until the terminal stages of dis-
ease [3, 4]. Therefore, we next determined the effect of classi-
cal DC depletion on the transfer of prions from the skin to
the draining LN. Eight weeks after bone marrow reconstitu-
tion, CD11¢-DTR — WT mice were injected with DTX to de-
plete their CD11c" cells and 2 days later, were exposed to
ME?7 scrapie prions by skin scarification. DTX-treated WT —
WT mice and PB-treated CD11c-DTR — WT mice were used as
controls.

In this study, the normal cellular form of PrP is referred
to as PrP¢, and two distinct terms (PrP¢ and PrP) are used
to describe the disease-specific, abnormal accumulations of
PrP, which are characteristically found only in prion-af-
fected tissues. Prion disease-specific PrP accumulations are
relatively resistant to PK digestion, whereas cellular PrP¢ is
destroyed. As a consequence, PK-resistant PrP (referred to
as PrP>¢) can be used as a biochemical marker for the pres-
ence of prions [11]. Unfortunately, the treatment of histo-
logical sections with PK destroys the tissue microarchitec-
ture. Therefore, on histological sections, where PK was not
applied, we refer to these disease-specific PrP accumulations
as PrP. However, to confirm the presence of PrP*, adja-
cent sections were applied to nitrocellulose membrane
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CD45R/CD35/PrP°

Figure 2. Treatment of CD11¢-DTR —
WT mice with DTX does not affect the
status of FDC. IHC analysis of the expres-
sion of CD35 (red) and PrP® (blue) sug-
gested no observable effect of DTX treat-
ment on the status of FDC in the B cell
follicles (CD45R-expressing cells; green)
in spleens from CD11c-DTR — WT mice.
Data are representative of tissues from at
least three mice/group. Original scale
bar = 100 wm.

treated with PK and subsequently analyzed by PET immuno-
blot [32]. We have repeatedly shown in a series of studies
that these PrP®/PrP% accumulations occur only in prion-
infected tissues and correlate closely with the presence of
ME7 scrapie prions [3, 7, 9, 10, 19, 35].

By 5 weeks after prion exposure, PrP? accumulations, consis-
tent with localization upon FDC within B cell follicles, were
detected in the draining LLNs from control mice (DTX-treated
WT—WT mice and PB-treated CD11c-DTR—WT mice; n=3/
group; Fig. 3A and B). PET immunoblot of adjacent histologi-
cal sections confirmed the presence of high levels of PrP>
upon FDC in tissues from control mice (Fig. 3Ai and ii for tis-
sues from DTX-treated WI—WT mice and PB-treated CD11c-
DTR—WT mice, respectively). In contrast, in the absence of
nonepidermal CD11c™" cells at the time of prion exposure,
PrP%¢ accumulation, within the draining LN, was impaired. No
PrP*¢ was observed upon FDC in the draining LNs from two of
three DTX-treated CD11c-DTR — WT mice (Fig. 3Aiv). Thus,
in the absence of classical DC at the time of prion exposure,
the early propagation of prions from the skin to the draining
LN was impaired.

Effect of classical DC depletion on prion
neuroinvasion

We next determined the effect of nonepidermal CD11c™ cell
depletion on prion disease susceptibility. All control mice
(DTX-treated WT—WT mice and PB-treated CD11c-
DTR—WT mice) succumbed to clinical prion disease with sim-
ilar incubation periods, ~325 days after exposure (n=7/
group; Table 1). In contrast, in the absence of classical DC at
the time of exposure, survival time was delayed, as DTX-
treated CD11c¢-DTR — WT mice succumbed to clinical prion
disease, ~20 days later than control mice (Table 1), although
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Figure 3. Prion accumulation in the draining LN is impaired in the
absence of nonepidermal CD11" cells at the time of exposure. Eight
weeks after bone marrow reconstitution, CD11¢-DTR — WT mice were
injected with DTX to deplete their CD11c* cells, and 2 days later,
mice were exposed to ME7 scrapie prions by skin scarification. DTX-
treated WT — WT mice and PB-treated CD11¢-DTR — WT mice were
used as controls. Draining LLNs were collected 35 days postinfection
(n=3 mice/group). (A) PET immunoblot analysis confirmed the pres-
ence of PK-resistant PrP% (blue,/black) upon FDC (arrows) in the
draining LNs of control mice (DTX-treated WT—WT mice, i; PB-
treated CD11c-DTR—WT mice, ii). In contrast, no PrP5¢ was detected
in two of three of the LNs from the DTX-treated CD11¢-DTR — WT
mice, which lacked nonepidermal CD11c ™" cells at the time of expo-
sure (iv), whereas some PrP% was detected in the remaining LN from
this treatment group (iii). (B) PrP% detected in boxed areas in A is
shown at greater magnification. IHC analysis confirmed that the PrP?
(red, top panels) was in association with FDC (CD21/35-expressing
cells; red, middle panels) in the B cell follicles (CD45R-expressing
cells; red, bottom panels) in LNs from control mice (DTX-treated
WT—WT mice) and PB-treated CD11c-DTR — WT mice. Original
scale bars = 500 um (A); 100 um (B).

the increase in survival time was not significantly different
when compared with controls (P<0.099, Kruskall Wallis non-
parametric ANOVA; n="7/group).

Characteristic spongiform pathology, astrogliosis, microglio-
sis, and PrP> accumulation, typically associated with terminal
infection with ME7 scrapie prions, were detected in the brains
of each group of mice (Fig. 4A). Furthermore, the severity and
distribution of the spongiform pathology within the brains of
each group of mice were likewise typical of mice clinically af-
fected with ME7 scrapie prions (Fig. 4B). Thus, CD11c" cell
depletion at the time of prion exposure did not influence the
magnitude or distribution of the neuropathology within the
brains of clinically affected mice.
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Specific depletion of langerin™ cells

Next, we used langerin-DTR mice [21] to study the potential
role of langerin™ cells in prion neuroinvasion from the skin.
In the skin, langerin (CD207) is expressed by the LC and der-
mal DC populations. Consistent with previous data [21], each
of these populations is almost completely and significantly ab-
lated in langerin-DTR mice within 2 days after DTX treatment
(Fig. 5A; P<0.00001 for LC and langerin™ dermal DC popula-
tions). However, whereas each cell population is depleted rap-
idly after DTX treatment, the langerin* dermal DCs repopu-
late the skin within 2 weeks after treatment. The LCs remain
depleted for several weeks (Fig. 5B). As anticipated, IHC analy-
sis suggested that there was no observable difference on the
effects of DTX treatment of langerin-DTR mice on the expres-
sion of PrP“ and CD35 by FDCs in the LNs (Fig. 5C) and
spleen (data not shown).

Effect of langerin™ cell depletion on prion
pathogenesis

Next, we determined the effect of langerin™ cell depletion
on the propagation of prions from the skin to the draining
LN. Groups of langerin-DTR mice were injected with DTX
to specifically deplete their langerin™ cells. DTX-treated WT
mice and PB-treated langerin-DTR mice were used as con-
trols. Two days later, mice were exposed to ME7 scrapie pri-
ons by skin scarification. By 5 weeks after prion exposure,
PrPS¢ accumulations, consistent with localization upon FDC,
were detected in the draining LNs from each group of mice
(Fig. 6). These data clearly show that langerin™ cell deple-
tion did not impair the early accumulation of prions within
the draining LN.

We next determined the effect of langerin™ cell depletion
on prion disease susceptibility. Our data show that langerin™
cell depletion had no significant effect on the spread of prions
to the brain, as all mice succumbed to clinical prion disease
with similar incubation periods (Table 2). Furthermore, the
neuropathology within the brains of mice from each group
was similar and typical of mice clinically affected with ME7
scrapie prions (Fig. 7). Together, these data clearly demon-
strate that the specific depletion of langerin™ cells does not
influence prion neuroinvasion after exposure by skin scarifica-
tion.

TABLE 1. Effect of Nonepidermal CD11c* Cell Depletion on
Prion Disease Susceptibility

Mean incubation

period
Group Treatment” Incidence” (days) = Sk
WT —WT DTX 7/7 328 +7
CD11¢DTR — WT PBS 7/7 324 = 10
CD11cDTR — WT DTX 7/7 347+ 5

“ Mice were treated with DTX, 2 days before infection with ME7
scrapie prions via skin scarification. ” Incidence, Number of animals
affected with clinical prion disease/number of animals tested.
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Figure 4. Effect of CD11" cell depletion on the development of neu-
ropathology within the brain. Eight weeks after bone marrow reconsti-
tution, CD11¢-DTR — WT mice were injected with DTX to deplete
their CD11c¢” cells, and 2 days later, mice were exposed to ME7
scrapie prions by skin scarification. DTX-treated WI' — WT mice and
PB-treated CD11c-DTR — WT mice were used as controls. Brains were
collected from clinically, scrapie-affected mice at the end of the exper-
iment and the neuropathology within each brain compared. (A)
Heavy accumulations of disease-specific PrP (brown, top row), reactive
astrocytes expressing GFAP (red, third row from top), high levels of
spongiform pathology (H&E, fourth row from top), and active micro-
glia-expressing Iba-1 (red, bottom row) were detected in the brains of
all clinically, scrapie-affected mice. Analysis of adjacent sections by
PET immunoblot analysis confirmed the presence of PK-resistant PrP*
(blue/black, second row from top). Original scale bars = 100 um un-
less indicated. (B) Pathological assessment of the spongiform change
(vacuolation) in brains from terminally scrapie-affected mice. Vacuola-
tion was scored on a scale of 0-5 in the following gray matter areas:
G1, dorsal medulla; G2, cerebellar cortex; G3, superior colliculus; G4,
hypothalamus; G5, thalamus; G6, hippocampus; G7, septum; G8, retro-
splenial and adjacent motor cortex; G9, cingulate and adjacent motor
cortex. Data are representative of tissues from seven mice/group.
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Figure 5. Effect of DTX treatment on the status of langerin™ cells in
the skin and FDCs in the LNs of langerin-DTR mice. (A) Epidermal
LCs and langerin® dermal DCs are significantly depleted within 2 days
(d 2) after DTX treatment of langerin-DTR mice. Histograms show
the effects of DTX treatment on the mean number of LCs in the epi-
dermis and langerin* DCs in the dermis (expressed as mean no.
cellstsp/450X450 um field of view). In each instance, three mice/
group were analyzed and data collected from four images/mouse. (B)
Epidermal LCs and langerin™ dermal DCs remain depleted in lan-
gerin-DTR mice until at least 14 days after DTX treatment. (C) No
observable effect of DTX treatment on the status of FDCs in LNs from
langerin-DTR mice was observed. Data are representative of tissues
from at least three mice/group. Original scale bars = 100 um.

Determining the fate of PrP*° after infection by skin
scarification

To track the cellular sites of PrP%¢ uptake within the skin after
infection by skin scarification, highly PrP%“-enriched, scrapie-
associated fibrils were isolated from the brains of mice with
clinical prion disease and fluorescently tagged with Alexa-Fluor

Volume 91, May 2012 Journal of Leukocyte Biology 823



langerin-DTR langerin-DTR

A WT + DTX

+PB +DTX

PrP*

langerin-DTR
WT + DTX +PB

langerin-DTR
+DTX

Prp*

CD21/35

CD45R

Figure 6. No effect of langerin™ cell depletion on the early accumula-
tion of prions in the draining LN. Langerin-DTR mice were injected
with DTX to deplete their langerin™ cells, and 2 days later, mice were
exposed to ME7 scrapie prions by skin scarification. DTX-treated WT
mice and PB-treated langerin-DTR mice were used as controls. Drain-
ing LNs were collected 35 days postinfection (n=3 mice/group). (A)
No effect of langerin™ cell depletion on the early accumulation of
PrP5¢ (blue/black) upon FDC (arrows) within the draining LN was
observed. (B) Boxed area in A is shown at greater magnification. Anal-
ysis of adjacent sections confirmed that the PrP? (red, top panels) was
in association with FDC (CD21/35-expressing cells; red, middle pan-
els). Original scale bars = 500 um (A); 100 um (B).

546 dye (Fig. 8A), as described [26], to enable their visualiza-
tion in tissues by immunofluorescent confocal microscopy
(Fig. 8B). Following fluorescent-tagging, PK treatment, and gel
electrophoresis, PrP*® samples were analyzed by silver-staining
(Fig. 8A, left panel), fluorograph (Fig. 8A, middle panel), and
PrP-specific immunoblot (Fig. 8A, right panel). Although com-
parison of the silver-stained gel with the immunoblot indicated
that there were many other proteins besides PrP* in the non-

TABLE 2. Effect of langerin® Cell Depletion on Prion Disease

Susceptibility
Mean incubation
period
Mouse strain Treatment” Incidence” (days) = sk
WT DTX 8/8 350 = 12
Langerin-DTR PBS 8/8 3326
Langerin-DTR DTX 7/7 347 =7

“ Mice were treated with DTX, 2 days before infection with ME7
scrapie prions via skin scarification. * Incidence, Number of animals
affected with clinical prion disease/number of animals tested.
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Figure 7. Effect of langerin™ cell depletion on the development of
neuropathology within the brain. Langerin-DTR mice were injected
with DTX to deplete their langerin™ cells, and 2 days later, mice were
exposed to ME7 scrapie prions by skin scarification. DTX-treated WT
mice and PB-treated langerin-DTR mice were used as controls. Brains
were collected from clinically, scrapie-affected mice at the end of the
experiment and the neuropathology within each brain compared. (A)
Heavy accumulations of disease-specific PrP (brown, top row), reactive
astrocytes expressing GFAP (red, third row from top), high levels of
spongiform pathology (H&E, fourth row from top), and active micro-
glia-expressing Iba-1 (red, bottom row) were detected in the brains of
all clinically, scrapie-affected mice. Analysis of adjacent sections by
PET immunoblot analysis confirmed the presence of PK-resistant PrP%
(blue/black, second row from top). Original scale bars = 100 wm un-
less indicated. (B) Pathological assessment of the spongiform change
(vacuolation) in brains from terminally scrapie-affected mice. Vacuola-
tion was scored on a scale of 0-5 in the following gray matter areas:
G1, dorsal medulla; G2, cerebellar cortex; G3, superior colliculus; G4,
hypothalamus; G5, thalamus; G6, hippocampus; G7, septum; G8, retro-
splenial and adjacent motor cortex; G9, cingulate and adjacent motor
cortex. Data are representative of tissues from seven to eight
mice/group.
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Figure 8. Histolopathological analysis of the distribution of PrP%
within the skin after exposure via scarification. (A) Highly PrPSen-
riched, scrapie-associated fibrils were isolated from the brains of mice
with clinical prion disease and fluorescently tagged with Alexa-Fluor
546 dye as described [26]. Following PK treatment and gel electropho-
resis, samples were analyzed by silver-staining (left panel), fluorograph
(panel), and PrP-specific immunoblot (right panel). Fluorograph anal-
ysis confirmed that in the PK-treated samples, the Alexa-Fluor 546 dye
was bound only to PrP%c. After PK treatment of PrP*, a typical three-
band pattern was observed between molecular mass values of 20 and
30 kDa on the PrP-specific immunoblot and the fluorograph, repre-
senting unglycosylated, monoglycosylated, and diglycosylated isomers
of PrP (in order of increasing molecular mass). Figures above gels rep-
resent individual preparations. (B) Mice were exposed to Alexa-PrP
by skin scarification and ears collected at the times indicated and tis-
sues analyzed by confocal microscopy. Whole-mount IHC analysis of
epidermal and dermal ear skin sheets from the site of scarification
suggested that there was no direct association of L.Cs in the epidermis
(upper panels) or langerin™ cells in the dermis (lower panels) with
the Alexa-PrPc. (C) IHC of whole-mount, immunostained sheets pre-
pared from Alexa-PrP5-exposed mice suggested that the PrP% (red,
left panel) was associated with the intercellular spaces between keratin-
ocytes where the ZO-1-expressing tight junctions are located (white,
right panel). Data are representative of tissues from four mice/group.
(B) Original scale bars = 50 wm (upper panels) and 100 u m (lower
panels); (C) 20 um.

PK-treated (—) samples, fluorograph analysis confirmed that
in the PK-treated (+) samples, the Alexa-Fluor 546 dye was
bound only to PrP%“. The PK-treated Alexa-Fluor 546 dye-la-
beled PrP*¢ preparations are referred to as Alexa-PrP> hereaf-
ter and used in the experiments below.

Immunofluorescent confocal analysis showed that Alexa-
PrP>¢ was readily detected within the skin at the site of scarifi-
cation within 15 min of exposure and was observable for up to
at least 24 h (Fig. 8B and Supplemental Fig. 1B). We therefore
determined whether the Alexa-PrP° was acquired by LCs in

the epidermis or langerin+ cells in the dermis. IHC analysis
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suggested that there was no direct association of LCs with the
Alexa-PrP% (Fig. 8B). Similarly, no association of Alexa-PrP>
with langerin™ cells in the dermis was observed. Taken to-
gether, these data clearly show that langerin ™
quire PrP®¢ after exposure. These data are congruent with
data above showing that the specific depletion of langerin™
cells does not influence prion neuroinvasion from the skin. As

cells do not ac-

it would not be possible to definitively determine where any
Alexa-PrP%“bearing cells within the draining LN had acquired
the PrPS¢, FACS analysis of LNs from Alexa-PrPSC-eXposed
mice was not undertaken. Any Alexa-PrP* associated with
mononuclear phagocytes in the draining LN may have been
acquired: by cells within the skin before their subsequent mi-
gration to the LN; after the cell-free dissemination of Alexa-
PrP%¢ to the LN; or simply, acquired by bystander cells during
preparation of cell suspensions for FACS analysis.

Cells within the epidermis are sealed by tight junctions that
help to protect the skin from water and solute transfer, patho-
gens, and particulate antigens [38]. Closer scrutiny of epider-
mal sheets prepared from Alexa-PrPS-exposed mice suggested
that some of the PrP> was associated with the intercellular
spaces between keratinocytes, where the tight junction barrier
(as revealed by ZO-1) was located (Fig. 8C).

Further histological analysis of scarified skin demonstrated a
peracute-localized dermatitis at the site of scarification by 15
min after treatment, which was more pronounced by 2 h when
the presence of an inflammatory exudate was noted (Supple-
mental Fig. 1A). Neutrophils were sparsely distributed within
skin from control mice and were rare within the skin in re-
gions distal from the site of exposure. However, a prominent
infiltration of neutrophils into the site of scarification was ob-
served at 2 h (Supplemental Fig. 1A). This observation was
consistent with the up-regulation of many genes associated
with neutrophil chemotaxis and function identified from the
microarray analysis of skin collected 2 h after scarification
when compared with intact (control) skin (Supplemental Ta-
bles 1 and 2). These data clearly show that scarification leads
to the up-regulation of genes encoding neutrophil chemoat-
tractants, which stimulate the rapid migration of neutrophillic
granulocytes to the lesion site. Indeed, a significant influx of
neutrophils was observed within the site of exposure in close
association with the Alexa-PrP*¢ (Supplemental Fig. 1B).

DISCUSSION

How prions are propagated from the skin to the draining LN
after exposure via skin scarification is uncertain. Data in this
study clearly demonstrate that langerin™ cells, including LCs
and langerin™ classical DCs, do not play a role, as their spe-
cific depletion did not influence prion pathogenesis. These
data are congruent with data from our previous study, which
suggested that prion neuroinvasion from the skin was not in-
fluenced when LC migration from the skin was impeded [23].
However, our data show that the depletion of a nonepidermal
CD1lc" cell population impaired the early accumulation of
prions in the draining LN. Histological and microarray analysis
of the skin demonstrated that scarification resulted in the up-
regulation of many genes associated with the activity of neutro-
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phillic granulocytes. As a consequence, neutrophils were abun-
dant within the scarification site and in close association with
PrPSc. Whether neutrophils may likewise influence prion neu-
roinvasion from the skin is uncertain and remains to be deter-
mined. However, the possibility that prions may also be deliv-
ered to the draining LN independently of CD11c" cells or
cell-free—for example, as a complement-opsonized complex—
cannot be excluded. Together, these data suggest that the
propagation of prions from the skin to the draining LN occurs
via dermal classical DCs, independently of langerin™* cells.
However, the influence of other langerin™ cell-independent
mechanisms cannot be excluded entirely. Identification of the
precise cellular and molecular mechanisms by which prions
are propagated from the site of exposure to the draining lym-
phoid tissues in which they replicate before neuroinvasion may
identify novel factors that influence disease susceptibility or
targets for intervention in peripherally acquired infections.
The identity of the CD11c" langerin™ cell population that
influences the propagation of prions from the skin is uncer-
tain, and further studies are necessary to address this issue.
Unfortunately, it was only practically possible to use the
CD11c¢-DTR mice as bone marrow donors to create CD11c-
DTR — WT mice, as CD11c-DTR mice (alone) develop a
spontaneous lethality, ~7 days after DTX treatment. This af-
fect is not observed in Langerin-DTR mice, even after multiple
doses of DTX [21]. As a consequence, we were unable to study
prion pathogenesis in the temporary absence of all CD11c¢*
cell lineages at the time of exposure. The dermal classical DCs
have been shown to be highly mobile and to continuously sur-
vey the dermis to detect pathogens [39]. Thus, it is plausible
that CD11c" langerin~ DCs migrating through the dermis
may likewise acquire prions and deliver them to FDCs within
the draining LN. Alternatively, it has been reported that classi-
cal DCs may also promote prion transfer directly to neurons
[40]. Interactions between classical DCs and the peripheral
nervous system have been described [41, 42]. Studies have also
shown that bone marrow-derived DCs can form tunneling,
nanotube-like structures when cocultured with primary neu-
rons facilitating the intracellular transfer of prions between
these cells [26, 43]. However, whether classical DCs do play an
important role in the transfer of prions from the immune to
the peripheral nervous system in vivo is uncertain, as subse-
quent data suggested classical DCs, B cells, or other mononu-
clear cells were unlikely to have a major influence [44].
Chemokines and chemokine receptors play important roles
in attracting classical DCs to the draining LNs and controlling
their positioning within them. The chemokines CCL19 and
CCL21 are constitutively expressed within the LN T cell zones
and mediate the homing of chemokine receptor CCR7-ex-
pressing, naive T cells and classical DCs into these regions
[45]. Data show that prion pathogenesis after s.c. exposure is
not affected in plt/plt mice with impaired, CCL19/CCL21-me-
diated classical DC migration into T cell zones [46]. These
data are consistent with other studies showing that prion dis-
ease pathogenesis is not influenced in mice deficient in T cells
[36, 47-49]. In contrast, the chemokine CXCL13 is highly ex-
pressed by FDCs and adjacent follicular stromal cells in the B
cell follicles and modulates the homing of CXCRb-expressing
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B cells into these regions [50]. Dermal DCs migrating from
the skin also express high levels of CXCR5 and migrate into
the FDC-containing B cell follicles in response to CXCL13
stimulation [51]. The precise fate of the prions, following
their uptake and transport to the draining lymphoid tissue via
DGs, is uncertain. Whether the production of CXCL13 by FDC
stimulates the migration of prion-bearing, CXCR5-expressing
classical DCs directly into the B cell follicles, leading to the
subsequent infection of FDC, remains to be determined.

Certain tissue macrophage populations, such as those in the
peritoneal cavity, the lamina propria of the intestine, the SCS,
and the splenic marginal zone, also express low levels of
CD1lc. Accordingly, these macrophage populations are like-
wise depleted in CD11c¢-DTR mice [52, 53]. The SCS macro-
phages appear to be specialized to capture antigen-containing
immune complexes arriving in the LN via cell processes that
they extend into the lumen of the SCS [54-58]. The SCS mac-
rophages are a distinct, poorly endocytic and degradative mac-
rophage subset [58]. In contrast to other macrophage subsets,
SCS macrophages retain immune complexes on their surfaces
for rapid translocation through the SCS floor to underlying
follicular B cells. These B cells then acquire the immune com-
plexes via their CRs and deliver them to FDCs. The shuttling
of immune complexes via the SCS macrophage-B cell cellular
relay represents an efficient route through which antigens are
delivered to FDCs. Prions are also considered to be acquired
by FDCs as complement-bound complexes [34, 59-61]. These
characteristics suggest that SCS macrophages in LNs (and
their counterparts in the spleen) may also aid the delivery of
complement-bound prions to FDCs. Indeed, disease-specific
PrP has been detected in association with SCS macrophages in
the mesenteric LNs of prion-exposed sheep [62]. The SCS
macrophages and their counterparts in the splenic marginal
zone express high levels of sialoadhesin (CD169). Although
these cells are depleted efficiently and significantly in CD11c-
DTR mice [52, 53], our IHC analysis shows that in contrast to
classical DCs, CD169" cells were not depleted significantly in
DTX-treated, CD11c-DTR — WT mice. These data suggest that
the effects of DTX treatment on the early accumulation of pri-
ons within the draining LNs of CD11c-DTR — WT mice were
not a result of the depletion of CD169" CD11c" langerin
SCS macrophages.

Although classical DCs were efficiently depleted in DTX-
treated, CD11c-DTR — WT mice (Fig. 1B), the early accumu-
lation of prions within the draining LN was partially impaired,
and the mice succumbed to clinical prion disease. Further
studies using larger groups of CD11c-DTR — WT mice will be
required to determine whether the absence of a significant
effect on the onset of clinical disease was a result of variance
in the survival times of the DTX-treated mice. However, our
data suggest that other CD11c" cell-independent mechanisms
may also contribute to the propagation of prions from the skin
to the draining LN. Neutrophil infiltration was a prominent
feature after skin scarification. Large numbers of neutrophils
were observed within the site of scarification, in close associa-
tion with the Alexa-PrPS¢ (Supplemental Fig. 1), consistent
with the demonstration of PrP%¢ in association with neutro-
phils in the afferent lymph of sheep after exposure via the
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same route [63]. Of course, further studies, for example, using
neutropenic mice, are required to determine whether neutro-
phils influence prion neuroinvasion from the skin. The im-
paired prion accumulation in the draining LNs of DTX-treated
CD11c¢-DTR — WT is highly unlikely to be a result of deple-
tion of neutrophils, as these cells do not express CD11c and
are not depleted in DTX-treated CD11c-DTR mice [19, 64].

The possibility cannot be excluded that a significant fraction
of the prions in the initial inoculum may also be delivered to
the draining LN cell-free, for example, as a complement-op-
sonized complex. Analysis of the distribution of Alexa-PrP
within the layers of the skin after exposure suggested accumu-
lation between keratinocytes in regions associated with the
tight junction paracellular diffusion barrier (Fig. 8C). Thus, it
is plausible that disruptions to this barrier as a consequence of
scarification may lead to the penetrance of prions into the un-
derlying tissue and their dissemination via afferent lymph to
the draining LN.

In conclusion, our data suggest that the propagation of pri-
ons from the skin to the draining LN occurs via dermal classi-
cal DCs, independently of langerin™ cells. However, the influ-
ence of other langerin™ cellindependent mechanisms cannot
be excluded entirely. Indeed, the possibility that prions may
also be delivered to the draining LN cell-free, for example, as
a complement-opsonized complex within the afferent lymph,
cannot be excluded. Identification of the precise cellular and
molecular mechanisms by which prions are propagated from
the site of exposure to the draining lymphoid tissues, in which
they replicate before neuroinvasion, may pinpoint novel fac-
tors that influence disease susceptibility and targets for inter-
vention in peripherally acquired infections.
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