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Neurobiology of Disease

Protease-Resistant Human Prion Protein and Ferritin Are
Cotransported across Caco-2 Epithelial Cells: Implications
for Species Barrier in Prion Uptake from the Intestine

Ravi Shankar Mishra,* Subhabrata Basu,* Yaping Gu, Xiu Luo, Wen-Quan Zou, Richa Mishra, Ruliang Li, Shu G. Chen,
Pierluigi Gambetti, Hisashi Fujioka, and Neena Singh
Institute of Pathology, Case Western Reserve University, Cleveland, Ohio 44106

Foodborne transmission of bovine spongiform encephalopathy (BSE) to humans as variant Creutzfeldt-Jakab disease (CJD) has affected
over 100 individuals, and probably millions of others have been exposed to BSE-contaminated food substances. Despite these obvious
public health concerns, surprisingly little is known about the mechanism by which PrP-scrapie (PrP*°), the most reliable surrogate
marker of infection in BSE-contaminated food, crosses the human intestinal epithelial cell barrier. Here we show that digestive enzyme
(DE) treatment of sporadic CJD brain homogenate generates a C-terminal fragment simitar to the protemase K-resistant PrP* core of
27-30 kDa implicated in prion disease transmission and pathogenesis. Notably, DE treatment results in a PrP 5~ protein complex that is
avidly transcytosed in vesicular structures across an in vitromodel of the human intestinal epithelial cell barrier, regardless of the amount
of endogenaus PrPC expression. Unexpectedly._ PrP* is cotransported with ferritin, a prominent component of the DE-treated PrP %~
protein complex. The transport of PrP *—ferritin is sensitive to low temperature, brefeldin-A, and nocodazole treatment and is inhibited
by excess free ferritin, implicating a receptor- or transporter-mediated pathway. Because fertitin shares considerable homology across
species, these data suggest that PrP >-associated proteins, in particular ferritin, may facilitate PrP > uptake in the intestine fmm distant

species, leading to a carrier state in humans.
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Introduction

The transmission of sheep scrapie to cattle as bovine spongiform
encephalopathy (BSE) and its onward transmission to humans as
variant Crcutzfeldt—]akob disease (vCJD) attests to the remark-
ably persis ersistent and permeable nature of prions or PrP-scrapie
(PrP>°) across species barriers (Hill et al, 1998; Collinge, 1999;
Taylor, 2002). The BSE _epidemic is far from over despite the

concerted efforts of national, industrial, and regulatory agencies

across the world. An emerging threat is the continual spread of
chronic wasting disease in the deer and elk population in the
United States and the uncertainties regarding its transmission to
livestock and humans (Miller and Williams, 2003). As the sources
of PrP5°-contaminated food products continue to increase, it has
become increasingly critical to understand the mechanism- by
which PrP®, a protein with a protease-resistant core of 27-30
‘kDa and a major, if not the only, component of prion infectivity
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(Prusiner, 1998), maneuvers its way across the impermeable and
highly selective epithelial barrier of the human intestinal tract.
Retrospective examination of vCJD patients and animal mod-
els challenged orally with BSE-infected tissue show accumulation
of PrP % in the Peyer's patches, lymphoid tissue lining the gastro-
‘intestinal (Gl) tract, and peripheral and enteric nervous systems
{Bons et al., 1999; Beekes and McBride, 2000; Foster et al,, 2001;
McBride et al., 2001; Nicotera, 2001; Haik et al., 2003; Aguzziand
Polymcmdou. 2004). Uptake of PrP5 from the lumen of the
intestine is thought to be mediated by intestinal dendritic cells
and M-cells lining the mucosa, after which it undergoes replica-
tion in the gut-associated lymphoid tissue. Subsequent transport
to the CNS probably occurs along peripheral nerves (Heppner et

- al.,,'2001; Huang et al,, 2002; Aguzzi and Polymenidou, 2004).

However, a recent report demonstrating the absence of prion
infectivity in uMT and RAG1 ™'~ mice orally chillenged with
prions despite the presence of M-cells suggests that PrP ™ trans-

_port across the intestinal epithelial barrier is not limited to

M-cells and that additional pathways must exist (Prinz et al,
2003).

Thus, to fully understand the mechanism of PrP* uptakc
from contaminated food by the intestinal epithelial cells, we in-
vestigated the transport of human PrP from sporadic CJD brain
tissue (sCJD~PrP*) across a monolayer of Caco-2 cells with tight
junctions, representing an in vitro mode! of the human intestinal
epithelial cell barrier (Pinto et al., 1983). Here we show that pre-
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treatment of sCJD brain homogenate with digestive enzymes
(DEs), in particular stomach pepsin, generates a protease-
resistant C-terminal fragment similar to the proteinasc K (PK)-
resistant core of PrP>* (PrP27-30) implicated in the transmission
and pathogenesis of prion disorders (Prusiner, 1998). Unexpect-
edly, both PK and DE treatments generate a PrP *—protein com-
plex that includes ferritin as a major component, and the PrP -
ferritin complex is cotransported across Caco-2 cells in vesicular
structures. The transport of PrP*—ferritin complex is inhibited
by excess free ferritin, low temperature, and by treatment with
brefddin-A or nocodazole, implicating a receptor- or transporter-
mediated transcytotic path across Caco-2 cells. These data pro-
vide insight into the cellular mechanisms by which PrP ingested
with contaminated food crosses the intestinal epithelium and the
possibility of devising practical methods for blacking its uptake.

Materials and Methods

Materials and chemicals. Normal human brain tissue was obtained from
frozen samples from a 61-year-old female and diseased tissue from a
66-year-0ld male with a confirmed diagnosis of sCJD. Human colon
carcinoma cell lines Caco-2 (C2BBe1) (Peterson et al., 1992) and HT-29
were obtained from American Type Culture Collection (Manassas, VA).
The following anti-PrP antibodies were used in this study: 3F4 (residues
109and 112; Signet Laboratories, Dedham, MA), 8H4 (residues 175-185;
obtained from our facility), 8B4 (residues 37-44; obtained from our
facility), and 6H4 (residues 144--152; Prionics). The antibody against the
tight junction protein zonula occludens-1 (ZO-1) was purchased from
Zymed (San Frandisco, CA). Polyclonal anti-ferritin antibody was ab-
tained from Sigma (St. Louis, MO). RITC- and FITC-labeled secondary
antibodies were obtained from Southern Biotechnology (Birmingham,
AL). Sulfo-NHS-biotin and streptavidin-Texas Red were obtained from
Pierce {Rockford, IL). Cell culture supplies were obtained from Invitro-
gen (Carlsbad, CA). Pure human liver and spleen ferritin and all other
chemicals were obtained from Sigma.

Cell culture and preparation of epithelial cell monolayers. Caco-2 cells
were cultured in DMEM supplemented with 10% fetal bovine serum in 2
10% CO, atmasphere and passaged weekly. For preparing monolayers,
cells from a confluent flask were resuspended in DMEM at a cancentra-
tion of 2 X 10* cells/ml and added to the apical (AP) chamber of paly-
carbonate filters [Transwell; 12 or 24 mm diameter (1 and 4.7 cm?,
respectively); 3 pm pote size; Costar, Cambridge, MA]. The filters were
placed in & 12- or 6-well culture dish containing 0.6 or 1.2 ml of DMEM,
respectively. The medium was replaced every day until confluent mono-
layers with tight junctions developed (10-14 d). The integrity of tight
junctions was monitored by measuring transepithelial electrical resis-
tance (TEER) across the monolayer with a millicell-ERS instrument
{Millipore, Bedfard, MA) and by measuring the transfer of *H-inulin
from the AP to the basolateral (BL) chamber. Monolayers exhibiting a
TEER of >400 }/cm? and 2 *H-inulin transport of <0.01%/cm*/min
after 1 hr of incubation at 37°C were used for transport studies. For some
studies, M17 cells cultured on polylysine-coated glass coverslips were
placed in the BL chamber for the duration of the experiment.

Transfection of Caco-2 cells. The coding sequence of human PrP was
subdoned into the eukaryotic expression vector cep4B using the Nosl
and BamH] restriction sites as described previously (Petersen et al., 1996)
and transfected into Caco-2 cells with Lipofect AMINE according to the
manufacturer’s (Invitrogen, Grand Liland, NY) specifications. Trans-
fected cells were selected and maintained in selective medium (500 p1g/ml
hygromycin) at 37°C in a humidified atmosphere supplemented with
10% CO,.

Preparation of DE- and PK-treated brain hormogenates and immunopre-
cipitation. For sample preparation, 0.1 gm of brain tissue from the frontal
cortex was sonicated in | mi of PBS to obtain a2 10% homogenate. Treat-
ment with DEs was performed as described by Glahn et al. (1998). In
short, 0.5 ml of 10% normal homogenate (NH) or sCJD hamogenate
(CJDH) in PBS was treated with 200 U of salivary amylase at 37°C for 15
min. The pH of the sclution was adjusted 10 2.0 with 5.6 » HCI, and 0.05

~
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ml of pepsin (4095 U) was added. After additional rocking at 37°C

hr, the pH was raised 10 6.0 with 1 M sodium bicarbonate, and 0.2 ml of
pancreatin- bile extract was added (0.00185 gm of pancreatin and 0.011
gm of bile extract/ml of 0.1 M NaHCO,). The pH was raised to 7.4 with
6N sodium hydroxide, and 0.0084 m! each of 2 M NaCl and KCl solutions
was added. The mixture was again rocked at 37°C for 2 hr. At the end of
the digestion, the added enzymes were inactivated with 4 mm PMSF and
a mixture of protease inhibitors containing 10 g£g/ml each of leupeptin,
antipain, and pepstatin, and the digest was stored at —70°C for additional
use. The same mixture of protease inhibitors wes used throughout this
study.

For PK treatment, the homogenate was supplemented with lysis buffer
(1% NP-40, 0.5% sodium deoxycholate, 100 mm NaCl, and 10 mmM EDTA
in 20 mi Tris-HCl, pH 7.4) and treated with 50 pg/ml PK at 37°C for 1
hr. The reaction was terminated with 4 mm PMSF and a mixture of
protease inhibitors (described above), and the homogenate was frozen at
~70°C for additional use.

For immunopredpitation, untreated or PK- or DE-treated NHs and
sCJDHs were centrifuged at 3000 X g for 15 min at 4°C, and the super-
natant was subjected to immunoprecipitation with either anti-ferritin or
ans-PrP antibodies 6H4 or 8H4, as described previously (Mishra et al.,
2002). The protein complexes were cluted from protein A beads with low
pH glycine buffer, the pH was adjusted, and small aliquots of immune-
precipitated samples were frozen for additional use. Transport studies
were performed in duplicate with each of these samples simultaneously
to minimize experimental error.

Purification of PrP* from sCJD brain homogenate. For the isolation of
purified PrP <, 0.3 gm of sCJD brain sample was homogenized in PBS to
yield 2 10% homogenate and biotinylated with 1 mg/ml sulfo-NHS-
biotin (Pierce) overnight at 4°C. Excess biotin was quenched with 50 mm
glycine and by washing three times with PBS in a centricon with 2 3kDa
cutoff. Biotinylated CJDH was supplemented with an equal volume of
2X lysis buffer and centrifuged at 890 X g for 10 min to pellet large
sggregates (P1). The recovered supernatant (S1) was ultracentrifuged at
100,000 X gfor 1 hr at 4°C to obtain the pellet P2, which was resuspended
again in lysis buffer and recentrifuged to obtain the pellet P3. At this
stage, the pellct was redissolved in TNSS buffer (10 mx Tris, 1 mm EDTA,
1 mm DTT, 1% sercosy], and 135 mm NaCl) and treated with 50 ug/ml PK
at 37°C for 1 hr. The reaction was stopped with 4 mm PMSF and the
mixture of protease inhibitors and subjected to an additional round of
ultracentrifugation at 200,000 X g for 2 hr to obtain the PrP %-rich pellet
fraction P4. The pellet P4 was resuspended again in TNSS buffer and
recentrifuged at the same speed to obtain sequentially pellet fractions PS
and Pé. [n paralle], normal brain tissue was subjected to a similar treat-
ment and used as a coutrol for transport and binding experiments. The
pellet P6 obtained from both sCJD and normal brain tissue was resus-
pended in 100 g of PBS and sonicated with an equal volume of 20%
purified human brain total lipid extract obtained from Avanti Polar Lip-
ids (Alabaster, AL) to yn:ld a 109 lipid-protein mixture. The resulting
NHP4=_ gnd CJDH P~ brain lipid suspeasions were diluted in PBS
cantaining 1% BSA and used for binding and competition experiments.

Measurement of PrP* transport, In a typical experiment, monotayers of
Caco-2 cells were washed with serura-free medium, and 20 zd of sample
dissolved in 1 ml of serum-free medium was added ta the AP chamber.
The sample consisted of NH or CJDH that was untreated, PX or DE
treated, or DE treated and mixed with 10 um PrP peptide 106126, The
inserts were placed in a 6-well dish containing 1.2 ml of serum-free
medium and incybated overnight at 37°C. Subsequently, AP and BL
media samples were collected and centrifuged to pellet cell debris, and
proteins from the supernatant were isolated by cold methanol precipita--
tion. For preparation of cell lysate, cells on monolayers were treated with
lysis buffer, and proteins were precipitated as above. AR samples were
beiled in sample buffer, resolved by SDS-PAGE, clectroblotted to a poly-
vinylidene diftuoride (PVDF) membrane, and probed with specific
antibodies.

Quantitative analysis was performed by measuring the total raw den-
sity of PrP** bands in the AP and BL medium from duplicate samples.
Each experiment was repeated five to eight times, and the statistical sig-
nificance was cvaluated by Student’s 1 test.
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Silver staining of total pr After SD5-PAGE, proteins were stained
with the silver staining kit according to the instructions provided by the
manufacturer (Bio-Rad, Hercules, CA).

Comipetitive inhibition experiments. Caco-2 monolayers cultured on
filter inserts were cut out with 2 sharp scalpel and inverted with the cell side
down on 16 gl of NH™™ or CJDH "™ suspension mixed in 84 gl of PBS
containing 196 BSA or 0, 0.5, 1.0, and 1.5 pg/ml human spleen or liver
ferritin dissolved in the same buffer. After a 30 min incubation on ice, filters
were removed and washed gently in ice-cold PBS. Subsequent incubation
with the specified sample was performed similarly. The cells were then fixed
with 49 paraformaldehyde, immunostained as such on filters, and mounted
with the cell side facing the coverslip for confocal microscopy.

Immunostaining and confocal microscopy. Cells were cultured on poly-
p-lysine-coated glass coverslips or on transparent Transwell filters. After
a particular experimental treatment, cells were fixed and processed for
staining or first permeabilized with Triton X-100 and reacted with one of
the following primary antibodies: monoclonal anti-PrP 8H4 (1:20),
polyclonal rabbit anti-ferritin (1:20), or polyclonal anti-ZO-1 (1:20),
followed by RITC- or FITC~conjugated appropriate {mouse or rabbit)
secondary antibodies as described previously (Gu et al, 2003a,b).
Streptavidin-Texas Red was used at a concentration of 1:40. Immuno-
stained cells were mounted in gel mount and observed using a laser-
~ scanning confocal microscope (Bio-Rad MRC 600). Horizontal sections
were imaged using a 60X objective, and 8 magnification of 1.0 or 2.5 at
different depths beginning from the top of the cells until the filter pores
were visible. Vertical images were captured similarly using one filter at a
time (green or red). Selected samples were reexamined znd imaged using
the LSM 5105 confocal microscope (Zeiss, Oberkochen, Germany).

Electron microscopy (transmission electron microscopy). Caco-2 cells on
filter inserts were exposed to 8H4-immunoprecipitated CJDH-~PrP ¥ for
2 br and fixed in 2 buffer containing glutaraldehyde (2.5%), paraformal-
dehyde (296), and sucrose (4%6) in phosphate buffer (0.05 M, pH 7.4) for
2 br. Cell monolayer on the filter was cut out of the inserts and postfixed
with 196 osmium tetroxide for 1 hr, followed by 30 min of en bloc staining
with 196 aqueous uranyl acetate. Cells were then dehydrated in ascending
concentrations of cthanol and embedded in Epon 812. Ultrathin sections
were treated with 1% periodic acid for 4 min and stained with 29 uranyl
acetate and lead citrate in 50% methanol. Processing of the 8H4-
immunoprecipitated material was similar, with the modification that the
sample was fixed, osmicated and treated with uranyl acetate in solution,
and embedded in agar by centrifugation on a 1.5% agar block in an
Eppendorf tube. The Eppendorf tube was then cut open with 2 blade, and
the pellet embedded in agar was dehydrated and processed as above. All
samples were examined using 2 CEM902 electron microscope (Zeiss).

Results
Human sCJD-PrP * is partially proteolyzed by DEs
PrP* ingested with contaminated meat is exposed to the harsh

environment within the GI tract before uptake by the lining epi-

thelium: During this process, the effect of DE and variable pH on
the structure and stability of PrP€ and PrP are not known. To
address this question, samples of NH and CJDH were subjected
to sequential treaunent with DE to simulate the in vive condi-
tions. Beginning with amylase at pH 7.4, the homogenates were
sequentially treated with pepsin at pH 2.0, followed by pancreatin
and bile extract at pH 6.0.

The effect of DE on PrP* was compared with conventional
PK treatment by subjecting mock-treated, PK-treated, and DE-
treated samples to Western blot analysis with anti-PrP antibody
3F4. Mock-treated NH reveals the diglycosylated, monoglycosy-
lated, and unglycosylated forms of PrP © migrating at 35-37, 28—
30, and 27 kDa respectively (Fig. 14, lane.1). Similar glycoforms
are detected in mock-treated CJDH, although the ratio of the
three glycoforms is altered (Fig. 14, lane 4). Treatment with PK
or DE results in complete proteolysis of PrPC in NH (Fig. 14,
lanes 2, 3), whereas CJDH samples show faster migrating forms of
27-30 and 19 kDa, consistent with the migration of infectious
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Figure 1. Human sOD—PrP* is partially proteolyzed by DEs. 4, Immunablotting of NH and
UDH with 374 shows the three glycoforms of PrP migrating at 3537, 28 —30,2nd 27 kDa {lanes
1, 4). Treatment of NH with PK o DE results in almaost complete digestion of PrP  (fanes 2, 3},
whereas simiac treatment of CDH results in N-teminally truncated PrP™ forms migrating at
19-30kDa (tanes S, 6). 8, Densitometricanalysis indicates hydrolysis of 97~98% of PrP in KH
by PK ox DE, whereas PrP *in (IDH shows limited resistance to PK {68%) and DE (75%).

and pathogenic PK-resistant PrP > (Fig. 1 A, lanes 5, 6). Although
this outcome is expected after PK treatment of CJDH, the gener-
ation of similar glycoforms with DE is noteworthy, suggesting
comparable cleavage of PrP> by the two procedures. Additional
confirmation of DE-mediated cleavage of PrP 5 was obtained by
reblotting PK- and DE-treated CJDH samples with antibodies
specific to the N or C terminus of PrP. As expected, there was no
immunoreaction with the N-terminal antibody 8B4 and strong
reactivity with C-terminal antibody 8H4 (data not shown). Bval-
uation of sC]D brain homogenate after treatment with individual
DEs revealed that the dleavage of PrP>° is mediated by pepsin at
pH 2.0 (data not shown).

Quantitative estimation of the above results shows that 2 and
3% of PrP in NH samples and 68 and 75% of PrP in CJDH
samples resist PK and DE treatment, respectively (Fig. 1 B). Thus,
by the time ingested PrP*-contaminated meat reaches the intes-
tine, almost all of PrP € is proteolyzed, and PrP5¢ is converted to
the protease-resistant C-terminal core of 27-30 kDa.

DE-treated sCJD<PrP > is transported across Caco-2
epithelial cells
The transport.of PrP€ and PrP™ in NH and CJDH across intes-

tinal epithelial cells was assessed in an in vitro model comprising

Caco-2 cell monelayers with tight junctions (Pinto et al., 1983).
For all éxperiments, Caco-2 monolayers exhibiting a TEER of
>400 f}/cm?* and *H-inulin transport from the AP chamber to
the BL chamber of <0.01%/cm*/min were used. Transport of
’H-inulin was compared before and after each treatment to rule
out any toxic effects of the homogenate or PrP* during the ex-
periment. Each sample was tested in duplicate, and each experi-
ment was repeated at least five times.

In a typical experiment, 20 gl of NH or CJDH that had been
mock treated, PK treated, DE treated, or DE treated and mixed
with the PrP peptide 106126 (10 M) was added to the AP
chamber of Caco-2 monolayers in serum-free medium and incu-
bated overnight at 37°C. Subsequently, medium was collected
from the AP and BL chambers, and methanol-precipitated prao-
teins from the media and cell lysate samples were fractionated by
SDS-PAGE, transblotted to a PVDF membrane, and probed with
3F4. In the NH sample, practically all of the added PrP is recov-
ered from the AP medium, indicating negligible transport to the
BL chamber (Fig. 2A, lanes 1-3). As expected, NH-PK and
NH-DE samples show barely detectable Prl signal in the AP or
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Figure 2. Df-treated sCID-PeP * Is transported across Caco-2 epithetial cells. An aliquot of mock-treated, PK-treated, or
DE-treated NH or (JOH was added to the AP chamber of Caco-2 monolayers, and PP ransported to the Bt chamber was estimated
after an ovemnight incubation. 4, immunoblotting of proteins from the AP and BL media with 3F4 shows no detectable PrP signal
in the BL charnber of cells exposed to mock-treated (tanes 2, 3), PK-treated (Janas 4, S), or DE-treated (fanes 6—9) NH. 8, In
contrast, a significant PrP signal is detected in the BL chamber of cells exposed to mock-treated {fanes 11, 12), PK-treated (lanes
13, 14), or DE-treated (lanes 15—18) UDH. PrP peptide 106 ~126 (Tx-pep) ks not transported to the BL chamber when mixed with
either DE-treated NH (A; lanes 8,9, arrowhead) or Of-treated CUDH (B; lanes 17, 18, arowhead). Lanes 1 and 10 show PrP reactivity
In the starting NK and UIDH samples, respectively. {, Measurement of total raw density of PrP signal indicates minimal transport
of PrP from mock-treated KH. In PX-treated and DE-treated NH samples, as expected, minimal PrP signal is detected. In contrast,
a prominest PeP signat is detected in the AP and BL chambers of monolayers exposed to similarly treated (JDH samples (lane
numbers correspond ta samples in A and 8). D, Quantitative estimation shows transport of 14, 8.5, and 42% of Prf from the AP
chamber %a the BL chamber from modk-treated, PK-treated, and BE-treated CIOK, respectively. Transport of *H-inulin was
<0.01%/cm */min before and afier the mmpletion of each experiment. The erar bar represents the mean = SD of four exper-
iments.p <001,
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Figure 2, C and D, respectively. In the
mock-treated NH sample, almost all PrP is
recovered from the AP chamber, with in-
significant transport to the BL chamber
(Fig. 2C, lanes 2, 3). In the PK- and DE-
treated NH samples, as expected, barely
any PrP is detected in the AP or BL cham-
bers (Fig. 2C, lanes 4-7). In contrast, a sig-
nificant proportion of PrP* from the
CJDH samples is transported from the AP
to the BL chambers (Fig. 2C, lanes 11-16),
representing a transport of 14, 8.5, and
42% of PrP* from mock-treated, PK-
treated, and DE-treated C)DH, respectively
(Fig 2D, lanes 11-16), The transport of *H-
inulin across the same monolayer is
<0.01%/cm?*/min in 1 hr at 37°C (Fig. 2D),
confirming the integrity of tight junctions
under these experimental conditions,

Overexpression of PrP€ does not alter
the transport of sCJD-PrP * across
Caco-2 cells
To evaluate whether the level of PIP€ ex-
pression on Caco-2 cells influences Prp*
uptake or transport, Caco-2 cells were
transfected with a plasmid encoding hu-
man PrPC, and the percentage of increase
in PrP€ expression was estimated. immu-
noblotting of cell lysates prepared from
human neuroblastoma, nontransfected
Caco-2, and PrPC-transfected Caco-2
(Caco-27P) cells with 3F4 shows 2 2.5-fold
increase in PrP < expression by Caco-2PF
cells compared with nontransfected
Caco-2 cells and 1.25 times that of M17
neuroblastoma cells (Fig. 34, }anes 1-3, B).
The influence of increased PrP€ ex-
pression on PrP* transport was estimated
by isolating a crude fraction of PrP*¢ from
PK-treated CJDH to avoid the influence of
membrane in mediating PrP*° transport
(Baron and Caughey, 2003). Accordingly,
20 pl of PK-treated CJDH was methanol
precipitated, and the pellet was resus-
pended in PBS and added to the AP cham-
ber of Caco-2 and Caco-27* monolayers.

BL samples (Fig. 2 A, lanes 4--7). However, PrP106-126 (toxic
peptide) is easily detected in the AP medium of NH-DE plus toxic
peptide sample, ruling out experimental error in the'detection of
any leftover PrP (Fig. 2A, lane 8, arrowhead). In contrast, PrP in
CJIDH and protease-resistant PrP in PK- and DE-treated CJDH
samples are transported to the BL chamber (Fig. 2B, lanes 10-
16). Surprisingly, PrP > in DE-treated CJDH is transported more
efficiently than from the PK-treated sample (Fig. 2 B, lanes 13-
18). The PrP106-126 peptide mixed with CJDH-DE is not trans-
ported, although abold PrP* signal is detected in the BL chamber of
CJDH-DE plus toxic peptide sample (Fig. 2B, lanes 17, 18, arrow-
head). No PrP signal was detected in any of the Caco-2 lysatesamples
{data not shown).

Quantification of the PrP signal in the AP and BL chambers of
monolayers exposed to NH or CJDH and the percentageof trans-
partof PrP? in CJDH from the AP to the BL chamber are shown in

After an overnight incubation, AP and BL media were analyzed
by immunoblotting and densitometric analysis as above. No sig-
nificant difference is observed in the amount of PrP* trans-
ported across Caco-27® compared with nontransfected Caco-2
cells (Fig. 3C, lanes-1~4, D). These results were further confirmed
by comparing the transport of PrP* across HT-29 cells, another
human intestinal epithelial cell line that expresses twofold more
PP € than Caco-2. Na significant difference was abserved in the rate
orquantity of PrP* transported across Caco-2 and HT-29 cells (data
not shown), suggesting that the host PrP expression level does not
influence the internalization of PrP* by epithelial cells.

Protease-resistant human sCJD-PrP* is associated

with ferritin

We next attempted to purify PrP ¢ from sCJDH to determine the
impact of other molecules or proteins on its transport across
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Caco-2 cells. Thus, sSCJDH was subjected A
to PK treatment and repeated rounds of
ultracentrifugation as described in Materi-
als and Methods. The darified supernatant
from CJDH (S1), the supernatant and pel-
let fractions after the first round of ultra-
centrifugation (S2 and P2, respectively),
and four subsequent rounds of ultracen-
trifugation (S3-56 and P3-P6) were pre-
cipitated with cold methanol, fractionated
by SDS-PAGE, and transblotted. Probing
with 3F4 reveals PK-resistant glycoforms
of PrP * representing the N-terminal trun-
cated diglycosylated, monoglycosylated,
and unglycosylated forms migrating at 29
and 30, 2225, and 19 kDa, respectively, in
the SI fraction (Fig. 44, lane 1). After the
first round of ulmccnmﬁxganon, ~40%
of PrP* fractionates in the supernatant
fraction (52), and ~60% is detected in the
. pellet (P2) (Fig. 44, Janes 2, 3). Insubse- C
quent rounds, all of the PrP % is detected in

Lane: 1
Ab: 3F4

the pellet fractions (P3-P6) (Fig. 44, lanes o,,,éf

57,9 11).

To assess the purity of PrP* recovered
in the P6 fraction, the sample was deglyco-
sylated with PNGase-F, fractionated by
SDS-PAGE, and visualized by silver stain-
ing. In the untreated sample, bands corre-
sponding to the diglycosylated, monogly-
cosylated, and unglycosylated forms of
PrP¢ are identified as in Figure 4A (Fig.
4B, lane 1). In addition, a prominent band
migrating at 20 kDa is seen (F:g 4B, lane
1). After deglycosylation, PrP* glyco-
forms collapse to 19 kDa (Fig. 4B, lane 2,
arrowhead), whereas the 20 kDa band re-
mains unchanged (Fig. 4 B, lane 2, arrow).
The band marked with an asterisk repre-
sents the added PNGase (Fig. 4B, lane 2).
Sequencing of the 20 kDa band confirmed -
its identity as a mixture of heavy (H) and
hght (L) chains of ferritin, Additional ver-
ification was obtained by rcprobmg the
membranc in ‘Figure 4A with anti-ferritin '
anubody Strox;g immunoreaction is; dctcctcd with the 20 kDa
band, conﬁmung its identity as ferritin (Fig. 4C, lanes 1-11). It is
remarkzhle that ferritin resists PK treatment and pcmstently pel-
lets with PrP .

The above results argue that either PrP % and ferritin happen
to cosediment or the two. proteins form a complex with-each
other, perhaps through ionic or hydrophobic interactions. To
distinguish between these possibilities, the P6 pellet fraction'was

kDa

tane: 1 2
Ab: 3F4

treated with' NaClvarying in concentration from 0.1 to 1.0M, and

ferritin was -eluted’ using DEAE-cellulose chromatography.
Immunoblotting of the eluted fractions with 3F4 and anti-
ferritin antibody shows complete clutlon of ferritin at 0.4 M NaCl
(Fig. 4D, bottom, lanes 1-6). Almast ail of the PrP> is re-

tained in the co]umn and is barcly dctcctcd m the eluatc (an :

4D, top, lanes 1+6).
Thus, PrP* and ferritin in the sCJD brain homogenatc forma
complex that is resistant to d:ssoaatmn with low concentrations

-l .
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Figure3.  Overexpression of PrP © does not influence the mmpmfsuo-m"am Gaco-1 monolayers. Lysates of M17
newroblastoma cels, Caco-2 ceils, and transfected Caco-2"™" cells were immunoblatted with 3F4 10 assess the level.of PrP
opression. A, Transfected (zco-l"' expresses significantly more PrP compared with M17 and nontransfected Caco-2 cells (lane
3¥slanes,2).5, Quantitative estimation shows 2.5 and 1.5-fold PrP expression inCaco-2 "'alsmparedwiﬂmommskded
Om—zwmhels.rupeaivdy(lme!vshneﬂ (*p <0.05;n = 3} and lane 3 vs tane 2 (8p < 0.01;0 -=3)l.(,‘lnnswrtof
P-sesistant P * across Caco-2 and Gaco-2 ™ cellmonolayers was measured asin ﬁyutz.nmsmwmdiﬂ’mnaln
the amaunt of PrP * transported to the BL chamber of Caco-2™ cells compared with aontransfecied Caco-2 cells lanes 3, 4 vs
lanes 1, 2). 0, Quantitative estimation shows transport of 10 and 11.2% of PiP* to dleﬂldwnbaoﬂ’ato-hnd(am-l"'«ﬂ
mmhyax,rapemwly Eadlbampresemsd\emem+suoﬂhreemmm *p <003, ‘

’ of salt. thther this interaction-occurs in the bmm in wvo or aftcr ‘

homogenization of brain tissue is unclear from ourdata.
Because it is unlikely that an aggregated and insoluble PrP*-
ferritin complex would be transported across the epithelial cell
barrier, we focused our additional studies on the PK-resistant but
detergent-soluble species of PrP* that is known to be infectious
and can be immunoprecipitated with anti-PP antibodies 8H4
and 6H4 (Safar et al, 1998; Paramithiotis et al., 2003; Pan et al,,
2001). To -determine . whether protease-resistant, detergent-
soluble PrP* is similarly associated with ferritin, mock-treated
and DE-treated NH and CJDH were clarified by centrifugation at
3000 X gand subjected to immunoprecipitation with either anti-
ferritin or anti-PrP antibody 8H4. Immune complexes were col-

* lected with protein A beads and washed, and eluted proteins were -

analyzed by immunablotting with 3F4 or anti-ferritin antibodies.
In samples immunoprecipitated with anti-ferritin and probed
with 3F4, minimal PrP signal is detected in NH and NH-DE
samples (Fig. 5A, lanes 1, 2). In contrast, surprisingly large
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