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Table 1

Transmission of various human prions to both knock-in mice and transgenic mice via intracerebral route and the resulting positivity of Prp™

observed in lymphoid organs

Recipient mouse line Expression Inoculum Incubation period Spleen LN Peyer
Ki-ChM (PrnpChM/ChM) 1x sCID (H-3) 151 £6.%(7/7) (5/5) (4/4) {3/3)
Ki-ChM (PmpChM/ChM) 1x iCID (Du/c) 167 £ 24.7(6/6) (5/5) {414}
Ki-ChM (PmpChM/ChM) 1x fCID (TM232) 177 £ 4.9(4/4) 4/4) (3/7) (3/4)
Ki-ChM (PrnpChM/ChM) lx sCID (Sumi) 141 £ 5.3(5/5) [EI5))] [CIE)] (4/4)
Tg-ChM#30 (Prap0/0) 0.7x sCID (H-3) 156 £ 14.2(11/11) (0/8) (0/8) (0/4)
Tg-ChM#30 (Prpl/0) 0.7x fCID (TM232) 179 £ 13.1{(5/5) 0/3) (%)) (0/3)
Tg-ChM#30 (Pmp0/0) 0.7x sCID (Phily) 154 + 20.4(5/5) {0/5) {0/5) (0/5)
Tg-ChV#12 (Prnp0/0} 2x sCID (H-3) 175 £ 15.3(18/18) (0/18) {2/12) an
Tg-ChV#12 (Prnp0/0) 2x iCID (Du/fc) 189 + 6.4(6/6) (0/4) (1/3) (0/3)
Tg-ChV#12 (Pmp0/0} x fCJD (TM232) 220+ 8.7(3/3) {0/3) (0/2) (0/2)
Tg-ChV#12 (Prap0/0) Ix sCID (Phily) 171 £9.2(10/10) {0/6) (0/4) (0/5)
Tg-ChV#21 (Prop0/0) 4x sCID (H-3) 192 +4.0(3/3) (X)) {0/ (0/2)
Tg-ChV#21 (Pmpl/i0) 4x sCID (Phily) 188 +1.4(2/2) (0/2) 0/2)

PmpChM/ChM, homozygous knock-in mice with chimeric PrP; (Prnp0/0), ablated PrP background mice, sCJD: sporadic CJD, iCID: iatrogenic
CID, fCID: familial CID, H-3: codon 129 Met/Met and type 1 PrP% (MM1) [31], Duw/c: dura-associated CJD with MM1, TM232: codon 232
mutation, Sumi: MV1, Phily: MV2, incubation pericd: means + 8D days post-inocutation (transmitted mice/total mice), spleen; LN (lymph nodes);
Peyer (Peyer's patches): positivity of immunostained PrP™ in the follicular dendritic cells (number of positive mice/number of the examined mice).

CID (fCID). These homogenates were inoculated in-
tracerebrally into the model mice. Ki-ChM
(Prop™™/C™y mice were highly susceptible to human
prions, Tg-ChM#30 (Pmp®®) mice also possessed short
incubation periods. Thus, ChM chimeric PrP demon-
strated highly susceptible medels for human prions as
reported in Tg(MHu2M) mouse [24]. Therefore, C-ter-
minal part of mouse PrP sequence is clearly important
for the conversion of humanized PrP. Interestingly, Tg-
ChV#21 (Prnp"®, expression level; 4x) demonstrated
longer incubation periods than Tg-ChV#12mice
(Prnp™®, expression level; 2x), following inoculation
with sCJD human prions. In our chimeric PrP construct,
overexpression did not shorten the incubation periods
seen in transgenic mice expressing wild type PrP [25,26].

PrP% in the follicular dendritic cells of humanized mice

Immunohistochemical analysis of lymphoid organs
with an anti-PrP antibody revealed PrP™ staining of
FDC in the spleens, lymph nodes, and intestinal Peyer’s
patches in Ki-ChM mice at the onset of disease (Table 1
and Fig. 2A). In the spleens, 100% of the Ki-ChM mice
was positive for anti-PrP staining. Positive immunohis-
tochemical results were confirmed by Western blot
analysis. Protease-resistant PrP% molecules were de-
tected in the spleens of infected Ki-ChM mice, but not in
uninfected Ki-ChM mice (Fig. 2B). In contrast, none of
the Te-ChM#30 or Tg-ChV#12 mice was positive in the
spleen; one of Tg-ChV#21 mice demonstrated positive
reactions in the spleen (Table 1).

The absence of PrP® in the FDC of transgenic mice is
ascribed to the level of recombinant PrP expression. The
expression of recombinant PrP€ in the membrane frac-
tion of the spleen estimated that the Tg-ChV#12
(Prnp®®) mouse possessed only <25% of that expressed

in the Ki-ChM (Prnp™/*M) mouse (Fig. 3A). Im-
muno-histochemistry revealed positive PrP€ expression
in splenic FDC of the Ki-ChM mice; this staining was
absent from Tg-ChV#12 mice (Fig. 3B). Thus, our
transgenic vector led to attenuated or ectopic expression
of recombinant PrP in the spleen, in agreement
with evidence describing the dependence of scrapie
replication in lymphoid tissues on the existence of PrP¢-
expressing FDC [27)],

Sequential analysis in the follicular dendritic cells

Ki-ChM (Prop™™/™) mice were inoculated intra-
peritoneally with 50ul of 10% homogenate of human
sCID prions. The number of Ki-ChM mice demon-
strating positive splenic FDC immunoreactivity
increased with prolonged incubation time; 100% of
Ki-ChM mice had positive splenic FDC staining at 30
days post-inoculation (Table 2). Positive FDC stainings
of the lymph nodes or Peyer's patches developed slowly.
All Ki-ChM mice demonstrated positive FDC immu-
noreactivity in the lymph nodes 60 days post-inocula-
tion; immunoreactivity of all mice appeared in Peyer’s
patches 75 days post-inoculation. FDC of NZW mice
provided a rapid bioassay system for mouse prions [10];
in the same manner, FDC in Ki-ChM mice provide such
a system for human prions.

Bioassay for various human prion diseases

We utilized this FDC assay system to examine various
human prion diseases (Table 3). The inoculum consisted
of a 10% homogenate of brain tissue prepared from
patients with sCID, iCID, or vCID. Two cases of Alz-
heimer’s disease, an unrelated neurodegenerative disease
causing dementia, were used as a control. Fifty pl of
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Fig. 2. Abnormal PrP in the spleen of the knock-in mouse. (A) Im-
munchistochemical stainings for PrP in the spleens of the Ki-ChM
mice, inoculated intracerebrally with sporadic CID (H-3). Positive
labeling is observed in follicular dendritic cells. Anti-PrP-N antiserum
was used as the primary antibody. Bar shows 0.7 mm in a low mag-
nified figure, bar shows 160um in a high magnified one. (B) Western
blot analysis of the spleen and brain of Ki-ChM mice inoculated in-
tracerebrally with sporadic CID (I-3). Protease-resistant PrP is de-
tected in the spleen of the infected Ki-ChM mice (Lane 1), but not in
the uninfected mice (Lane 2). Protcase-resistant PrP from the brain of
infected Ki-ChM mice is also immunolabeled as a positive control
(Lane Br). Anti-APC was used as the primary antibody recognizing
PrP. The numbers, 32.5 and 25, designate the approximate molecular
sizes (kDa).

each homogenate was inoculated into the periteneum of
Ki-ChM (Prop“™/™) mice. The mice were sacrificed
75 days after the inoculation because of full-blown PrP>
accumulations observed at this stage in the sequential
analysis (Table 2), We detected PrP* in the splenic FDC
following inoculation with samples from patients with
either sCID or iCID, This bioassay system also provides
a valuable analysis of vCID prions. We could detect
PrP* in the splenic FDC of all mice inoculated with
vCJID prions. No positive FDC staining was obtained
for samples from patients with Alzheimer’s disease.
Thus, the positivity of PrP¥ in the splenic FDC corre-
lates with the presence of PrP* in the human brain in-
oculum. Therefore, it is intriguing to know whether
PrP* seen in the FDC is simply collected from human
brain inoculum or not,
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Fig. 3. Recombinant PrP expression in the spleen of the knock-in or
the transgenic mice. (A) Western blot analysis of PrP® in the unin-
fected mice. The splenic membrane fractions isolated from 10 mg of
wet weight tissue was probed with anti-PrP-N. The fraction isolated
from Ki-ChM (Pmp™™/™) mice possesses stronger immunoreac-
tivity (Lane Ki) than fractions derived from Tg-ChV#12 (Pmp®®)
mice (Lane Tg). The numbers, 47.5, 32.5, and 25, denote the motecular
sizes (kDa). (B) Immunofluorescent analysis of the spleen with anti-
PrP-N. Positive reactivity is observed in follicular dendritic cells of Ki-
ChM mice, not in Tg-ChV mice. Bar shows 100pum. Both figures have
the same magnification,

The origin of PrP¥ accumulated in the follicular dendritic

~cells

To determine whether the PrP* found in FDC
resulted from the accumulations collected from the
inoculated human samples (human PrP%) or from
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Table 2
Sequential transmission to Ki-ChM mice via intraperitoneal route and
positivity of PrP* observed in lymphoid organs

Post-inoculation days Spleen LN Peyer
14 (2/4) (1/1) (0/3)
30 (6/6) (4/6) (0/4)
45 mn 4/5) (4/6)
60 (6/6) 3/n (5/6)
15 (5/5) {5/5) (4/4)

150 (i (1n (6/6)

Ki-ChM mice received intraperitoneal inoculation of brain ho-
mogenates from sCJD patients (H-3; MM]1). Mice were sacrified at
variable days post-inoculation. Positivity of immunoreactive PrP% in
the spleen, lymph node (LN), or Peyer’s patches (Peyer) is denoted as
the number of positive mice/number of total mice examined.

Table 3
Transmission of human prions or brains affected with Alzheimer's
disease to Ki-ChM mice and positivity of PrP™ in the spleen

Inoculum Spleen
sCID (H-3) 7
sCJD (Sumi) (5/5)
iCID {Dulc) (6/6)
vCID (96/02) (5/5)
vCID (96/07) @/4)
vCID (96/45) (6/6)
AD (H3982) (0/4)
AD (H4023) 0/7)

Ki-ChM (PrmpChM/ChM) mice received intraperitoneal inocula-
tion of 10% brain homogenates prepared from patients with either
sporadic CID (sCJID), iatrogenic CID (iCID), variant CJD (vCID), or
Alzheimer's disease (AD). Mice were sacrificed 75 days post-inocula-
tion. H-3: MM, Sumi: MVI1, Du/c: dura-associated CID with MM]1,
96/02: MM2* (32} or MM4 [33], 96/07: MM2*/MM4, 96/45: MM2*/
MM4, H3982: codon 129M/M and codon 219E/E without PrP%,
H4023; codon 129M/M and codon 219E/E without PrP%. Spleen:
positivity in the follicular dendritic cefls of the spleen (number of
positive mice/ number of total mice examined).

newly converted PrP* of Ki-ChM mice (recombinant
PrP%), we stained spleens with a monoclonal anti-
body, TNT#71, specific for the C-terminal sequence of
human PrP. The TNT#71 recognizes human PrP
containing 215lIle, 219Glu, and 220Arg, but does not
recognize mouse PrP with codons 214Val, 218Gln,
and 219Lys [20]. This specific recognition of human
PrP, not of chimeric PrP in the Ki-ChM mouse, en-
ables the differential examination of PrP% depositions
in splenic FDC following inoculation with human
samples. Positive reactivity of the splenic FDC in Ki-
ChM mouse was obtained with the 3F4 antibody, but
not with the TNT#71 antibody (Fig. 4). As a positive
control, TNT#71 antibody reacted with the FDC in
the tonsil of a patient with vCJD. Therefore, the PrP*
seen in the splenic FDC of Ki-ChM mice was not
derived from the inoculated human PrP%, but from
the recombinant PrP%,
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Fig. 4. Immunohistochemical analysis in the PrP™ of the spleen with
3F4 and TNT#71monoclonal antibodies. PrP* seen in follicular
dendritic cells of Ki-ChM mice, inoculated with vCID prions, is pos-
itively immunolabeled by the 3F4 antibody, but not by the TNT#71
antibody. Human tonsilar FDC was the positive control for TNT#71
immunostaining. Bar shows 120pm. All figures have the same mag-
nification,

Serial passage to Ki-ChM mice

For the titration of infectivity, the second passaged
brains of Ki-ChM mouse were homogenized and were
inoculated intracerebrally with serial dilutions (Table
4). The titer of the brain tissues was 8.16logLDs, Ulg
that was calculated by the incubation time method
[28] using the relation; ¥ = 13.79 — 0.063x (R%;0.9124),
where y is the log LDs, and x is the incubation time
(in days) to terminal disease, When one or more an-
imals survived >240 days, the titer was assumed to be
close to the end point. We examined the infectivity of
the brain from the first-passaged Ki-ChM mouse,
demonstrating ~I23 days incubation period (6.04
lOg LDSD).

We also analyzed the infectivity of the spleen iso-
lated from the first passaged Ki-ChM mouse or the
first passaged Tg-ChM#30 mouse. The serial trans-
mission of the Ki-ChM spleen tissues demonstrated
~156 days incubation periods (3.96 log LDg), but the
transmission of the Tg-ChM#30 spleen tissues showed
a faint infectivity (<2.16 log LDs) (Table 4). Thus,
negative FDC stainings in the spleens of Tg-ChM#30
mice indeed corresponded to the low titer of the
spleen infectivity.
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Table 4
Serial passage studies of human prions inoculated inte Ki-ChM mice
Original source Route Inoculum Incubation Titers
sCID Ic H-3— Ki-ChM (brain) 123 £ 10.0 (6/6) 6.04
sCID Ie H-3— Ki-ChM (spleen) 156 £ 7.9 (5/5) 396
sCID Ie H-31— Tg-ChM#30 (spleen) >795 (2/6) <2.16
sCID Ic H-3— Ki-ChM (brain)— Ki-ChM (brain)
homogenate 10! 109 L 1.0 (6/6) 7.16
homogenate 102 128+ 5.1 (6/6) 6.16
homogenate 103 1394+ 7.2 (4/4) . 516
homogenate 1074 149 £ 3.1 (5/3) 4.16
homogenate 1673 167+ 124 (6/6) 316
homogenate 107¢ 240 + 78.1 (4/5) 2.16
homogenate 107 319 (1/6) 1.16

sCID: sporadic CID, H-3: human prions (MM1), H-3 — Ki-ChM {brain or spleen): Ki-ChM prions for the second passage, H-3 — Ki-ChM
(brain)— Ki-ChM (brain): Ki-ChM prions for the third passage with serial dilution. Incubation perfod: Means £ S.D. days after the inoculation
(number of transmitted mice/number of total mice). The titer of the brain tissues was 8.16 log LDsy U/g that was calculated by the incubation time

method [28].

Discussion

To establish a new method examining transmissibility
of human prions, a bioassay system should provide the
early detection of humanized PrP% and infectivity of
PrP*-positive organs. In Ki-ChM mice, we identified
recombinant PrP> in FDC after a 14 days incubation.
We also detected the infectivity of spleens derived from
first passaged Ki-ChM mice inoculated with sCJD pri-
ons. Thus, chimeric PtP in the FDC is readily converted
into the infectious form. In previous vCJD transmission
studies [29,30], transgenic mice with bovine PrP dis-
played incubation periods of ~270 days; transgenic mice
with human PrP (codon 129 Val) demonstrated an in-
cubation period of >228 days with a low transmission
rate (25/56). Our bioassay system allowed for the de-
tection of the recombinant PrP* in the FDC of all the
Ki-ChM mice inoculated with vCiD prions. This FDC
detection system in Ki-ChM mice provides a rapid
bicassay for the infectivity of human prions, including
vCID prions.

Intraperitoneal administration of the ineculum pro-
vides an advantage over intracerebral injection. Only a
limited volume (20ul) can be inoculated by the intrace-
rebral route. To overcome this limitation, we employed
an intraperitoneal administration, allowing repetitive
injection of a volume up to ~2 ml, In addition, 50pl of
107-diluted human sCJD homogenates showed a posi-
tive FDC stainings in 50% of inoculated Ki-ChM mice
(unpublished data). Therfore, our FDC bioassay dem-
onstrated a high sensitivity as the intracerebral trans-
mission study did. Thus, enlarged sample volumes may
result in the enhanced sensitivity of the bicassay to hu-
man materials with a low infectivity, such as blood de-
rived from a patient or a healthy carrier with vCID and
pharmacological products made from human blood or
organs.
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ABSTRACT. To characterize amino acid polymorphisms in sheep prion protein (PrP), we analyzed the PrP genes from 27! sheep of 4 breeds
(Khalkh, Yeroo, Orkhon and Khangai) raised in central Mongolia (Tuv, Uvurkhangai and Selenge prefectures). A total of 16 genotypes
and 8 allelic variants of the PrP gene at codons 112, 136, 154 and 171 were found. At codon 171, 1.8% of the sheep had arginine/arginine
(R/R) (resistant to scrapie) and 66.8% had glutamine/glutamine (Q/Q) (susceptible to scrapie). Several Yeroo and Orkhon sheep raised
in Selenge prefecture had valine at codon 136 (136V) (highly susceptible to scrapie). Several Yeroo, Orkhon and Khangai sheep raised
in Selenge prefecture had histidine at codon 154 (154H). Novel polymorphisms of valine {V) and serine (S) at codon 127, lysine (K)
at codon 171, and leucine {L) and arginine (R) at codon 189 were also found in Khatkh, Yeroo and Orkhon sheep. It is not known

whether these novel polymorphisms affect scrapie susceptibility.

key woros: allelic frequency, PCR, PrP gene, RFLP, scrapie susceptibility.

Scrapie is a fatal and infectious neurodegenerative dis-
ease occurring in sheep and goats. The primary cause of this
disease is a post-translational conformational change in a
host-encoded cellular protein known as prion protein (PrP),
from wild type (PrPC) to a partially proteinase-resistant form
{(P1P%), in the presence of prion [25-27]. Polymorphisms in
the PrP gene are associated with scrapie susceptibility.

Nine amino acid polymorphisms of the sheep PrP gene
have been described, at codons 112, 136, 137, 138, 141,
151, 154, 171 and 211 [1-6, 10-11, 17, 20-22, 28-29].
Polymorphisms at codons 112, 137, 138, 141, 151 and 211
are rare, and have not been found to be associated with dis-
ease phenotype in natural or experimental scrapie [3, 21,
28-29]. A polymorphism at codon 136 has been found to be
associated with scrapie susceptibility in both experimental
[11-12] and natural scrapie [15, 21]. Studies have shown
that a polymorphism at codon 171 is associated with suscep-
tibility to experimental scrapie in Cheviot sheep [12] and
natural scrapie in Suffolk sheep [30]). The association
between scrapie susceptibility and polymorphism at codon
154 is currently unclear, but evidence suggests that histidine
at codon 154 is associated with low susceptibility to scrapie
in some breeds of sheep [9, 28]. Researchers have found
that the PrP allelic variant alanine/arginine/arginine (ARR)
at codons 136, 154 and 171 is associated with resistance to
scrapiec in several breeds [1, 3, 6, 12, 15, 17, 21]. In Suffolk
sheep, in which the PrP allele valine/arginine/glutamine
(VRQ) at codons 136, 154 and 171 is rare or absent, the
wild-type PrP allele alanine/arginine/glutamine (ARQ) is
associated with susceptibility to scrapie [7, 8, 10, 16, 18,
30].

The current sheep population in Mongolia is estimated to
be over 13.8 million. The native breed, Khalkh, comprises
about 90% of Mongolian sheep, This breed possesses desir-
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able features such as has hardiness and prolificacy, with
good meat, fat and wool characteristics, Crossbreeding
between Khalkh and imported sheep started in the 1930s, in
an effort to develop tastier meat and higher quality wool [13,
14]. The PrP genotypes of native sheep in Central Asia have
not previously been studied. Therefore, we examined the
PrP genotypes of 271 sheep raised in Mongolia, including
Khalkh (the native breed) and 3 recently developed cross-
breeds (Yeroo, Orkhon and Khangai). We examined the
sheep for polymorphisms of the PrP gene associated with
scrapie susceptibility.

MATERIALS AND METHODS

Sheep: A total of 271 sheep from 4 breeds (Khalkh,
Yeroo, Orkhon and Khangai) raised in central Mongolia
were used in this study. These included 172 Khalkh sheep
(native breed) raised in Tuv and Uvurkhangai districts, 35
Yeroo sheep raised in Selenge prefecture, 35 Orkhon sheep
raised in Selenge prefecture, and 29 Khangai sheep raised in
Selenge prefecture. The Yeroo, Orkhon and Khangai breeds
are crossbreeds of Khalkh sheep and non-native breeds.

DNA extraction and amplification: Blood from 271 sheep
was collected using heparin as an anticoagulant. High-
molecular-mass DNA was isolated from blood using
QIAGEN kits (Hilden, Germany). The PrP gene, including
the entire 794-bp open reading frame (ORF), was amplified
in 50-u/ reaction volumes by polymerase chain reaction
(PCR), using 0.5 to 1 ug genomic DNA in standard PCR
buffer (Petkin Elmer, Norwalk, CT) and 25 to 50 pmol each
of 2 primers (SPrP-1, 5°-CATCATGGTGAAAAGCCA-
CATAGGC-3"; SPrP-2, 5’-GAAAACAGGAAGGT-
TGCCC CTATCC-3"), as described by lkeda et al. [19].
PCR conditions were as follows: initial step, 95°C for 9 min;
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50 cycles, consisting of denaturation at 94°C for 0.5 min,
annealing at 55°C for 0.5 min, and extension at 72°C for |
min; final step, 72°C for 7 min. After PCR amplification,
the products were electrophoresed in 0.7% agarose gels con-
taining ethidium bromide (0.5 pg/mf), and visualized under
ultraviolet radiation. Then, the primers were removed using
a Centricon 100 micro-concentrator (Amicon, Bedford,
MA), and | to 5 u! of the concentrated PCR product was
used for direct sequencing.

Cloning and DNA Sequencing: For cloning and DNA
sequencing, 794-bp fragments of the PrP allelic variants
were amplified by PCR. Amplified DNA fragments were
phosphorylated with T4 Kinase (Takara, Kyoto, Japan) and
inserted into the EcoRI site of the Bluecript SK* plasmid
vector (Stratagene, La Jolla, CA) according to standard pro-
tocols [23]. The purified PCR products and the cloned DNA
fragments in pBluescript SK* were directly sequenced using
an ABI PRISM Dye Terminator Cycle Sequencing Ready
F5 Kit with a 3738 autosequencer (Perkin-Elmer, Norwalk,
CT}. The DNA sequence data were analyzed using GENE-
TYX-MAC software {Software Development Co., Ltd.,
Tokyo, Japan).

Restriction fragment length polymorphism (RFLF) anal-
ysis: To examine polymorphism at codon 127, DNA was
amplified using the following primers: SPrP1, 5°-CAT-

CATGGTGAAAAAGCCACATAGGC-3'; SP2, 5°-CACT-
TGGTTGGGGTAACGGTAC-3". Using 10 U of the
restriction enzymes Avall and Hae 111 (Pharmacia Biotech),
20 pf of the PCR product was digested, The primers SPI1
(5’-TTGTGGCTACATGCG GGAAG-3’) and SPrP5 (5'-
ATAAGCCTGGGATTCTCTCT-3") and the restriction
enzyme Sau3Al were used to examine polymorphism at
codon 171. The primers SP! (5’-TTGGTGGCTACAT-
GCTGGGAAG-3") and SPrP5 (5°-ATAAGCCTGGGAT-
TCTCTCT-3) and the restriction enzyme Alul were used
for codon 189. The samples were incubated for 3 to 5 hr at
37°C, and approximately 5-u/ aliquots of both digested and
undigested PCR products were electrophoresed on 2.5%
agarose gels. The fractionation patterns in the gels were
visualized under UV light and photographed.

RESULTS

PrP genotypes and allelic variants: We observed well-
known dimorphisms at codons 112, 136, 154 and trimor-
phism at codon 171. Eight different allelic variants were
found. Using these 8 allelic variants, we found a total of 16
different PrP genotypes. Table 1 shows the genotype and
allelic variant frequencies of the 271 sheep examined.

Khalkh: The 172 Khalkh sheep were found to have the

Table 1. Frequency of PrP genotypes and allelic variants of 4 sheep breeds from Central Mon-
golia
PrP genotype Khalkh Yeroo Orkhon Khangai
No % No % No % No %
MARQ/MARQ 86 500 17 485 13 370 15 517
MARQ/TARQ 31 18.0 4 114 7 20.0 2 6.9
MARQ/MARR 20 11.6 8 228 8 228 9 310
MARQ/MARH 16 9.3 ! 29
TARQ’MARR 5 29 1 29
TARQ/MARH 4 2.3 1 2.9
TARQITARQ 4 23 1 29
MARH/MARH 2 1.2 1 29
MARH/TARH 2 1.2
MARR/MARR 1 0.6 2 57 2 6.9
MARK/MARK 1 0.6
MARQ/MVRQ 1 29 2 57
MARR/MVRQ 1 29
MARHMAHQ 1 29
MARR/MAHQ 1 29
TARQG/MAHQ 1 33
Total 172 100 is 100 35 100 29 100
PrP allelic variant
MARQ 239 695 47 671 44 629 41 70.7
TARQ 48 140 6 8.6 9 12.8 3 52
MARR 27 7.8 13 186 10 143 13 224
MARH 26 7.5 1 14 4 5.7
TARH 2 0.6
MARK 2 0.6
MVRQ 2 29 2 2.9
MAHQ 1 14 1 1.4 1 1.7
Total 344 100 70 100 70 100 58 100
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greatest variation, with 11 PrP genotypes and 6 PrP allelic
variants. These animals were polymorphic at codons 112
and 171. Variation was not detected at codons 136 and 154,
The most frequent PrP genotype was MARQ/MARQ
(50.0%}, followed by MARQ/TARQ (18.0%) and MARQY/
MARR (11.6%). The PrP allelic variant with the highest
frequency was MARQ (69.5%), followed by TARQ
(14.0%) and MARR (7.8%). Only one animal (0.6%) had
the genotype MARR/MARR.

Yeroo: Eight PrP genotypes and 6 PrP alielic variants
were found in the 35 Yeroo sheep. The most frequent gen-
otype was MARQ/MARQ (48.5%), followed by MARQ/
MARR (22.8%) and MARQ/TARQ (11.4%). The PrP
allelic variant with the highest frequency was MARQ
(67.1%), followed by MARR (18.6%) and TARQ (8.6%).

Orkhon: Nine PrP genotypes and 6 PrP allelic variants
were found in the 35 Orkhon sheep. The most frequent PrP
genotype was MARQ/MARQ (37.0%), followed by
"MARQ/MARR (22.8%) and MARQ/TARQ (20.0 %). The
PrP allelic variant with the highest frequency was MARQ
(62.9%), followed by MARR (14.3%) and TARQ (12.8%).

Khangai: Five PrP genotypes and 4 PrP allelic variants
were found in the 29 Khangai sheep, but the 136V and 171H
alleles were not found. The most frequent PrP genotype was
MARQ/MARQ (51.7%), followed by MARQ/MARR
(31.0%) and MARQ/TARQ (6.9%). The PrP allelic variant
with the highest frequency was MARQ (70.7%), followed
by MARR (22.4%) and TARQ (5.2%).

Distribution of PrP codon 136 and 171 genotypes associ-
ated with scrapie susceptibility among the Mongolian sheep
breeds: Because scrapie in sheep is most strongly associated
with polymorphisms at codons 136 and 171 of the PrP gene,
these codons were examined in great detail in the present
study. Table 2 shows the distribution of genotypes of PrP
codons 136 and 171 among the Mongolian sheep breeds
used in this study. The genotypes VQ/VQ, AQ/AQ and AR/
AR correlate with high susceptibility, moderate susceptibil-
ity, and low susceptibility to scrapie, respectively. The gen-
otype AQ/AQ was found in 70.3% of Khalkh sheep, 62.8%
of Yeroo sheep, 57.1% of Orkhon sheep, and 62.1% of

Khangai sheep. The genotype AR/AR was found in 0.6% of
Khalkh sheep, 5.7% of Yeroo sheep, and 6.9% of Khangai
sheep. The genotype AR/AR was not found in Orkhon
sheep. The genotype AQ/VQ was found in 2.9% of Yeroo
sheep and 5.7% of Orkhon sheep. The genotype AR/VQ
was found in 2.9% of Yeroo sheep. The 136V allele, which
correlates with high susceptibility to scrapie, was found in
the crossbreeds Yeroo and Orkhon, but not in Khalkh or
Khangai sheep. The 171H allele was found in 14.0% of
Khalkh sheep, 8.6% of Orkhon sheep and 2.9% of Yerco
sheep, but not in Khangai sheep. At codons 136 and 171,
-1.8% of the sheep had the genotype AR/AR (associated with
low susceptibility to scrapie) and 66.8% had the AQ/AQ
genotype (associated with moderate susceptibility to
scrapie).

Novel amino acid polymorphisms detected in this study:
In Khalkh, Yeroo and Orkhon sheep, we found the follow-
ing novel polymorphisms: codon 127, valine (V; nucle-
otides GTC) and serine (S; AGC); codon 171, lysine (K;
AAG); codon 189, leucine (L; CTA) and arginine (R; CGA)
(Fig. 1 and Fig. 2).

In 27 Khalkh sheep, we detected a G—A nucleotide sub-
stitution at the first position of codon 127 (changed the
amino acid from glycine [G] to serine) and a G—T nucle-
otide substitution at the second position of codon 127
(changed the amino acid from glycine to valine). In 6 Yeroo
sheep and one Orkhon sheep, we detected a G—A nucle-
otide substitution at the first position of codon 127 (changed
the amino acid from glycine to serine).

Figure 1 shows RFLP analysis results that demonstrate
novel polymorphisms at codon 127. Digestion of wild-type
(127G/G) PCR products (496 bp) with 4vall produced 451-
bp and 45-bp fragments. Digestion of 127G/V PCR prod-
ucts with Avall produced 4 fragments: 451, 382, 69 and 45
bp. Digestion of wild-type (127G/G) PCR products with
Haelll produced 5 fragments: 69, 141, 174, 37 and 75 bp.
Digestion of 1275/8 PCR products with Haelll produced 4
fragments: 69, 141, 211 and 75 bp. Digestion of 127G/S
PCR products with Haelll produced 6 fragments: 69, 141,
174,211, 37 and 75 bp.

Table 2.  Distribution of genotypes of PrP codons 136 and 171 associated with
scrapie susceptibility among Mongolian sheep breeds
PrP genotype Khalkh Yeroo Orkhon Khangai
1367171 No % No % No % No %
AQ/AQ** 121 703 2 62.8 20 57.1 18 62.1
AQVAR . 25 14.5 8 28 10 286 9 310
AR/AR*** 1 0.6 2 5.7 2 6.9
AQIVQ* 1 2.9 2 5.7
AR/VQ* 1 29
AQ/AH 20 116 1 29 2 5.7
AH/AH 4 24 1 29
AK/AK 1 0.6
Total 172 100 35 100 35 100 29 100

* High susceptibility to scrapie.
** Mederate susceptibility to scrapie.
*** Low susceptibility to scrapie.
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Avall t 451 | 45 |, 496bp
Aval L 382 vy 69 45  406bp
Haetl L5 141 | 211 \ 75, 496bp
Haew 99, 141 174 | 87, 75 | 496bp
Fig. 1. Novel palymorphisms at codon 127, as indicated by RFLP analysis. Lane M: 100-bp

DNA ladder marker. Lane 1: 127G/G PCR product was digested with 4vall (451- and 45-bp
fragments). Lane 2: 127G/V PCR product was digested with 4vall (451-, 382-, 69- and 45-bp
fragments). Lane 3: 127G/G PCR product was digested with Haelll (69-, 141-, 174-, 37- and
75-bp fragments). Lane 4: 1275/S PCR preducts were digested with Haelll (69-, 141-, 211-
and 75-bp fragments). Lane 5: 127G/S PCR products were digested with Haelll (69-, 141-,
174-, 211-, 37- and 75-bp fragments). In 2.5% agarose gel, 69-, 45-, 37- and 75-bp fragments
were not clearly detectable. The vertical arrow indicates newly generated restriction sites at

codon 127.

In one Khalkh sheep, we detected a C— A nucleotide sub-
stitution at the first position of codon 171 {changed the
amino acid from glutamine [Q] to lysine). In 15 Khalkh
sheep, we detected an A—T nucleotide substitution at the
second position of codon 189 {changed the amino acid from
glutamine to leucine) and an A—G nucleotide substitution
at the second position of codon 189 (changed the amino acid
from glutamine to arginine). In 2 Orkhon and one Yeroo
sheep, we detected an A>T nucleotide substitution at the
second position of codon 189 (changed the amino acid from
glutamine to leucine). None of the above novel pelymor-
phisms were not found in Khangai sheep.

Figure 2 shows RFLP analysis results that demonstrate
novel polymorphisms at codons 171 and 189. Digestion of
171Q/Q (wild type) PCR product (302 bp) with Sau3Al pro-
duced 2 fragments: 125 and 177 bp. The enzyme Sau3Al

failed to digest 171K/K PCR product (302-bp product
remained intact). The enzyme Alul failed to digest 189Q/Q
{wild-type) PCR product {302-bp product remained intact).
Digestion of 189L/L with Alul produced 2 fragments: 182
and 120 bp.Digestion of 189Q/L and 189Q/R PCR product
with Alu] produced 3 fragments: 302, 182 and 120 bp.

Two silent substitutions, A—C at the first position of
codon 23] (arginine) and C—G at the third position of
codon 237 (leucine), were found in all breeds. Polymor-
phisms previously detected in sheep at codons 137, 138,
141, 151 and 211 [3-5, 22, 28, 29] were not found in the
present study.

DISCUSSION

The results of this study show the relative genotype fre-
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177bp
125bp
Sau3Al, 125 ¥ 177 ; 302bp
Sau3Al 302 ; 302bp
Al 302 | 302bp
Al 182 v 120, 302bp
Fig. 2. Novel polymorphisms at codons 171 and 189, as indicated by RFLP

analysis. Lane M: 100-bp DNA ladder marker. Lane 1: 171Q/Q PCR product
was digested with Sau3Al (125- and 177-bp fragments). Lane 2: Squ3Al
failed to digest 171K/K PCR product (intact 302-bp product). Lane 3: Alul
failed to digest 189Q/Q PCR product (intact 302-bp product). Lane 4; 189L/L
PCR product was digested with A/ul (I82- and 120-bp fragments). Lane 5:
189Q/L PCR products were digested with Alul (302-, {82- and £20-bp frag-
ments). The vertical arrows indicate newly generated restriction sites at

codons 171 and 189,

quencies of 4 codons (112, 136, 154 and 171) of the PrP
gene in 4 sheep breeds (Khalkh, Yeroo, Orkhon and Khan-
gai) found in central Mongolia, This is the first report of PP
genotype frequencies for these breeds of Mongolian sheep.
In this study, 16 different PrP genotypes and 8 different PrP
allelic variants of the PrP gene were found. Three PrP gen-
otypes (MARQ/MARQ, MARQ/TARQ and MARQ/
MARR) and 3 PrP allelic variants (MARQ, TARQ and
MARR) were found in all 4 breeds. These results are com-
parable to those obtained in studies of sheep in Japan and
France [19-21]. PrP dimorphisms at codons 112, 136 and
154 and a trimorphism at codon 171 resulted in 6 variant
alleles (MARQ, TARQ, MVRQ, MAHQ, MARR and
MARH) that have previously been found in Suffolk and
Corriedale sheep. The genotype TARQ has previously been
found in Suffolk sheep but not in Corriedale sheep [19]. [n
another study, 3 allellic variants of the PrP gene (MARQ,
TARQ and MARR) were found in Suffolk sheep [20]. Five
polymorphic variants (MARQ, TARQ, MVRQ, MAHQ and

MARRY}) have been found at codons 112, 136, 154 and 171
of the PrP gene in Ile-de-France and Romanov sheep in
France [21]).

In the present study, the 154H allele was found in the 3
crossbreeds but not in the Khalkh breed. In one study, this
allele was found in 9 scrapie-free Romanov sheep in France
[21]. In another study, only a few healthy Suffolk sheep
were found to carry the PrP allele MAHQ, and no scrapie-
affected Suffolk sheep were found to carry this allele; asso-
ciation of this allele with scrapie is unclear [19]. We found
the 136V allele, which correlates with high scrapie suscepti-
bility, in Yeroo and Orkhon sheep, but we did not find this
allele in Khalkh or Khangai sheep. In a related study in Ire-
land, only one of the 188 pedigree Suffolk rams examined
had variation at codon 136 [24]. In 3 flocks in the USA (159
healthy purebred Suffolk sheep), the alleles 136A and 136V
were found in 97% and 3% of the sheep, respectively [31].
The fact that we did not find the alleles 136A and 136V in
Khalkh sheep, which are native to Mongolia, suggests that
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they were inherited from foreign breeds during the develop-
ment of the 3 new breeds.

We found the novel polymorphisms 127V, 1278, 171K,
189L and 189R in the native Mongolian breed Khalkh. The
only novel polymorphisms found in Yeroo and Orkhon
sheep were 1278 and 189L, which were not found in Khan-
gai sheep. It appears that the novel polymerpisms found
only in Khalkh sheep are unique to this breed. However, it
is not known whether these polymorphisms are associated
with scrapie susceptibility,

The allele consisting of VRQ at codons 136, 154 and 171,
respectively, is rare or absent in Suffolk sheep {7, 8, 10, 16,
30] and the Mongolian sheep we examined. The allele con-
sisting of ARQ at these 3 codons is associated with scrapie
susceptibility [7, 10, 16, 18, 31]. The proportion of Mongo-
lian sheep carrying thet71Q/Q genotype is comparable to
those of Suffolk sheep from the USA and Japan [24]. How-
ever, the Khalkh and Orkhon breeds had much lower fre-
quencies (0.6% and 0%, respectively) of the 171R/R
genotype {which is associated with low scrapie susceptibil-
ity) than all Suffolk sheep that have previously been studied
(ranged from 4.2% to 48%) {24]. Thus, Khalkh and Orkhon
sheep may be more genetically susceptible to scrapie than
Suffolk sheep.

There have been no reports of cases of scrapie in Mongo-
lia, but the present results suggest that the majority of Mon-
golian sheep are potentially genetically susceptible to
scrapie. Therefore, we examined brain tissues from 10
sheep with neurological symptoms (4 Khalkh sheep from
Tuv prefecture, 3 Khangai from Selenge prefecture, and 3
Orkhon sheep from Selenge prefecture). However, results
of Western blot analysis of these tissues were negative for
the scrapie form of the prion protein (PrP°) (data not
shown). Conclusive determination as to whether scrapie
exists in Mongolia will require the examination of many
sheep with neurological symptoms.

This study was limited to sheep from central Mongolia,
but studies of sheep from other regions of Mongolia are cur-
rently being conducted. The findings of these studies may
provide information that can be used to select scrapie-resis-
tant sheep for breeding.
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Abstract

The products of the Brcella abortus virB gene locus, which are highly similar to conjugative
DNA transfer system. enable the bacterium to replicate within macrophage vacuoles. The rep-
licative phagosome is thought to be established by the interaction of a substrate of the Vir
complex with macrophages, although the substrate and its host cellular target have not yet been
identified. We report hiere that Hspo(h a member of the GroEL family of chaperonins, of B.
ahortrs is capable of interacting directly or indirectly with cellular prion protein (Prl} on host
cells. Ageregation of PrPt rail-like formation was ebserved during bacterial swimming inter-
nalization inte macrophages and PrP¢ was selectively incorporated into macropinosomes con-
taining B. ahornies, Hspol) reacted strongly with serum from human brucellasis patients and was
exposed on the bacterial surface via a Virll complex—assaciated process. Under in vitro and in
vivo conditions, Hspt) of B. abortuts bound to Pri¢. Hspoth of B. ahors, expressed on the sur-
face of Lacococcns lactis, promoted the aggregation of Prf® bur not Pri*® rail formation on
macrophages. The Pri¢ deficiency prevented swimming internalization and intracellular rep-
lication of B. abartug, with the result that phagosomes bearing the bacteria were targeted into
the endocytic nenwork. These results indicate that signal transduction induced by the interac-
tion between bacterial Hsp6U and PrP¢ on macrophages contributes to the establishment of
B. ahortus infection.

Key words:  Hspt) » type 1V secretion = macropinocytosis * intracellular replication « brucellosis

Introduction

Brueclla species are Gram-negative bacteria that cause bru-
cellosis with pathological manifestations of arthricis, en-
docarditis, and meningitis as well as undulant fever in hu-
mans and abortion and infertility in numerous domestic
and wild mammals (1). The bacteriwun is endemic in many
developing countries and is responsible for large economic
losses and chronic infections in humans (2). Bricella species
are facultative intracellular pathogens that survive within a
variety of cells, including macrophages. The virulence of
these species and the establishment of chronic infection are
thought to be due essendally to their ability to aveid the
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killing mechanisms within macrophages (3). However, the
molecular mechanisms accounting for these properties are
not understood completely.

Recent studies with nonprofessional phagocyte Hela
cells have confirmed these observations, showing that
Brueefa inhibits phagosome=lysosome fusion and transits
through an intraceflular compartment that resembles au-
tophagosomes. Bacteria replicate in a different compart-
ment. containing protein markers normally associared with
the endoplasmic reticulinn, as shown by cenfocal micros-
copy and immunogold electron microscopy (4, 5).

Brucella internalizes into macrophages by swimming on
the cell surface with generalized membrane ruffling for sev-
eral minutes, a process terned “swinuning internalization.™
after which the bacteria are enclosed by macropinosomes
{6). In this period, the phagosomal membrane continues to
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nmaintain a dynamic state. Lipid raft-associated molecules,
such as glycosylphosphatidylinesitol (GP1)*-anchored pro-
teins, GM1 gangliosides, and cholesterol, have been shown
to be selectively incorporated into macropinosomes con-
taining Brucelhr aborries. In contrast, late endosomal marker
lysomal-associated membrane protein (LAMP)-1 and host
cell transmembrane proteins are excluded from the macro-
pinosomes. The disruption of lipid rafts on macraphages
markedly inhibits the VirB-dependent macropinocytosis
and intracellular replication (6). These results indicaced chat
the entry route of B, abertus into the macrophages deter-
mined the intracellular fate of the bacteria that was modu-
lated by lipid rafts {6, 7).

The operon coding for export mechanisms specializing
in transferring a variety of multimolecular complexes across
the bacterial membrane to the extracellular space or into
other cells has been described (8). These complexes, named
type IV secretion systems, are also found in B. abormns (virB
genes: Y-11). This operon comprises 13 open reading
frames that share homology with other bacterial type IV se-
cretion systems invelved in the intracellular trafficking of
pathogens. Type 1V secretion systems export three rypes of
substrates: {a) DNA conjugation intermediates, (b} the
multisubunit pertussis toxin, and (¢} monomeric proteins
including primase, RecA, the Agrobacterinn nunclaciens
VirE2 and VirF proteins, and the Hefiwhactor pylor CagA
protein (8). However, the substrates of the Virld secretion
svstem of B. aborns and the target of the effector i host
cells remain undefined.

In this study, we investigated the effector protein se-
creted by the type IV secretion systems and its receptor on
the host plasma membrane. Qur results implied that heat
shock protein Hsp60 of B. abonns had an effector-like
function, which was expressed an the bacterial surface by
the type IV secretion—associated manner. The cellular prion
protein (PrP’©) was identified as a recepror for the Hsp60.
This recepror-ligand interaction regulates the establishment
of B. abortus infection.

Materials and Methods

Reagents.  Gentamicin, protein A=Sepharose 4B beads, and
4* 6-diamidino-2-phenylindole  (IDAPI} were obtained from
Sigma-Aldrich, Ni-NTA agorose beads were obtained from

- QIAGEN. Alexa Fluor 3%H-strepravidin, Cascade blue goat anti—
rabbit IgG, and Texas Red goat anti—rat TgG were obtiined from
Molecular Probes, Ine. Rhodamine goat anti-rabbit or mouse
lgG was obtained from ICN Pharmaceuticals. Anti-B. ehartus
polyelonal rabbit serum, aerolysin, and anti- PrP hiotin-habeled
mouse monoclonal antibody have been described (6, 12). Ano—
mouse CDH48 rar monodonal antibody MRC OX-78 was
obtained from Serotech. Anti-Escherichia coli GroEL mouse mono-
clonal antibody 9A1/2 was obtained from Calbiochem. Anti-

* Abbreriations wsed in his paper: DAPL, 47 6-diamidine-2-phenylindule;
GOPDH. glucose-t-phosphate dehyvdrogenase; GPL glycosylphosphati-
dyvlinositol; LAMP, lysonml-issoviated membrane prowing NPCT, Nie-
nsann-Pick tepe CF gene: Pri?, prien protein: P, cellular Pri’s WASE,
Wiskor-Aldrich syndrome protein.
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Hipoi) rabbit polyclonal antibody was obtained from MBL Inter-
national Corporation. Anti-glucose-6-phosphate dehydrogenase
(GOPIH) goat polyclonal antibody was obtained from Cortex
Biochem. Brucla-infected human, cattle, and sheep sera have
been deseribed (13). Ant-LAMP-1 mat monoclonal antibody
1148 was obtained from the Developmental Stirdies Hybridoma
Bank of the Department of Phannacology and Molecular Sci-
ences. Johns Hopkins Univenity School of Medicine and the

Department of Biology, Univenity of lowa.

Bacterial Seraing and Media, Al B, aborms denivatives were
from 344 (ATCC2344%). smooth virulent B. abemus biovar 1
strains. B398 (344 AvirB4). Bathu (344 GFP?). and Baoid
(AvirB4 GFP*) have been described (6. 14). B, abosmes strains
were mantained as frozen glyeerol stocks and cultured on Bru-
cella broth (Becton Dickinson) or Brucella broth containing 1.5%
agar. Kanamycin was used at 40 g/l

Constenction of An In-Fame Deletion Mutant  of  virB2.
PMAW 24 (ArirB2) was constructed by ¢loning rwo PCR frag-
ments into Sall/Sacl-cleaved pSR47s (14), Fragment 1 was 2
1.609-bp Sall-Bglll fragment spanning a site located 160 nucle-
otides upstream of the 3" end of 1irB2 1o 6 nucleotides down-
stream from the 3 end and was amplified by PCR using primers
3 -GTCGACATGACAGGCATATTTCAACGC-3' (Sl site un-
derlined) and 3'-AGATCTTTTCATGATCTTTATTCCTAA-Y
{Bgll site underhined: nucleotide positions 1 and 1.614 are avail-
able  from  GenBank/EMBL/DDBl  under  accession  no.
AF226278, respectively: reference 10). Fragment 2 was a 1.06000-bp
BamH1-Sac] frapment spanning the region starting 6 nucleotides
upstream of the 3" end of virB2 10 a position 1594 nucleotides
downstream from the 3 end and was amplified using primers 3'-
GOATCCAGGTAAAGGGACACAGATCAT-3" (BamHL site
underlined) and 3'-GAGCTCCATCCCGCTTGCCTGCGC-
GGA-3" (Sacl site underdined: nucleotide positons 1,921 and
3,526 are available from GenBank/EMBL/DDBE under accession
no. AF220278. respectively; reference 1), pMAW24 (AriB2)
was introduced inte E. coli DH3a (Apir) and then the plasmid was
transferred into B, abornis 544 by electroporation (Gene Puler:
Bio-Rad Laboratories). Isolation of in-frame deletion mutant by
the positive selection for sucrose resistance has been deseribed
(14).

PMAW?23 (141B27) was constructed by cloning a PCR frag-
ment into Sall/BamHI-cleaved pBBIRIMCS-2 {15), The 707-bp
Ecoltl-BamHI PCIR fiagment spanned a site focated 369 nucle-
otides upstream of the 3 end of virB2 1o a postion 21 nudeotides
dowmtream from the 37 end (10) and was amplified using
the primers 3-GTCCACGTTATAGCGGCGOGGCGGCGAC-3
(Sall site underlined) and 3-GGATCCGTTGTCATGATCT-
GTGTCCCT-3" (BamH1 site underlined).

Cell Cubse, Bone marrow—derived macrophages from fe-
male BALB/c. C37BL/6. Ngk. or Zrch Pri~deficient mice
(16, 17). and Pr* gansgenic Ngsk PrPt-deficient mice (18) were
prepared as previously described (6, 14). After culturing in L celi-
conditioned medium, the macrophages were replated for ue by
lifting ¢ells in PBS on ice for 3 to 10 min. harvesting cells by cen-
trifugation, and resmpending cells in RPMI 1640 containing 10%
fetal bovine serum. The macrophages were seeded (2-3 X ¥
per well} in 24-well tissue culture plates for all assays,

Tmmamofluorcscence Micrascopy.  Detection of intracellular bac-
teria. macropinosome formation, and fuorescence-libeled mole-
cules by fluorescence microscopy have been descnibed (6). In
brief, B. aborms strains were grown to AWK = 3.2 in Brucella
broth and wwed to nfect mouse bone marrow—derived macro-
phages for various lengths of time at a multiplicity of infection of



20, Infected cells were fixed in pernodate-lysine-paraformalde-
hyde containing 5% sucrose for | hoat 37°C. Samples were
washed three times in PBS and wells were successively incubared
three times for 3 min in blocking buffer 2% goat serum in PBS)
at roum temperature.

All antibody-probing steps were for 1 hat 37°C. Samples were
washed three times in PBS for 5 min and then penneabilized in
=20°C. methanol for 10 s, After incubating three fines for 3 min
with blocking buffer. smuples were stained with each primary an-
tibody. After washing three times for 5 min in blocking buffer,
samples were stained simultaneously with each secondary anti-
bady. Samples were placed in mounting medium and visualized
by fluorescence microscopy.

100 macrophages were examined per covenlip to determine
the total number of intracellular bacteria, macropinosome forma-
tion, and total number of bacteria within macropinosomes {60),

Deternrination of Efficieney of Bacrevial Uptake and - Dbusacellular
Gronth by Crltused Macaphages. To determine uptake of bacte-
tia, mouse bone marrow-derived macrophages were infected
with B, abormis. After 11, 5. 15, 25, md 35 min incubation at 37°C,
macrophages were washed once wich wedium and incubated
with 30 pg/ml gentamicin for 30 min. Macrophages were then
washed three rimes with fresh medium and lysed with distilled
water. CFUs were determined by sevial dilutions on Brucella
plates, Percentage protection was determined by dividing the
number of bacreria surviving the assay by the number of bacteria
in the infections inoculum, as determined by viable counts.

To determine inmracellular growth of bacteria. the infected
macrophages were then washed once with medinm and incu-
bated with 3t wg/ml gentamicin. At different time points, cells
were washed and Ivsed with distilled water and the number of
bacteria was counted on plates of a suitable dilution (6).

Ni-NT.A Agarase Pull-Daowenr aud Innmnoprecipitation Assay. A
fusion protein of HspOth tagged with six histidine residues at the
NH. termintus was constructed using the QlAexpress system with
pQE30 plasmid (QIAGEN). The fusion HspGi} protein was puri-
fied by Ni-NTA chromatography.

For the pull-down Ni-NTA agarose  beads—bound
Hsptt) (20 pe/ml) were added to 1 ml macrophage lysare (~107
cells} prepared with bysis buffer (10 mM Tris-HCI, pH 7.6, 5 mM
EDTA. 30 mM NaCl, 30 mM sodium pyrophosphate, 30 mM NaF,

s Triton X-100, 0.1% SDS. 4 pe/m! leupeptin, 1 mM PMSF:
reference 19). and the mixture was incubated at 37°C for 20 min.
Ni-NTA agirose beads—bound PrP¢ (2 pe/ml; reference 20)
were added to 1 ml purified Hsptit) solution (20 pa/ml), and the
mixture was incubated at 37°C for 260 min.

For immunoprecipitation assay. 20 pg/m! Hspol added 10 1
mi macrophage Iysate was incubated at 37°C for 20h min. The
sample was then immunoprecipitated with the anti-PrP® antibody
and incubated at 4°C overnight. Protein A-Sepharose beads were
added to the sample and incubated at rovm temperature for 1 h.
Each protein or antibody (30 pg/ml) was added in reaction solu-
tiom and incubated for 2 min bhefore pull-down or immunopre-
cipitation for binding inhibition,

The precipitates were washed with PBS and analyzed by imnm-
nobloteing with either anti-Hsp6 or apti-PrP®, and silver staining
was perfonmed wing 21-Silver Stain 11 (Daiichi Pure Chemicals),

Expression of Hsp60 en Lactococns Lactis.  pMAW30 (B. abornits
Hspot)*) or pMAW31 (E. coli Hsp60™) was constructed by clon-
ing a PCR fragment into Kpnl/Sacl- or Sacl-cleaved pSECEL
which is a vector for the secretion of foreign protein to the cell
surface of L. facris (21). The 1.64Hk-bp Kpnl-Sacl or 1,647-bp Sacl
PCIX fragment spanned the fsp60) gene of B. aborpic {22) or E. coli
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(23) and was amplified vsing the pimers 3'-GGTACCATG-
GCTGCAAAAGACGTAAAA-Y (Kpnl site underlined) and
5'".GAGCTCTTAGAAGTCCATGCCGCCCAT-3" (Sacl site
underlined). or 3'-GAGCTCATGGCAGUTAAAGACGTA-
AAA-3' (Sacl site undedined) and 5'-GAGCTCTTACATCAT-
GCCGCCCATGCC-3 (Sac! site undedined). Transfonnation of
L. faeris IL1403 was performied according to the method of Holo
and Nes (24). . :

Hep 66} Lacalization enr Bacteria,  Bacteria were grown to AGK) =
32 in broth, collected by cenmifugston, and fixed in 4%
paraformaldelyde. Expression of Hsp6l) on the B. afberts or L.
Lactis surface was confirmed by immunoflucrescence microscopy
with anti-Hspot monoconal antibody (33). lmnmnofluores-
cence staining of permeabilized bacteria was performed as previ-
ously described (23). .

ELISA.  The ability of PrP¢ to bind to Hsp6t on L. actis was
measured as follows, A 30-pl aliquot of ~ 105 L, Jaeris was placed
into Y6-well immune plates (Nunc) and incubated at room tem-
perature for 2 h. The saniple was then removed and the wells
were washed twice with PBS-0L03% Tween 20. 30 gl macro-
phage lysate (200 pg/ml) were added and the plate was incubated
at 37°C for | h. The amount of bound Pri® was detenmined by
ELISA with anti-PeP* antibody.

Time Lapse Video Microscopy. Bone  marrow—derived
rophages were plated in Lab-Tek Chambered coverglass (Nunc)
ad incubated overnight in RPMI 1640 containing 10% FBS at
37°C in 5% CO,. 2 X 109ml bacteria were added to the cham-
ber and then the chamhber was pliced on a heated microscope
stage set to 37°C for observation using an Olympus EX76 in-
verted phase microscope with 100X UPlainApe lens fitted with
phase contrast optics. The bactena were allowed to settle pas-
sively onto the macrophages and images were captured over a
30-min pericd. The images were captured every 15 » using a
couled CCLY camera (CoolSNALP: Roper Scientific) and pro-
cessed using Openlab software {(Improvision) on a Power Macin-
tosh G4 computer.

Thmdenee dn Mice.  Virulence was determined by quantitating
the survival of the strains in the spleen after 10 d. Groups of five
mice were injected intraperitoneally with ~104 CFUs of brucel-
lae in (b1 ml saline. At 10 d after infection, their spleens were re-
moved and homogenized in saline. Tissue homogenates were se-
rially diluted with PBS and plated on Brucella agar to count the
number of CFUs in each spleen.

mac-

Results

Tail Formation of PrP® with Swimming Internalization of B.
abertus.  Qur previous results showed that GPl-anchored
proteins were selectively incorporated inte macropino-
somes containing B. abortus (Fig. 1: reference 6). To in-
vestigate further the membrane sorting process. the dis-
tribution of GPl-anchored proteins during swimming
internalization of B. aborms was analyzed. Aerolysin from
Acromonas ydrophila, which binds to the GPl moiety of
GPl-anchored proteins on the cell surface (26), was used as
probe for the detection of GPl-anchored proteins. At 5
min after infection, aggregation of aerolysin-labeled GPI-
anchored proteins showing tail-like formation was colocal-
ized with swimming bacteria on the macrophage surface
(Fig. 1). In contrast. no aggregation of CD48, which is 2
GPl-anchored protein, was observed at the same time
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point (Fig, 1}. Similar results were obtained for other GPI-
anchored proteins. such as CD35 (unpublished data).
However. when one GPl-anchored protein. Prb®, was
tested, colocalization of aggregated PrP eail and swimming
bacteria was observed (Fig. 2 A}, Sometimes, several Pri®
tails were observed fram a single bacterium (Fig. 2 A). Pri¥
was also incorporated into macropinosomes containing
wild-type strain, but not rirB4 mutant, after 15 min incu-
hation (Fig. 2 A).

To obtain the ratio of PrP¢ tail fornmtion, colocalization
of PrP* til and internalized bacteria was quantitated mi-
croscopically at various times of incubation. rirB4 mutant
was rapidly internalized, with most bacteria internalized be-
fore further incubation, but the internalization of wild-type
strain was delayed (Fig. 2 B). Wild-type stram, but not
wirB4 ntutane, was present in macropinosomes transiently
{Fig. 2 C). The kinetics and degree of association of the
PrP¢ cail with internalized wild-rype strain showed maxi-
mal association after 5 min incubation (Fig. 2 D). The
maximal association of PrP’® with phagosomes containing
wild-type strain was observed after 15 min incubation (Fig.
2 E). In contrast, colocalization of PrP¢ with rirB4 mutant
was much less pronounced (Fig. 2, D and E). These results
sugaested that bacterial products secrered by the type IV
system might aggregate PrP© specifically and form il
structures during swimming internalization of B. abortus,

Surface Exposne of Hp60 on B. aborns,  To  investigate
bacterial factors associated with PrP® tail fosmation, immu-
nodominant proteins were examined by immunoblotting
with human brucellosis sera, which recognized a major
protein (60 kD) and ewo minor proteins (30n+25 kI; Fig. 3
A). In a previous report (22). immunodominant Hsp60 re-
acted with sera frem mice experimentally infected with B.
ahorius. Therefore, the 60-kD protein was expected to be
Hsp6i). To confirm this, purified Hspol) of B. ahortus was
analyzed by immunoblotting with sera from human and
animal brucellosis. As expected, Hsp60 reacted with serum
from human. cattle, and sheep with naturally acquired bru-
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CD438 (red}
Bacteria (green)

Figure 1. Tail fomation of GPi-mchored
proteins on the site of swinming internal-
izadon. Bone marrow=derived macropliages
were incubated with B ahartns for 3 or 13
min. and GPl-anchored proteins were Jo-
catized by immunotluorescence as deseribed
in Matenaks and Mothods, Merged mages
of the GFI* (green) and TRITC (red) chan-
nels wp and down with phase contrast -
ages of the sime ficld are shown. Cells were
probed with aerolysin for GPl-achored
proteins and with anti-CIH8. White arrows
point to bacteria wnd Dlue amow poiuts to
til-like aggregation of GPl-anchored pro-
teins.

cellosis {Fig. 3 B). Mutane strains {ArirB2 and ArirBH) also
had immumoreactive Hsp6tr (Fig. 3 A). To examine if
Hsp60 was secreted into the external medivm, culture su-
pematant of B. aberus was analyzed by immuncblotting.
Imnmumoreactive proteins were not detected in culture su-
pernatant (unpublished data). However, surface-exposed
Hsp6(t on wild-type strain, but not virB32 and virB4 mu-
tants. was detected by immunofluorescence staining with
anti-Hsp6( antibody (Fig. 3 ). Because introduction of
complementing plasinid into each mutant restored surface
expression of Hsp60), the expression of Hsp6( on the bacte-
rial surface associates with the type 1V secretion system
(Fig. 3 C).

To demonstrate that, as above, the presence of Hsp6t) on
the bacterial surface did not result from wholesale relocal
ization of cytoplasmic leakage, a control experiment was
performed. Surface exposure of GOPDH was detennined
by immunofluorescence microscopy. Antibody against
G6PDH failed to react with bacterial cell surfaces. As it was
not certain that the control antibody was able to react with
bacterial cells in the immunofluorescence experiment, the
antibody was used to probe bacteria in the presence or ab-
sence of permeabilization by hypotonic lysozyme treatment
(23). Antibody against GOGPIXH reacted with permeabilized
bacteria. but failed to react with bacterial cell surface (Fig. 3
D). Therefore, the surface exposure of Hsp6! is 1ot caused
by cytoplasmic leakage.

Juteraction of PrPC with Hep6Q of B, ahortus, - Because Hsp6ll
expressed ou the bacterial surface by the type [V secretion
system was most likely interacting with the target cell, we
tested Hsp60 for its abilicy to bind to PrF¢ on macro-
phages by pull-down assay with Hsp60 or PPt beads. Analy-
sis of the precipitated proteins by immunoblotting with
anti-Prl’© or Hsp6l) antibody showed that a 29-kD PrI*
was associated with Hsp6(), but not beads alone (Fig. 4. A
and B). To confirm this association. Hsp60 was added to
macrophage lysate and the proteins in the mixture were
then immunoprecipitated with anti-PrP¢ antibody. The
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precipitated proteins were analyzed by inmmunobloming
with anti-Hsp6t) antibody. The precipitates contained
Hspot (Fig. 4 B). Because the anti-Hsp60 antibedy did not
recognize macrophages Hspa, the antibody showed spe-
cific for bacterial Hspoft (Figz. 4 B). This Hsp6l and PrP*¢
association was inhibited by the addition of anti-Hsp60)
polvclonal antibody, purified Hspél, or Pri¢ (Fig. 4, A and
B). These results indicated thar the interaction between
Hsp6i and PrP% would be specific. The precipitated pro-
teins were also amalyzed by silver staining. The precipitates
contained two major bands (60 and 29 kD) and two weak
minor bands (74 and 27 kID: Fig. 4 C}. These resuls sug-
gested that Hsp6( bound to PrI* mostly, but there is possi-
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{ncubation time (min)

and then incubated for the perods of
time indicated. Uptahe {18), macrapino.
some fonmation (C) Pri® il formation
(1. or Pri* positve phagosomes (E)
was quantificd as desenbed in Materials
and Methods, % Pri* il fonmation er

W witd-type
[ vir&4 mutan

% phagosonaes Pr® positive refers o
the percentage of bacteria that showed
vostaining with che PPt il or Pri* .
included phagosomes. 1) macrophages
(B and C) or 146 bacteria (17 and E)
F were exantined per covendip. Data are
the aversge of triplicate samples from
three identical experiments. and the emor
bars represent the standard deviation.
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bility that Hsp6ft might interact indirectdy witch Pri* medi-
ated by other cellular components.

To further characterize Hsp6(), distribution of Hsp6t) in
B. abortus—infected macrophages was analyzed by immu-
noflucrescence microscopy. At 3 or 13 min after infection,
Hsp6) colocalized with only the bacterial sirface and was
not detected in macrophage membrane or cytoplasm (Fig,
D).

To investigate if Hspol) exposed on bacterial surface
could aggregate PrPt on macrophages. macrophages were
infected with L. Jacris expressing Hsp6f) of B. ahorus on its
surface (Fig. 5 B), and then PrP* was detected by immu-
nofleorescence microscopy. After 5 min incubation. Pri*
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accuntulated around intermalized Hsp6O* L. Jactis but not
Hsp60~ L. facris (Fig. 5 A). Quantitative data showed that
>70% of L. lactis expressing Hsp6t) colocalized with Prl:
at all time points (Fig. 5 D). 1P tail formarion was not
observed with either Hsp6U* ot Hspott™ L. Inais. L. latis
was seeded on the wells of a microtiter plate, macrophage
lysate was added. and then binding activity was measured
by ELISA with and-PrP€ antibody. The binding of PrP“ to
Hsp60 on the L. factis surface was detected but not with
Hsp60~ L. lactis (Fig. 5 C). L. laciis expressing Hsp6t) of L.
coli also colocalized with PrP® ac all dme points, but the
percentage of colocalization was lower than Hsp6( of B,
abortis (Fig. 3, C-E). These results suggested that Hsp60
expressed on the bacterial surface promoted accumulation
of PrPS, but is not sufficient for Prl¢ tail formation.

Effect of PePC Deficieney on B. abortus Infectiion. To mves-
tigate the role of PrPt on B. abortus infectian, several phe-
notypes of B. abornis virulence were tested by using macro-
phages from Ngsk PrPS-deficient mice (16). Time lapse
videomicroscopy was used to follow the internalization of
B. aborrus by macrophages from parent or Ngsk Pri*-defi-
cient C37BL/6 mice. After contact of macrophages with B.
abortis, bacteria showed swinuming internalizarion in mac-
rophages from parent mice {Fig. 6 A). The swimming of
the bacteria on the macrophage surface lasted for several

in

DAPI Anl+-GEPDH U

Phaxe

i wmpm  nt [fome g HspEO

Figure 3, Virl} comples=dependent sur-
face expression of immanedomninant Hspon,
ITmmunoblot analysis of whole vell lysates
with seram from huaman brucellosis {A} and
ni'puriﬁcd Hsp6O with indicated sernm (13,
{C) Labeling of bucteria grown in vitro with
antibady specific for Hapbtl, Fluorescence

+lysozyme ) . ' X
mhicroncopy of stained wild-type. rizBB2. or

-lysozyme

ri B4 mutant, and complemented strain for
each mugant, with anti-Hspoth (top) or ari-B3,
abrrties (iddle} and phase contrst niicros-
copy of the vorresponding  microscopic
fichts (boteons) are shown. (17) Localization
of GoPDH on pernmeabilized B, abortus by
imnmumoflusrescence microwopy. Bactera
were probed with anti-GOPDH (o) and
stained for DNA with DAPD (middle) i ei-
ther the absence (=lysozvie) or the pres-
enve (+lsozvme) of hesozvme. and phasw
contrast microscopy of the comesponding
microscopic fields (botcom) are shown,

minutes with generalized plasma membrane ruffling before
eventual enclosure in macropinosomes (Fig. 6 A). Contact
of B. abortns with macrophages from Ngsk PrPC-deficient
mice. in contrast, resulted in much smaller ruffling that was
restricted to the area niear the bacteria. The ruffles associ-
ated with internalization of bacteria resulted in a more
rapid uptake than observed for macrophages from parent
mice (Fig. 6 B). 5 min after deposition on the macrophages
fram parent mice, B. ahortus showed generalized actin poly-
merization around the site of bacterial binding. which
could be observed by either phalloidin staining or phase
contrast microscopy (Fig. 6 C). Macroplages from Nk
PrPC-deficient mice showed primarily small regions of
phalloidin staining at sites of bacterial binding (Fig. 6 C).
The differences i rate of phagocytosis and macropino-
some formation for parent or Ngsk PriC-deficient mice
were quantitated microscopically at various times of incu-
bation. The kinetics of bacterial internalization and macro-
pinosome fonnation in macrophages from parent C57B1./6
mice were almost identical to those observed for macro-
phages from BALB/c mice (Figs. 2, B and C, and 7, A=C).
Internalization of wild-type B. abortns into macrophages
from Ngsk PrPC-deficient mice, in contrast, was much
quicker and macropinosome formation was hardly detect-
able (Fig. 7, D~F). The internalized wild-type strain did

P Pramotes Brucella Infection
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not replicate in the macrophages from Ngsk Pri*--deficient
mice (Fig. 7 G). Macrophages from parent and Ngsk PrP*-
deficient mice showed no significant difference in the in-
ternalization, macropinosome formation, and ineracellular
replication of rirB4 mutant (Fig. 7, A-F and H). In macro-
phages from Ngsk PrP¢-deficient mice, wild-type strain
failed to block phagosome maturation as shown by colocal-
ization of phagosomes containing the bacteria and the late
endocytic marker. LAMP-1, at 35 min after intection (Fig.
8, A and C). In contrast, wild-type strain prevented phago-
sonme-lysosome fusion, and therefore phagosomes contain-
ing wild-tvype strain do not have LAMP-1 in macrophages
from parent mice (Fig. 8, A and B).

To deternine it this defect in intracellular replication of
B. akorns correlates with an inability to establish infection
in the host, we experimentally infected parent or PrP¢-
deficient mice with B ahortus. Many bacteria were recovered
from the spleen of BALB/c and C37BL/6 mice infected
with wild-type strain at 10 d after infection, but few bacte-
ria were recovered from PrPé-deficient mice, based on the
mnber of CFUs in each spleen (Fig. 7 1). As previously re-
ported (14}, fewer bacteria were recovered from the spleen

11 Watarai et al.

Blot: uMsp60

Figure 4. Uinding of Hspt to Pr®, (A)
Demonstration of affinity of Hspotd for Ir1* by
pull-down  assay  with  Hspbtl-coated  beads.
Control was assesed with beads onby, the addi-
tion of anti-HypO antibody, or purified Hepot),
Previpitates were anadyvzed by immanablotiing
with anti-Pri* antibody. (B) Cell lysate or im-
munoprecipitates with anti-Prit annbody and
affinity of Ul for Hsphith by pull-down away
with I'rl*acoated beads was analvzed by immn-
nablatsing with anti-Hspot antibody, Controd
was assessed with beads ondy, or the addition of
puified Pri® ., (C) Silver staining of precipitates
by pull-daws asay. Samples were purified with
Hyptlt {control) and precipitates of puli-down
with Hsptit-eoated beads (P19). (1)) Labuling of
internalized bacteria in macrophages with anti-
busdy specifiv For Hapidt, Macrophages were in-
cubated with B. abertis for 3 or 15 min, and
Huptt) were localized by immmunotiuorescence
an deseribed in Materialy and Methads, Fluores
cence neroscapy of stained  GFP-expressed
wild-tvpe steain witls anti-Hap6t and pliase con-
st microseapy of the corraponding micro-
seopiv fields are shown. Arrows point w bacteria,

of three mice strains infected with virB4 mutant (Fig. 7 1).
These results suggested chat replicative phagosome forma-
tion and proliferation in mice of B. abormis required the up-
take pathway associated with Prl*,

Several of the phenotypes ascribed to Ngsk Pri*-defi-
cient mice are most likely caused by up-regulation of prion
protein (PrP)-like protein dappel racher than by ablation of
PrP< (27). To investigate the involvement of doppel ex-
pression on B. abortus infection, Zrch PrP©-deficient mice
{17), with no up-regulation of doppel. were used for infec-
tion assay. The results showed that phenotypes of Zrch
PriC-deficient mice were almost the same as Ngsk PriX-
deficient mice on B. aborns infection (Fig. 7 G). In addi-
tion, PrP® transgenic Ngsk PrP%-deficient mice were
successfully rescued from the inhibition of bacterial intra-
cellular growth (Fig. 7 G). Therefore, doppel expression
was not involved in B. ahortus infection,

Discussion

In this study, we have shown that Hsp6() of B, aborms,
secreted on the bacterial surface by the type 1V secretion
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Figure S. Aggugation of Pri® by Hapttt
expressed on the surfuce of L kiris. Maco-
phages were incubated with surface Hapot”
itop) or Hspid)™ (bottom) L. tactis for 5 min.
and el was focalized by immunotluore-
cence as doseribed in Materials and Meth-
acds, Phase contrast microscopy of the come-
sponding miicrescopic fickd are shown,

Bacteria (shown by oamows} were stained
with DYAPE (1) Labuling of L. hrtis grown
in vitro. with antibody spevific for Hspon.
Fluarescence microscopy of stained surfice
Haptt)* or HepttF L faetie with anti-Hapho
top) or AP (uiddle) and phase contrase
microscopy of the correspending micro-
scopic ficlds (botrom) are shown, (C) Pri* -
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system—associated manner, interacted direcdy or indirectly
with PrP*, and that the interaction contributed to -establish
B. aborrus infecdon. The cellular function of PrPt is un-
clear. Qur results im this study provide a novel aspect of
IrP¢ function as a receptor for an intracellular pathogen.
Hsp6s, a member of the GroEL family of chaperonins in
E. vcoli, is widely distributed and conserved between
prokaryotes and mammals (28), Hsp60 proreins have been
recognized as immunodeminant antigens of many micro-
bial pathogens, including B. aborrs (22, 29), Hspols are

12
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binding activity,  Measurement of  I*
binding activiey was performed by ELISA
{refer to Materials and Methads), (1) and E)
Macroplages were incubated with surfice
Hsptitt* (solid bars) or Hapht {open bar) L.
aatts for the indicated time, and asocistion
of P was determined by immunofluore-
cence microscopy. Haphlh of B abormis (1)
or I2. coli (E) is expressing on L. Juctis surface.
% PPY positive refers to percentage of bac-
teria that showed costaisting with Pri*, lky
bacteria were examined per covendip, Data
are the average of tiphicate sunples from
three identicab experiments, and the error
bars represent the standard deviation,

B L. /actis Ec Hspb0+
[ L. factis HspBO-
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Lelieved to reside in the cytoplasm {30}, However, surface-
exposed HspO() has been reported in Legionella prewmophila
and shown to be involved in pathogenicity (31}. Presum-
ably, Heptit) of L. prctmophila binds to unknown receptors
on nonprofessional phagoeyte Hela cells, initiating actin
polymerization and endocytosis of the bacterium inte an
early endosome (32). But the role of surface-exposed
Hsp60 in professional phagoceytes, such as macrophages. is
still unclear, As L. pucusiophila has a type 1V secretion sys-
tem. surface expression of Hsp6t of L. puenmophila mighe

el Promotes Breella Infection



