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TRANSEUSION COMPLICATIONS

Dengue virus'in blood donations, Puerto Rico, 2005

Hamish Mohammed Jeffrey M. Linnen, Jorge L. Mufioz-Jorddn, Kay Tomashek, Gregory Foster,
Amy S. Broulik, Lyle Petersen, and Susan L. Stramer

BACKGROUND: A éingle instance of transfusion-
transmitted dengue infection has been feported. The

proportion of asymptomatne infection, and the median
5-day viremia, however, suggest that transfusion-
- assoclated dengue transmission may be more w:de-
’ spread than documented.
 STUDY DESIGN AND METHODS: The prevalence of
dengue virus (DENV) RNA was determined in all bicod
-"-donations to the American Red Cross in Pierto Rico

cific type of nucleic acid ampliﬁcatlon test called

- transcription-mediated: amphﬁcahon»(l’MA). TMA-

positive donations were defined-as those having two.
repeatadly. reactive TMA results. TMA-positive dona-
- tions were tested by enzyme-linked immunosorbent
~assay for immunoglobulin M (IgM) antibodies; by
- ‘reverse transcnptton—polymerase chaln reaction (RT-
< :PCRY), and by viral culture. '
- RESULTS: Twelve (0.07%) of 16 521 blood donatﬁons
tested were TMA-positive. Four were positive by ,
. RT-PCR (DENV serotypes 2 and 3). Virus was cultured
from 3 of 4 RT-PCR—positive donations. One of the 12
TMA-positive donations was IgM-positive. Only 5 dona-
tions remained TMA-positive when diluted 1:16, as is
done for routine minipool screening for other
“transfusion-transmissible viral infections (hepatn’us C,

1 human immunodefi clency, West Nile viruses [WNvVs]). .

~ CONCLUSION: Nearly 1in 1000 blood donations con-
tained DENV RNA, and virus could be cultured from
TMA-posmve donatlons suggesting a transfusion trans-.
mlS$IOIT risk sxmllar to that which ex1sted in the United

hlgh incidence of dengue in endemic countries, the high

= from September 20 to December 4, 2005, using aspe- |
* tion ranges from dengue fever to _dengue hemon'haglc

-dengue infections often present with féal
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engue virus (DENV) is a mosquito-borne fla-
vivirus transmitted by ‘the bite of an infected

Aedes spp. mosquito. Infection:by each of the
antigenically distinct serotypes (DENV-1, -2,

-3, and -4) confers lifelong serotype-specific immunity.
Subsequent infection with another serotype is possible
because immunity to heterologous serotypes is short-

- .lived. Most (53%-87%) dengue infections -are asymp-
‘tomatic or mildly symptomatic."* Dengue infection is

characterized by a median 5- -day viremia, and in chmcally
apparent infections, symptom onset occurs 1 day after
onset of viremia.** The clinical spectruin of dengue infec-

fever, -dengue shock" syndrome,

dengue fever including acute 6 arthralgia, .
myalgia, retroorbital pain; heada 1€,
quent infection with a second dengiie
the risk of developmg dengue. hembrrhaglc ever, which is
characterized by fever, thrombocytopema (platelet count
=100 x 1091L) hemorrhaglc mamfestatlons, and ev1dence :

A

. ABBREVIATIONS: ARC = AmencanRedCross, DENV = dengue

virus; IC =internal control; IR = mnallyreacuve S/ICO
ratio = signal-to-cutoff ratio; TMA = transmpnon-medlated
amphﬁcauon, WNV =West Nile virus. :
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of increased vascular permeability and plasma leakage.®’
With timely supportive care, dengue hemorrhagic fever
case-fatality rates can be reduced to less than Lpercent.®?

The principal dengue vector is Aedes aegypti. It is
found throughout the tropics and subtropics and in limited

areas of some states in the southeastern United States.
Aedes albopictus is also a competent vector for dengue and

has been implicated previously in dengue outbreaks. 10
Although it has not been detected in Puerto Rico, A. albop-
ictus exists in some parts of the Amencas including more

~ than 20 states in the eastern half of the’ United States.!!
- Autochthonous dengue transmission does sporad1cally

occur in southern Texas along the United States-Mexmo,

border, with the most recent outbreak occumng in the
contiguous border towns of Brownsville, _’I‘exas, and Mata-

. moros, Tamaulipas (Mexico).'*** This suggests the ende-

_ micity of dengue in South Texas and ‘the risk of

- reemergence of dengue in states thatl)ordér Mexico aswell
_ as in southeastern states with competent vector(s) and

subtropical climates. Research, however, has found that
differences in housing (e.g., use of air condmomng and

.. .screens) and lifestyle may prevent this from happening.'>**

Although few reports document DENV transmission -

.thr'ough receipt of infected blood,™ tissues,'® or organs,'®

transfusion-associated dengue transmission may be more

" . common than previously recognized. The high proportion

; _ of asymptomatic infections, the median 5-day period of -

o - detectable viremia, and the high incidence, especially

during outbreaks, suggest that a substantial number -of

: _donors could ‘be viremic at the time of donatmn In add.l-

tion, nosocomial transmission of DENV

. via needle-stick injury'# further indi- 450 —
cates the transmissibility of DENV by L :
infected 'blood. -Viremic individuals 400 +

. may unknowingly donate blood before ‘
symptom onset or if they remain = 330
asymptomatic. West Nile virus (WNV), a" 300 1

~ . related mosquito-borne flavivirus, may ¢
provide a useful. model for assessing - § 250 +

* transfusion-associated DENV transmis- ~§° |-

* sion. Transfusion transmission of WNV 8 200 T
is well documented, and-all blood dona- ~ €.

tions in the United States are screened < 130 T

- using WNV-specific nucleic acid amph-' ' 100 1

" fication tests (NATs).22 ‘ -

~ Dengue was first identified in 50 L IEE
Puerto Rico in 1963 and is now endemic ~ . 13

* year-round with occasional islandwide 0 =8

outbreaks. A mean of 5446 (range, 2416- - 1

“ from 1990 to 2004, whereas 6039 cases

10,048) suspected cases were reported . ‘
annually during the nonoutbreak years .

were reporte_d in 2005 (incidences of ¢
151 versus 159 per 100,000 population/
year). Approximately 77,000 blood
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donations are collected annually by the American Red
Cross (ARC) collection centers and blood donation drive
sites in Puerto Rico. These donations are used in the con-
tinental United States, Puerto Rico, and elsewhere in the
Caribbean. To assess the potential for transfusion-
associated dengue infection in Puerto Rico, we tested all
blood donations to the ARC for dengue viral nucleic acid

using a recently developed dengue-specific NAT during an
11-week period of seasonally heightened dengue actrv1ty
in 2005.

MATERIALS AND METHODS

We analyzed demographic data collected from blood
donors and plasma specimens from all blood donations to
ARC blood collection centers and blood drives in Puerto

Rico from September 20 to December 4, 2005. This study . - a
- period commenced 2 weeks after the peak of seasonally
" heightened dengue activity in Puerto Rico (Fig. 1). Plasma _

specimens containing ethylenediaminetetraacetate as an -
anticoagulant (BD' Vacutainer PPT plasma: preparation

' tubes; BD, Franklin Lakes, NJ) from all blood donations =~ .
during this study period were retained in'a reposxtory at '
. .the ARC facility in Gaithersburg, Maryland. i

All specimens were first screened for.the, presencev of E
DENV RNA using a DENV-specific NAT -developéd: by -
Gen-Probe, Inc. (San Diego, CA) that uses. transcription-.

. mediated amplification (TMA). Specimens were- tested by
TMA at Gen-Probe by trained ARC staff. All mmally reac-
tive (IR) specimens were  retested -and TMA-posm_ve]

‘Study Period

4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52

Week of onset of symptoms

" Fig. 1. Number of suspected* (£) and confirmedt (W) dengue cases by week of
symptom onset, Puerto Rico, 2005. *Suspected = reported case of dengue with a
clinical suspwion of dengue. TConﬁrmed laboratory-confirmed (by serology or
virology) case of dengue.
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specimens were those that were repeatedly reactive; all

- others were considered to be TMA-negative. Both initial

and repeat TMA screening were performed using indi-
vidual specimens. All IR specimens were sent to the CDC's
Dengue Branch Laboratory in San Juan, Puerto Rico,
for supplemental testing by reverse transcription—
polymerase chain reaction (RT-PCR).2* Testing of dona-

tions was unlinked to donor personal identifiers; thus,

subsequent contact with donors or recipients. was not
possible. Deidentified data from blood donation records

* were used in the statistical analysis (described below). The
data were stored on a single password-protected terminal
_ atthe CDC, and no attempt was made to trace the donors.

" The study protocol was approved by the Institutional

Review Board of the ARC.

TMA
. Testing was performed using a prototype dengue. TMA
. ‘assay on a fully automated system for NAT blood screen
" (Procleix Tigris system, Chiron Corp., Emeryville, CA). The
~_assay uses the same chemistry as other human immuno-

deficiency virus-1/hepatitis C virus and WNV assays (Pro-

- cleix and Ultrio, respectively, Chiron Corp.)>>% and targets

. sequences that are conserved across all four serotypes.

- Thus the assay used is capable of detecting all four dengue
v serotypes. TMA is an isothermal RNA transcription ampli--

. fication system using bacteriophage T7 RNA polymerase

" and Moloney murine leukemia virus reverse transcriptase

(MMLV RT) to produce RNA amplicons via DNA interme-

diates. Viral lysis and magnetic-based target capture -of
“viral RNA are followed by amplification and detection with
.the use of chemiluminescent probes.?® This technique is

able to detect 3.4 West Nile viral copies.per mL at a 50

.. Percent detection rate.”® The analytical sensitivity of the
. DENVTMA assay used in this study is very similar, with 50 -

percent detection at 3.5 viral RNA copies per mL and a
sample volume of 0.50 mL.® Assay results were reponed
in relative light units, which were used to derive signal-to-

cutoff (S/CO) ratios. Cutoff values. for the Dengue TMA. -
-~ assay internal control (IC) and analyte signals were calcu-

lated using the same formulae used for the Procleix WNV

o Supplemental testing

Al 'IMA—posmve specimens were retested at al: 16. dllu- L
- tion in plasma screened negative for all infectious disease

markers including dengue RNA at Gen-Probe to de-
termine the efficacy of testing blood -donations by

minipooled methods. The TMA-positive and IR specimens

1350 TRANSFUSION Volume 48, July 2008
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~ (first-time donor or repeat donor), phl" 3

were tested using a real-time RT—PCR assay for the detec-
tion of NS5 gene sequence (TagMan, Applied Biosystems,

Foster City, CA).* This RT-PCR test is multiplexed and
“detects the four dengue serotypes in one reaction. It can
* also be used to quantitatively measure viral RNA in blood

specimens with a sensitivity of approximately 1 x 10° to
5 x 10% viral RNA copies per mL. The sample volume is
20 pL derived from a 100-pL RNA extract obtained from a
0.24-mL serum specimen. All TMA-positive and IR speci-
mens were also tested for the presence of irnmunoglobu-
lin M (IigM) and immunoglobulin G (IgG) antibody using
IgM MAC-enzyme-linked immunosorbent assay (ELISA)
and IgG ELISA, respectively®*? Virus was isolated on
C6/36 cells and by mosquito isolation.®3

) Statistical ‘aﬁalysis'-

A trend analysis using simple linear regression was per-
formed to determine if there was a change in the number
of blood donations collected during the study period. The

~prevalence of DENV RNA was determined by dividing the

number of TMA-positive donations: by" the number of_
blood donations collected during1 the ‘study period. Infor-'
matxon about donor charactensucs (see~ Table 1) was
obtamed from the ARC’s elecu'omc donor tabase and

of resxdence, zip code of donation: sue, donatmn status
Gtorny procedure
(whole blood, plateletpheresis, or leukapheresis), and
donation type (allogeneic, directed, or-autologous). Both
donor residence and donation site were recoded into the -
three regions of Puerto-Rico set by the United States Postal
Service (San Juan Metxopohtan Area, west, and east) and
then treated as binary variables in the analyses (i.e., San
Juan metropolitan area versus other). Age was stratified by

" its median and considered asa bmary categorical variable

in analyses. _
Differences in TMA posmwty by donor characteristics
were assessed by the Fisher’s exact test and. exactvloglsnc

. regression. Potential covariates identified for inclusion in-

the final multivariable model included covariates with a p.

- value less than 0.20 on bivariate analysis. Age was added.
Assay30 A sample was considered reactive if the -analyte .

S/CO ratio was at least 1.0, nonreactive if the analyte S/CO - '
- ratio was less than 1.0 and the IC signal was above the IC
- cutoff, and invalid if the analyte S/CO ratio value was less

" than 1.0 and the IC signal was below the IC cutoff.-

to the model-a priori given its association with dengue -
mfectlon.z All comparisons were made with the use of a
two-tailed test, and-a Type I error rate of 0.05 was used to .

assess 31g1uﬁcance

-RESULTS-

- Atotal of 16,521 blood donations were collected during the A ,

11-week study period (mean, 1502 donations per week

" [range; 281-1864] without a significant trend in donation

frequency). Twelve donations (0.73 per 1000’ iionaﬁbns) :
were TMA-positive, with two or less identified per -

“week. Eleven of these 12 donanons were whole-

“~w,




-blood-collections, while the other was a plateletpheresis

from an O-donor. Donor and donation characteristics were

similar among the TMA-positive and -negative donations

(p > 0.05for all variables, Fisher’s exact test). In a multivari-

_able model adjusted for age, donors with residence in the

San Juan metropolitan area ‘were approximately three
times more likely than donors residing outside of the
metropolitan area to be TMA-positive (ad]usted odds ratio,

: 3 0‘ 95% confidence interval, 0.9-10.1).

The five blood donations that had the highést SICO

ratios on initial TMA testing were the only specimens to be

TMA-reactive at a dilution of 1:16 (Table 2). Four of these

DENGUE IN BLOOD DONATIONS

five specimens were positive by RT-PCR and had quanti-

-fiable viral loads ranging from 2 x 10° to 8 x 107 viral RNA -
copies per mL. Three were identified as DENV-2 and the
other as DENV-3. DENV was cultured from three of the
four specimens, two by mosquito inoculation and one in
cell culture. DENV-2 and DENV-3 were the predominant
serotypes in circulation in Puerto Rico in 2005.

Serologic testing of the 12 TMA- -positive blood dona-
tions revealed that only 1 was IgM-positive and 9 were
IgG-positive by ELISA (Table 2). The lack of IgG antibody

_titers in Specimens 1, 4, and 8 indicates no previous
- dengue infections in these patients. The presence of IgG
antibodies in the absence of IgM anti-

- « » bodies could reﬂect evidence of previ- .
TABLE 1, Characteristics of all and TMA-positive blood donors in ous infections in Specimens 2, 3, 5,7, 9,
Puerto Rico, September 20 to December 5, 2005* 10, 11, and 12, and IgG titers equal or

B All donors TMA-positive greater than 1:163,840 in Specimens 3,7,

iha;'me"s"c‘ (';7 ;65’32_:3; d‘;’;°5's i';:;z) 9, and 10 indicate a recent or current .

Mgaleéwm) 10,654 264 5) ) P 267) _ ) ,secondary mfecnon in those patients.

»anéﬁon status The presence of IgG in the sole donor

;ier:te 1::\: :;r:or 1?2:2 gg:g; ? f% _ with IgM antibodies (Specimen 6) could ‘
" Region of residence similarly be reflective of recent or
Sdn Juan M’e’tropolitari Area 6,631 (40.1) 8 (67) current infection. -

v Evaestst s : i;ﬁ g;;; 31 ,(_(285)) Other than the 12 TMA-posmve o
"Phlebotomy procecdurs. - R _ specimens, there were an edmgonm
1 whele blood 15,838 (95.9) 11.(92) three IR specimens with S/CO ratios on-

| Plaisktpherssls . 627 3. 1@ initial testing 0£1.00,1.03,and 11.58 and

' Do;gz‘%;ée:hefes‘sp. eresis 7 fo:o; o %0; . on repeat testing of 0.92, 0.40, and 0.07,
1~ “teukapheresis ' 1 (0.0) 0(0)" respectively. All were negative on PCR,

" Donation: type . IgM MAC-ELISA, and virus recovery.
S:'m 16'423 gi';” 1%“(1(30) They were, however, positive ‘on IgG
- Autologous 54 (0.3) 0(0) . ELISA. In the WNV TMA assay, an S/CO
- Region.of donation sits -~ . . N ratio of greater than or equal to 17 has
§$ Juan Metropolitan Ares : g:g%_gg::; 2 zgg a positive predictive value for con-
“West 3,667 (22.2) 0 (0)y fimmation of 95 percent (ARC data, -
* Data are reported as median (range) or number (%). unpublished); it is likely that this rela-

tionship is the same for DENV TMA.

TABLE 2. Results of supplementary testing of TMA IR speclmens (n =12)

TMAtest Gen-Probe (S/CO ratio)*

Supplementary tesnng CbC dengue branch -

Mosquito .

. - . i Number viral
;S‘pectmen ) !nmal test Seoondtest 1:16 ~ PCR{ RNA/mL - IgMt lgG Cell culture " inoculation
1 - 31.96 26.99 27.73 D2 7.14x10° . 0.229. - Negative " Negative D2
- 30.31 T 31.28 28.78 D3 8.12x 107 0.337 1:10,240 Negative D3 -
-8 29.22 . 2786 2712 . D2 7.74x10° - 0.409 1:163,840 - D2 } Negative
4 29.17 2484 . . 2292 D2 @ . 20x10° 0.229 = Negative - Negative Negative
5 23.89 20.59 8.54 . Negative  Undetected 0469  1:2560 - . Negative Negative
6 21.22 5.28 021  Negativer  Undetected 8.870  1:160 Négative Negative,
7 17.728 . ... .. 2310 0.15 Negative Undetected 0.409 1:655,360 Negative Negative .
8 1741 - 1844 . 0.31 Negative Undetected 0.198 Negative Negative Negative
9 17.24 21.05. 0.33 Negative Undetected 1.540 1:163,840 Negative - Negative
10 597 773 0.15 Negative - Undetected 0.440 1:655,360 Negative Negative
P & IR 408 4.15- 0.13 -Negative - Undetected 0.368 1:10,240 Negative Negative
12 R K] 566 s 0.60 Negative Undetected. - 0.270 . 1:2,560 Negative Negative

SICOz1constderedtobereacﬁve.- .
'r D2 = DENV-2, D3 = DENV-3.

©'$ 52,000 consmered pos&tive
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Nine of the 12 repeat-reactive samples had S/CO values in

. “one or both tests of 17 or greater.

DISCUSSION

This study, and a similar one recently conducted using

donations in Honduras, Brazil, and Australia,?® are the first

to document the presence of dengue viral nucleic acid in

- blood donations. In Puerto Rico, nearly 1 in.1000 dona-
-tions was positive for the presence of dengue viral nucleic
acid by TMA. Furthermore, live virus was recovered from -

three-of the 12 TMA-positive donations, mdxcatmg that at
least these 3 were capable of transmitting infection to
recipients. The prevalence of dengue viral nucleic acid in

~ blood denations in this study was similar to that estimated
for WNV in the areas experiencing outbreaks in the conti-

nental United States in 20023 before universal screening
using minipool NAT was implemented in July 2003.2

" Assuming an annual prevalence rate of 0.73 per 1000 (as-
- found in this study) and that each donation is made into a

mean of 1.45 transfusable components,* there may be as
many as 56 potentially viremic donations and 81 compo-

- nents generated from the approximately 77,000 blood -
donatiens collected annually by the ARC in Puerto Rico. .
Dengue mcxdence is highly seasonal and varies consider-

ably from year to year,*** however, so the prevalence of
potentially viremic donors could be considerably higher
or lower than this figure at any given time, Furthermore,
the three IR specimens lacking reproducible results in
repeat TMA testing may have been true-positive speci-

.. mens but with lower viral loads. If the case, this would

undérestimate the true prevalence of TMA positivity.
The unlinked study design did not permit contact

- with the recipients of the TMA- -positive donations to

assess whether transmission occurred. Nevertheless, virus

. was cultured from three donations and the viral loads of
. the four RT-PCR-positive donations indicate that their
-+ transfusion would have resulted in inocula orders of mag-

nitude greater than the amount of virus secreted in the

. - saliva of Aedes mosquitoes, documented to be as low as
. 102 viral particles per secretion.®® The RT-PCR assay used

in this study had lower sensitivity than the TMA assay, and
~ itwasnot possible to assess the viral lgad of the RT-PCR~ .
.- ‘negative specimens. :

'Our results indicate the feaslblhty of NAT -as a screen-

. .ing strategy for DENV as has been successfully used for
- WNV. Of concern, we found that simulated minipool NAT

(dilution 1:16) would not have detected the majority (7 of
12, or 58%) of the TMA-positive specimens; however, the

experience with WNV suggests that not all of these dona-
tions may be infectious. Approximately 30 percent of WNV

NAT-positive donations have viral loads below the limits
of detection by minipool NAT and can only be detected by

.. screening of individual donations.?#° Although WNV has
, been transmitted from transfusions detectable only by

.-/ 1352 TRANSFUSION Volume 48, July 2008
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individual unit screening and with an estimated level of
viremia as low as 0.06 plaque-forming units (PFUs) per mL
(1 PFU is approximately 400 viral copies)," most dona-
tions only detectable by individual unit screening had IgM
and IgG antibodies and were likely not infectious given the
fact that nearly all WNV transfusion transmissions have'
occurred from antibody-negative donations. 224 Unfor-
tunately, this same marker of infectivity is not applicable
to dengue because of the high prevalence of preexisting,
cross-reactive dengue antibodies in the population and
the complex and variable serologic response after second-
ary dengue infection.324

The global incidence of dengue has risen more than
30-fold in the past 50 years. In areas where dengue is
endemic, however, transfusion transmission of the agent
is rarely investigated for many reasons, mcludmg the fact
that this mode of transmission is difficult to prove against
a background of endemic dengue. In such cases, the dis-
tinction between a recipient infection via mosquito-borne -
transmission as opposed to transfusion transmission
may be too complex to distinguish. Furthermore, many
dengue-endem1c countries lack hemovigilance. Systems
with sufficient resources to mvesngate cases of recipient
inféction that are potentially related to transfusion .of-
blood - components. . Finally, sophisticated Taboratory

-testing may. not be.readily available in mény:- 'dengue—

endemic countries and such testing is required to distin- _
guish ‘dengue from. other arboviral infections as well
as dxsnngulshmg current dengue infection from prior-

- infections.

"In contrast, when WNV entered the United States, it
was against a background of a naive population. This per-
mitted the laboratory linkage of multiple’ transfusion
recipients with WNV infection to a single infected donor
within several clusters of WNV cases. Infectlous virus
and/or viral RNA could also be recovered from retrieved
cocomponent plasma units; in these cases, WNV was -
readily identified in the absence of competing arboviral

o infections. The transmissibility of WNV via blood transfu-

sion has been established, and our! findings decumienting.
the presence of DENV RNA in the Puerto. Rican blood .
supply, at a level comparable to that which triggered
screening of the US blood supply for WNV in 2003, high-
light the risks to transfusion safety posed: by emerging .

. diseases such as the vector-borne flaviviruses. Further

evaluation is required to-assess the risk of dengue trans-
mission by TMA-positive donations and the cost and
benefit of rotitine dengue screening ih endemic regions.
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A Clinical Trial of a Whole-Virus H5N1
Vaccine Derived from Cell Culture
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and P. Noel Barrett, Ph.D., for the Baxter H5N1 Pandemic Influenza
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ABSTRACT

BACKGROUND o :

Widespread infections of avian species with avian influenza H5N1 virus and its
limited spread to humans suggest that the virus has the potential to cause a human
inﬂuenza‘ pandemic. An urgent need exists for an H5N1 vaccine that is effective
against divergent strains of HSN1 virus.

METHODS .
In a randomized, dose-escalation, phase 1 and 2 study involving six subgroups, we
investigated the safety of an H5N1 whole-virus vaccine produced on Vero cell cul-
' tures and determined its ability to induce antibodies capable of neutralizing various
‘H5N1 strains. In two visits 21 days apart, 275 volunteers between the ages of 18 and
45 years received two doses of vaccine that each contained 3.75 #Eg, 7.5 ug, 15 ug,
or 30 ug of hemagglutinin antigen with alum adjuvant or 7.5 ungor 15 ug of hemag-

glutinin antigen without adjuvant. Serologic analysis was performed at baseline and .

on days 21 and 42.

RESULTS
' The vaccine induced a neutralizing immune response not only against the clade 1
(A[Vietnam/1203/2004) virus strain but also against the clade 2 and 3 strains. The
*use of adjuvants did not improve the antibody response. Maximum responses to the
vaccine strain were obtained with formulations containing 7.5 ug and 15 ug of
" hemagglutinin antigen without adjuvant. Mild pain at the injection site (in 9 to 27%
of subjects) and headache (in 6 to 31% of subjects) were the most common adverse
events identified for all vaccine formulations.

‘ c'oscws:ous ‘ : o
A two-dose vaccine regimen of either 7.5 ug or 15 pug of hemagglutinin antigen

without adjuvant induced neutralizing antibodies against diverse H5N1 virus strains

~ ina high percentage of subjects, suggesting that this may be a useful H5N1 vaccine.
(ClinicalTrials.gov number, NCT00349141.)
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HE EMERGENCE OF A NEW HUMAN IN-
fluenza pandemic caused by an avian virus
. strain is possible. Vaccination against pan-
demic influenza is considered to be the most ef-
fective option to limit its spread. However, the
conventional approaches to the manufacture of in-
fluenza vaccines have a2 number of disadvantages
and raise concern about whether sufficient quan-
tities of an effective vaccine can be made avail-
able early enough at the onset of a pandemic to
have a major effect on public health.* In addition,
clinical studies of conventional split-vaccine for-
mulations without adjuvant have shown poor im-
munogenicity.?3 It has been suggested that whole-
virus vaccines have the potential to be more
immunogenic than split-virus or subunit vaccines
in previously unvaccinated populations.** The first
clinical study of a whole-virus vaccine against
avian influenza H5N1 virus showed that a sub-
stantially reduced antigen dosage (10 ug) with an
alum formulation induced seroconversion in near-
Iy 100% of subjects.®
All these studies were carried out with vac-
cines manufactured by conventional methods
(i.e., with the use of embryonated chicken eggs
and modified, attenuated reassortant viruses pro-
duced by reverse genetics).” We have devised a
strategy for the development of an HSN1 vaccine
that involves the use of a wild-type virus (i.e., the
strain circulating in nature) grown in a Vero cell
culture. This strategy has the advantage that the
lead time for pandemic vaccine production can
be reduced, since the generation of attenuated

‘reassortants is not required, although the require-

ment for the use of enhanced biosafety level 3

. (BSL-3) facilities for such a strategy is a relative

drawback. In addition, cell culture provides a
robust manufacturing platform that eliminates

.dependence on embryonated chicken eggs, which

would be an advantage in the event of limited
availability of such eggs during a pandemic
caused by a highly pathogenic avian virus. This

technique was used to develop a whole-virus vac- .

cine that was highly immunogenic in animal

models.? We report on the safety and immuno- -

genicity of this vaccine, using formulations with
and without alum adjuvant.

METHODS

STUDY DESIGN AND OBJECTIVE

From June 2006 through September 2006, we en-
rolled a total of 284 men and women between the

ages of 18 and 45 years in a randomized, partially
blinded (between groups) clinical trial at three
sites: one in Austria and two in Singapore. The
study was designed by its sponsor, Baxter. Data
were collected by the investigators and were held
and analyzed by Baxter. The manuscript was
written by a subgroup of industry and academic
authors; all authors contributed to the content,
had full access to the data, and vouch for the
completeness and accuracy of the data and data
analysis.

The appropriate local review boards and ethics
committees approved the protocol for the study,
which was conducted in compliance with Good
Clinical Practice guidelines and the provisions of
the Declaration of Helsinki. The study investiga-
tors were unaware of assignments to study groups.
(For details of the study design, see the Supple-
mentary Appendix, available with the full text of
this article at www.nejm.org.)

The objective was to identify the immunoge-

- micity and safety of various doses of inactivated

H5N1 whole-virus vaccine in formulations with
and without adjuvant. The primary immunoge-

nicity outcome was the number of subjects with

hemagglutination-inhibition and neutralizing anti-
bodies to the vaccine strain (A/Vietnam/1203/2004)
21 days after the first and second doses- of vac-
cine. The primary safety outcome was any sys-
temic reaction after the first and second doses.

VACCINE

The monovalent avian influenza H5N1 whole-
virus vaccine (Baxter) was produced with the wild-
type strain A/Vietnam/1203/2004, which was ob-
tained from the Centers for Disease Control and
Prevention and was inactivated with formalin and
ultraviolet light. The vaccine was manufactured
in Vero cell culture in an enhanced BSL-3 facility
{as required for wild-type H5N1 virus), as de-

- scribed previously.®

RANDOMIZATION AND FOLLOW-UP
Subjects were eligible to participate if they were
clinically healthy, understood the study proce-
dures, provided written informed consent, and
agreed to keep a daily record of symptoms. Wom-
en were required to have a negative pregnancy
test at screening and before each vaccination.
Subjects were recruited in three study cohorts
in a dose-escalating manner and were randomly
assigned to receive two 0.5-ml injections into the

deltoid muscle at an interval of 21 days (range, .

N ENGL ) MED 358,24 WWW.NEJM.ORG JUNE 12,2008

Downloaded from vwvw.nejm.gg at BAYER-YAKUHIN CO., on August 17, 2008 .

Copyright © 2008 M

190

usetts Medical Society. All rights reserved.




WHOLE-VIRUS HSN1 VACCINE DERIVED FROM CELL CULTURE

21 after each vaccination, subjects were asked to
return for a review of the diary and assessment
for any adverse events.

19 to 23) with an HSN1 whole-virus formulation
containing 3.75 ug, 7.5 ug, 15 g, or 30 ug of
hemagglutinin antigen with a 0.2% alum adju-
vantor 7.5 ug or 15 ug of hemagglutinin antigen
without adjuvant. There was no placebo group.
Subjects and investigators were unaware of the
dose of vaccine administered within the sub-
groups (Fig. 1, and the Supplementary Appendix).
Blood samples were taken for serologic testing
before the first dose of vaccine and on day 21
after the first and second doses.

ASSAYS
We evaluated all immunogenicity outcomes against
the influenza-virus strain used in the vaccine
(A/Vietnam/1203/2004) according to hemaggluti-
nation-inhibition and virus-neutralization assays.
To assess cross-reactivity of antibodies, all assays
were also conducted with known related influ-
enza strains — for example, an original prototype

Using a diary provided by the investigators,
subjects were asked to record daily oral body
temperature (using study-issued digital thermom-

eters), local reactions, and systemic adverse events.

for 7 days after each vaccination. On days 7 and

clade 3 strain (AfHong Kong/156/1997) and a
clade 2 strain (A/Indonesiaf05/2005).

Using a hemagglutination-inhibition or virus-
neutralization assay, we investigated secondary

284 Patients were enrolled

191

9 Were enrolled but were not
vaccinated
\
275 Underwent randomization
3
: 45 Received 45 Received 45 Received 46 Received . 45 Received 49 Received
First Dose 3.75 ug 75pug 75ug 15 jig 15 ug " 30pug
with adjuvant with adjuvant without adjuvant with adjuvant without adjuvant with adjuvant
1
‘ 45 Were included 45 Were included 45 Were included 46 Were included 45 Were included 49 Were included
in the first safety in the first safety in the first safety in the first safety in the first safety in the first safety
analysis . analysis analysis ) analysis analysis analysis
42 Were included 42 Were included 42 Were included 43 Were included 43 Were included 46 Were included
in the first sero- in the first sero- in the first sero- in the first sero- in the first sero- in the first sero-
logic analysis iogic analysis logic analysis logic analysis logic analysis logic analysis
: 42 Received 42 Received 42 Received 43 Received 43 Received 45 Received
Second Dose 3.75 ug 7.5ug 7S ug 15 pg 1Sug- C30pug
) with adjuvant with adjuvant without adjuvant with adjuvant without adjuvant with adjuvant
A 1
42 Were included 42 Were iriduc!ed 42 Were included 43 Were included 43 Were included 45 Were included
in the second in the second in the second in the second in the second in the second
safety analysis safety analysis. safety analysis safety analysis safety analysis safety analysis
42 Were included 39 Were included 42 Were included | I' 41 Were included: | [ 41 Were included 44 Were included
in the second - in the second - in the second in the second in the second in the second
serologic serologic serologic serologic serologic serologic
analysis analysis “analysis analysis " analysis analysis
{ Figure 1. Enroliment and Outcomes.
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Table 1. Proportion of Subjects with injection-Site and Systemic Reactions within 7 Days after the First and Second Doses of Vaccine.

' 3.75 g with 7.5 ug with 75 pg without 15 yg with 15 ug without 30 g with

Variable Adjuvant Adjuvant Adjuvant Adjuvant Adjuvant Adjuvant

First dose

No. of subjects 45 45 46 45 49

percent (95% confidence interval)

Injection-site rcaction »

Any 29 (16-44) 22 (11-37) 11 (4-24) 28 (16-43) 20 (10-35) 24 (13-39)
Pain 27 (15-42) 20 (10-35) 9 (2-21) 26 (14-41) 18 (8-32) 24 (13-39)
Erythema* 0 (0-8) 2 (0-12) 2(0-12) .. 4 (1-15) 0 (0-3) - 0(0-7)
Swelling™ 0 (0-8) 0 (0-8) 0 (0-8) 2 (0-12) 0 (0-8) 2 (0-1Y)
tnduration* 0 (0-8) 2(0-12) 0 (0-8) 008  40-15) 20
Ecchymosis® 0 {0-8) 0 (0-8) 0 (0-8) 0 (0-8) 2 (0-12) 2 (0-11)

Systemic reaction _
Any 51 (36-66) 31 (18-47) 38 (24-53) 30 (18-46) 47 (32-62) 18 (9-32)
Fevert 2 (0-12) 4 (1-15) 0 (0-8) 4 (1-15) 2 (0-12) 2 (0-11)
Headache 31 (18-47) 18 (8-32) 20 (10-35) 13 {5-26) 24 (13-40) 6(1-17)
Malaise 13 (5-27) 11 (4-24) 4 (1-15) 13 (5-26) 9 (2-21) 6(1-17)
Myalgia 9 (2-21) 16 (6-29) 4(1-15) 9 (2-21) 9 (2-21) 2 (0-11)
Shivering 0 (0-8) 9 (2-21) ' 7 (1-18) 9 (2-21) 2(0-12) 0(0-7)

Second dose l

No. of subjects ) @ 42 43 a3 45

: percent (95% confidence inteival)

Injection-site reaction .
Any 17 (7-31) 12 (4-26) 14 (5-29) 19 (8-33) 16 (7-31)  13(5-27) . -
Pain 14 (5-29) 10 (3-23) 12 (4-26) 19 (8-33) 16 (7-31) 11 (4-24)
Erythema* 0 (0-8) 2 (0-13) 2 (0-13) 0 (0-8) 0 (0-8) 068
Swelling* 0 {0-3) 2 (0-13) 0 (0-8) 2 (0-12) 0(0-8) 0 (0-8)
tnduration® 5 (1-16) 0 (0-8) 0 (0-8) 2 (0-12) 0(0-8) 0 (0-8)
Ecchymosis* 0 (0-8) 2(0-13) 0 (0-8) 0 (0-8) 2(0-12) 2 (0-12)

Systemic reaction ) . » )

Any - 31 (18-47) 24 (12-39) 26 (14-42) 28 (15-44) 44 (29-60) 18 (8-32)
Feverf 0 (0-8) 2 (0-13) 5 (1-16) 0 (0-8) 7 (1-19) 2(0-12)
Headache. 19 (9-34) 10 (3-23) 5 (1-16) 9 (3-22) 12 (4-25) 13 (5-27)
Malaise 5 (1-16) 7(1-19) - 5 (1-16) 2 (0-12) 12 (4-25) " 9q2-21)
Myalgia 12 (4-26) 2 (0-13) 2 (0-13) 2{0-12) 7(1-19) 0 (0-8)
Shivering 0 (0-8) 2 (0-13) 5 (1-16) 2 (0-12) 7 (1-19) 0 (0-8)

* Listed are injection-site reactions with a diameter of more than 1 cm.
T Fever was defined as an oral temperature of 38°C (100.4°F) or more.

immunogenicity outcomes by analyzing the anti-
body response 21 days after the first and second
doses” of vaccine; the increase in the antibody
response 21 days after the first and second doses,
as compared with baseline; and the number of
subjects with seroconversion (which we defined

as a minimum increase by a factor of 4 in the
titer) 21 days after the first and second doses, as
compared with baseline. ’
The hemagglutination-inhibitien assay is the
standard test for detection of antibodies against
influenza after infection or vaccination. However,
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Table 2. Proporhon of Sub;ects with a Virus-Neutralization Antibody Titer of 1:20 or More.
3.75 ug wsth 7.5 ug with 7.5 pg without 15 pgivith
Virus Strain and Day Adjuvant Adjuvant Adjuvant Adjuvant Ad|uvant
A/Vietnam/[1203/2004 (clade 1)
Day 0
No./total no. (36) 0/42 3/42 (7.1) 0/42 1/43(23)  o0/a3
95% Ci 0.0-8.4 1.5-195 0.0-8.4 0.1-123 0.0-8.2"
Day 2}
No./total no. (%) 9/42 (21.4) 11/42(262)  17/42 (40.5) 7/43(163) 17743 (39.5)
95% Ci ‘ 10.3-36.8 139420 25.6-56.7 6.8-30.7 25.0-55.6
Day 42
No./total no. (%) 29/42(69.0)  25/39 (64.1)  32/42(76.2) 25/41(61.0)  -29/41 (70.7)
95% CI : 52.9-82.4 47.2-78.8 60.5-87.9 44.5-75.8 54.5-83.9
A/tndonesia/05/2005 (clade 2) "
. Day0 ‘ .
No./total no. (%) 1/42 (2.4) 1/42 (2.4) 0/42 143 (2.3) 0/43
95% €l 0.1-12.6 0.1-12.6 0.0—8.4 0.1-12.3 - 0.0-8.2
Day21 ' ' :
No./total no. (%) 5/42 (11.9) 5/42 (11.9) 10/42 (23.8) 1/43 2.3) 7/43.(16.3)
95% Cl © 40-256 4.0-25.6 12.1-39.5 0.1-12:3 6.8-30.7
Day 42 R
~_ No./total no. (%) 12/42 (28.6) 14/39 (35.9) . 19742 (45.2) 3/41(2.3) - 15/41 (36.6)
95% Cl ' ©15.7-44.6 212528 29.8-613 L5189 221-53.1
AfHong Kong/156/1997 (clade 3) ; ' T
Day 0 , o R
No./total no. (%) ' 0/42 4/42 (9.5) 2/42 (4.3) 2/4344.7) - 143 (2.3)
95% Ci ' 0.0-8.4 2.7-226 . 0.6-16.2 0.6-15.8 01-123
.Day 21 ) . .
No.ftotal no. (%) 9/42 (21.4) 1342 (31.0) - .20/42 (47.6) 9/43 (20.9) 18743 (41.9)
95% Ct ' 10.3-36.8 17,6471 32.0-63.6 10.0-36.0 27.0-57.9
Day42 ‘ '
No.ftotal rio. (%) 2842 (667) 2539 (64.1)  32/42(762)  26/41(634)  32/41 (78.0)
95% Ci 505-804 147.2-78.8 60.5-87.9 : 46.9-779 62.4-89.4

15 pg without 30 yg with
Adjuvant

0.0-7.7

5/46 (10.9)
3.6-23.6

29/44 (65.9)
50.1-79.5

0.0-7.7

3/46 (6.5)
14-179

13/44 (29.5)
16.8-45.2
1/46 (2:2)

0.1-11.5

7/46 (15.2)
6.3-28.9

34/44 (77.3)
62.2-88.5

this assay may be insensitive for the detection of
anti-H5 antibodies.’** For this reasom, immuno-
genicity analyses focused on a determination of
functional neutralizing-antibody responses. Since
most licensing authorities’ typically request data
regardmg hemagglunnatlon-mhlbmon assays or
single radial hemolysis, these determinations are
also reported but only for the vaccine virus strain
AfVietnam/1203/2004. (For details on hemagglu-
‘tination-inhibition and virus-neutralization’ assays
‘and single radial hemolysxs 1214 see' the Supple-
mentary Appendlx.)

STATISTICAL ANALYSIS

The protocol called for the recrmtment of 45 sub-
jects per study group. With this number of sub-

jects, the 95% confidence interval for the percent-

age of subjects with an antibody response that
was associated with protection did not extend
more than 15% from the observed rate, assum-
ing a seroprotection rate of approximately, 80%

We used the likelihood-ratio chi-square test

to compare the number of subjects with local or
systemic reactions within 7 days after vaccination
among the various vaccine formulations. For bi-
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Table 3. Geometric Mean of the Increase from Baseline (GM1) and Proportion of Subiects with Seroconversion.*

Virus Strain and Day 3.75 pg with Adjuvant 7.5 ug with Adjuvant 7.5 pg without Adjuvant
- GMi Seroconversion GMI Seroconversion GMI Seroconversion
value (95% Cl) % (95% Cl) value (95% Cl) % (95% CI) value (95% Cl} % (95% Cl)
1 AfVietnam /12032004 (clade 1)
Day 21 2.0(1.6-2.4) 11.9 (4.0-25.6) 2.0 (1.6-2.5) 9.5 (2.7-22.6) 3.2 (2.4-4.2) 35.7 (21.6-52.0)
Day 42 44(35-56) 548(387-70.2) 40(3.1-5.2) 513 (34.8-67.6) 53 (41-69)  69.0(52.9-82.4)
A/Indonesia/05/2005 (clade 2) "
Day 21 17(14-19) 48(06-162) 16(13-19) 71(L5-195)  22(18-28) 190 (8.6-34.1)
Day 42 2.8(2.3-3.4) 19.0(8.6-34.1) 2.7 (2.1-3.4) 28.2 (15.0-44.9) 3.2 (2.5-4.0) 31.0 (17.6-47.1)
A/Hong Kong/156/1957 (clade 3)
Day 21 2.3 (1.8-2.9) 16.7 (7.0-31.4) 2.3 (1.8-2.8) 14.3 (5.4-28.5) 3.4 (2.5-4.7) 38.1 (23.6—54.4)
Day 42 5.8 (44-7.7) 69.0(52.9-824) 52(3.8-7.1) S51.3(34.8-676) 59(43-81)  66.7 (50.5-80.4)

* Seroconversion was defined as an increase in the virus-neutralization titer by a factor of 4 or more. .
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nary variables (i.e., seroprotection and serocon-
version), response rates and 95% confidence in-
tervals were computed for each strain and time

. point. The confidence intervals were interpreted

in a descriptive manner, and no adjustment for
multiplicity was made.*s

In addition, for the log-transformed values of
virus-neutralization titers and single radial hemo-
lysis, a longitudinal analysis was performed with-
in a repeated mixed-model framework of analy-
sis of covariance. Changes from baseline were
analyzed, accounting for the fixed effects of vac-
cine formulation, day, sex, age, baseline titer, in-
teraction between the vaccine formulation and
day, and random effects for subjects. Vaccine for-
mulations without adjuvant were compared with
formulations with adjuvant within this model.
Comparisons were also made between groups re-
ceiving 7.5 ug and 15 ug of hemagglutinin anti-

-gen without adjuvant. We calculated the proper-

tion of subjects with a virus-neutralization titer of
1:20 or more and that of subjects with resuits of
25 mm? or more on single radial hemolysis, us-
ing a generalized linear model with repeated
measurements and the general-estimating-equa-
tions method (see the Supplementary Appendix).

RESULTS

STUDY POPULATION

A total of 275 subjects between the ages of 18
and 45 years received the first dose of vaccine,
and 257 received the second dose. All vaccinated

subjects were included in the safety analysis. Two
subjects who initially gave their consent with-
drew from the study because of nonserious ad-
verse events, including four events in one subject
(chills, fatigue, malaise, and insomnia) and one
event in the second subject (papular rash); the

majority of these symptoms abated within 24 |

hours. Immunogenicity data were available for
258 subjects for the first dose of vaccine and for

. 249 subjects for the second dose of vaccme

SAFETY .

The rates of occurrence of injection-site and sys-
temic reactions during the first 7 days after each
dose of vaccine are presented in Table 1. No seri-
ous, vaccine-related adverse events were recorded.

There were two serious adverse events recorded

in two.subjects: hospitalization due to a contu-
sion of the left foot and hospitalization for an
elective abortion.

The most commonly occurring mjecuon-sxte

reaction after vaccination was pain, which oc-

‘curred in 9 to 27% of subjects; the most frequent-

ly reported systemic reaction was headache, which
occurred in 6 to 31% of subjects.

There were no significant differences between
the vaccine formulations with respect to local
reactions after the first dose and the second dose
of vaccine (P=0.32 and P=0.97, respectively, for
all comparisons). With respect to systemic reac-
tions, a slight difference was ‘observed between
the vaccine formulations after the first dose of
vaccine (P=0.01), a finding that was largely due
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15 g with Adjuvant 15 pg without Adjuvant 30 ug with Adjuvant

GMI Seroconversion GM| Seroconversion GMI Seroconversion
value (95% Cl) % (95% Cl) value (95% CI) % (95% Cl) value (95% Ci) % (95% Ct)
1.9 (1.5-2.4) 11.6 (3.9-25.1) 3.1(2.5-4.0) 34.9 (21.0-50.9) 2.1 (1.8-2.5) 13.0 (4.9-26.3)
3.9 (3.0-5.0) 46.3 (30.7-62.6) 5.7 (4.3-7.5) 68.3 (51.9-81.9) 4.6 (4.0-5.4) 61.4 (45.5-75.6)
1.4 (1.2-1.7) 2.3 {0.1-12.3) 2.3 (1.8-2.9) 16.3 {6.8-30.7) 1.7 (1.5-2.0) 2.2 {0.1-11.5)
2.5 (21-2.9) 9.8 (2.7-23.1) 3.6 (2.94.5) 43.9 (28.5-60.3) 2.9 (2.5-3.95) 29.5 (16.8-45.2)
2.0 (1.5~-2.7) 11.6 (3.9-25.1) 3.3 (2.5-4.3) 30.2 (17.2-46.1) 1.9 (1.6-2.3) 15.2 (6.3-28.9)
4.9 (3.7-6.5) 53.7 (37.4-69.3) 7.8 (5.7-10.6)  75.6 (59.7-87.6) 5.7(46-7.0)  63.6(47.3-77.6)

to an unexpectedly low rate of headache observed
in the group receiving the 30-ug formulation
with adjuvant. No difference was shown regard-
ing systemic reactions after the second dose of
vaccine (P=0.15).

IMMUNE RESPONSE ;
At 21 days after the first and second doses, func-
tional neutralizing antibodies against strain A/
Vietnam/1203/2004 were detected in patients re-
ceiving any of the six formulations Table 2 shows
‘tralization titer of 1:20 or more, and Table 3 shows
the geometric mean increase (GMI) of the titer
from baseline and the percentage of seroconver
sion. Numerically, the formulations without ad-
juvant induced the highest rates of a virus-neu-
tralization titer of 1:20 or more after the first
dose (40.5% and 39.5% for 7.5 ug and 15 ug
without adjuvant, respectively) and the second
dose (76.2% and 70.7% for 7.5 ug and 15 ug with-
‘out adjuvant, respectively) (Table 2). Similar re-
sults were obtained with respect to GMI (Table 3),
since the highest GMIs were obtained for the for-
mulations without adjuvant (5.3 and 5.7 for 7.5 734

-and 15 pg without adjuvant, respectively) (Table 3).
Among subjects with seroconversion (an increase
in the titer by a factor of at least 4 after immuni-

: zauon), the highest rates of response were again
©seen in subjects who received a 7.5-ugor 15-ug

formulation without adjuvant (69.0% and 68. 3%,
respectively) (Table 3).

Statistical analysis with the use of a mixed
-model on log-transformed virus-neutralization

values confirmed that the formulations without
adjuvant induced significantly higher immune re-
sponses than did the formulations with adjuvant
(P<0.001). There were no significant differences
between the two formulations without adjuvant
or among the four formulations with adjuvant.
All vaccine formulations showed a similar ratio
of increase in antibody titer between day 21 and
day 42, as shown by the nonsxgmﬁcant interaction
between vaccine formulation and day (Table 4,
and Table 4 in the Supplementary Appendlx)
Table 5 compares the presumed rates of sero-
protection, as measured by hemaggluunatlon—
inhibition assay (i.e., the proportion-of subjects
with a titer >40) and single radial hemolysxs (ie,
the proportion of subjects with an area of 225 m?
on single radial hemolysis). Numerically, the for:
mulations without adjuvant again were more im-
munogenic than those with adjuvant. On single
radial hemolysis, the percentage of seroprotec-
tion 21 days after the seécond dose of vaccine
withiout adjuvant was 78.6% for the 7.5-ug dose

“and 61.0% for the 15-ug dose. Single radial he-
molysis for H5N1 antibodies appeared to be more

sensitive than hemagglutination-inhibition assay,
since the equivalent values for hemagglutination-
inhibition assay were 47.6% and 26.8%, respec-
tively. .

We also analyzed changes from baseline in re-

“sults on single radial hemolysis using a mixed-
“model analysis of covariance for the log-trans-
‘formed values, and the results were similar to

those obtained for the virus-neutralization titers.
Again, we observed a significant effect of the
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Table 4. Mixed-Model Analysis of Log-Transformed Values of Virus-Neutralization Titer.
AfVietnam/ Afindonesia/ AfHong Kong/
120372004 05/2005 156/1997
Effects and Comparison (Clade 1) {Clade 2) (Clade 3)
: ‘ P Value
Effect
Vaccine formulation 0.004 0.001 0.01
Day 21 vs. day 42 <0.001 <0.001 <0.001
Baseline <0.001 <0.001 <0.001
Sex 0.003 0.08 0.01
Age 0.41 0.18 0.03
Vaccine formulation—day interaction 0.06 0.36 0.01
Comparison .
With adjuvant vs. without adjuvant <0.001 <0.001 <0.001
Without adjuvant, 7.5 pg vs. 15 pg 0.80 097 0.70

vaccine formulations, with formulations without
adjuvant showing higher response rates than
those with adjuvant. There was no significant dif-
ference between the two formulations without
adjuvant or among the formulations with adju-
vant (Table 4, and Table 5 in the Supplementary
Appendix).

CROSS-NEUTRALIZATION

The 7.5-ug and 15-ug formulations without adju-
vant showed high levéls of cross-reactivity against
the A/Hong Kong strain (76.2% and 78.0%, re-
spectively, with a neutralizing titer of 21:20)
(Table 2). The responses against the ¢lade 2 strain
were somewhat lower (with rates of a virus-neu-
tralization titer of >1:20 of 45.2% and 36.6% for
the 7.5-ug and 15-ug formulations without adju-
vant, respectively).(Table 2).

We also analyzed the virus-neutralization re-
sponse to the heterologous strains using the
mixed model. Results were similar to those for
the homologous strain. Formulations without

_adjuvant elicited significantly higher immune re-

sponses than those with adjuvant. Antibody titers
increased significantly from baseline, indepen-
dently of the vaccine dose (Table 4, and Tables 3
and 4 in the Supplementary Appendix).

The reverse cumulative distribution curves for
antibody titers after the first and second doses
of vaccine against all three strains support the
finding of higher immunogenicity from the for-
mulations without adjuvant (Fig. 2). Analysis of
rates of, seroprotection with homologous and

heterologous immune responses showed results
that were consistent with those obtained by direct
analysis of values of virus-neutralization titers
and single radial hemolysis (Tables 6 and 7 in the
Supplementary Appendix).

DISCUSSION

It has been reported that whole-virus trivalent in-
fluenza vaccines are, more. immunogenic than

subvirion vaccines but are also more prone to

cause adverse reactions.® In our study, a monova-
lent whole-virus HSN1 vaccine had a side-effect
profile similar to that of subvirion H5N1 formu-
lations described previously.?-31¢ Most important,

the low rate of fever among subjects in our study

(2 to 7%) compares favorably with that report-
ed both for subvirion H5N1 vaccines and for an
egg-derived whole-virus H5N1 vaccine with adju-
vant.2:3516 However, it should be noted that re-
porting systems and characteristics of the subjects
differ among the various studies.

With respect to immunogenicity, the highest
neutralizing-antibody response after the second
dose of vaccine (76.2%) was obtained with the

7.5-ug formulation without adjuvant, which was

equivalent to a rate of seroconversion of 69.0%
and represented an increase by a factor of 4 or
more in the neutralization titer after two doses

of vaccine (Tables 2 and 3). These ddta are.also

similar to the levels of immunogenicity reported
in a study of an egg-derived whole-virus H5N1
vaccine, in which 96% of subjects who received

. N ENGL) MED 358,24 WWW.NEJM.ORG JUNE 12, 2008

Downloaded from www.nejm.org at BAYER-YAKUHIN CO., on August 17, 2008 .
Copyright © 2008 Massachusetts Medical Society. All rights reserved.

196




WHOLE-VIRUS HSNll VACCINE DERIVED FROM CELL CULTURE

N ENGL j MED 358,24  www.

Downloaded from www

at BAYER-YAKUHIN CO., on August 17, 2008 .

Copyright © 2008 Massg;?\usetts Medlcal Society. Al rights reserved. -

197

Table S. Antibody Response to the Homologous Virus Strain after the First and Second Doses of Vaccine.* p
Dose with or
without Adjuvant Assay Seroprotection Seroconversion ‘GMi
Day 0 Day 21 Day 42 Day 21 Day 42 Day 21 Day 42
percent (95% Cl) value (95% Ci)
3.75 ug with adjuvant ~ HI 24 333 40.5 333 38.1 2.7 45
: (0.1-12.6) (19.6-49.5)  (25.6-56.7) (19.6-49.5) {23.6-54.4) (1.7—-4‘.4) (2.4-8.4)
SRH 43 262 50.0 - 214 47.6 L7 - 29
(0.6-16.2) (13.9-42.0) = (34.2-65.8) {10.3-36.8) (32.0-63.6) (1.2-2.3) (2.0-4.2)
7.5 pg with adjuvant Hi 438 35.7 385 35.7 359 32 36
{0.6-16.2) (21.6-52.0}  (23.4-55.4) (21.6-52.0) (21.2-52.8) (1.9-5.4) (1.9-6.8)
SRH 48 -26.2 35.9 21.4 . 333 17 23
' (06-16.2)  (13.9-420) (21.2-52.8)  (10.3-36.8)  (19.1-50.2)  (1.2-2.3) {1.5-3.4)
7.5 ug without adju-- - HI 0.0 47.6 47.6 476 47.6 45 5.3
vant (0.0-8.4) (32.0-63.6) - (32.0-63.6) (32.0-63.6) (32.0-63.6) {2.7-7.6) {3.0-9.5)
' SRH 71 69.0 78.6 61.9 738 . 48 6.3
(1.5-19:5) (52.9-82.4)  (63.2-89.7) {45.6-76.4) (58.0-86.1) (3.2-7.2) (4.3-9.1)
1S pg with adjuvant HI 0 14.0 14.6 140 14.6 L5 L7
{0.0-8.2) (53-27.9)  (5.6-292)  (53-279)  (5.6-29.2) (1.1-2.2) (1.1-2.7)
SRH 47 163 39.0 116 36.6 1.4 227
. {0.6-15.8) (6.8-30.7) {24.2-55.5) (3.9-25.1) (22.1-53.1) (1.1-1.8) (1.6-3.2)
15 pg without adju- HI o 256 26.8 256 268 28 3.2
vant 00-82)  (135-412) (14.2-429) - (13.5-412) (14.2-429)  (1.6-4.9) (1.7-6.0)
SRH 23 419 - 610 395 58.5 .28 4.7
(0.1-123)  (27.0-57.9) (445-758)  (25.0-55.6) (421-733)  (19-4.2) (3.1-7.1)
30 pg with adjuvant Hi 0 348 364 ‘ 348 364 . 34 45
(00-7.7)  (214-502) (224-522) (21.4-50.2) . (22.4-522) . {(2.0-5.7) {2.4-8.6)
SRH' 22 21.7 58.1 - 196 <581 .15 3.6
(0.1-115)  (109-364) (421-73.0)  (94-339)  (421-730)  (1.2-2.0) (2.5-5.2)
* GMI denotes geometric mean of the increase, HI hemagglutination_—inhibitio.n assay,-and SRH single radial hemolysis.
two doses of 5-ug or 10-ug formulations had 2 studied here was consistent with data from a
neutralization titer of 1:20 or more,® although previous study, which showed that-no effect of
differences in assay systems must be taken into ‘alum adjuvant was seen with a 15-ug dose of sub-
account in making such direct comparisons. virion vaccine, and a 7.5-ug formulation without
Lower rates of seroprotection and seroconver: alum was more immunogenic than the formula-
sion (as defined in the guidelines of the Com- tion with adjuvant.? In the previous' study, an en-
mittee for Proprietary Medicinal Products'’) were hanced immune response with the use of alum
obtained with the hemaggluUnatton-lnhlbmon‘ was seen only with the 30-ug formulation. We
- assay than with the virus-neutralization assay, did not investigate this dose without alum in our
which supports the finding that the hemaggluti- study.
natio_n-inhibitioq assay is less sensitive for detec- However, other studies have described sub-
tion of anti-H5 antibodies, as reported previous- stantial positive effects of other adjuvants on
ly.2012 In our study, single radial hemolysis, which HSN1 immunogenicity. The use of an oil-in-
is considered to have a sensitivity equivalent to water-based emulsion in a 3.8-ug dose of split-
that of the hemagglutination-inhibition assay for virus vaccine resulted in 82% seroconversion, as
seasonal influenza strains,’® was shown to be compared with 4% seroconversion without adju-
more sensitive than the hemagglutination-inhibi- vant.26 The addition of another oil-in-water—based
tion assay for H5NL. adjuvant (MF-59) to an HSN3 vaccine was also
The lack of enhancement of vaccine immuno- associated with a substantial increase in antibody
genicity by the use of alum ad)uvant at the doses response.’
szu.om: JUNEDZ, 2008 12581
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Figure 2 (facing page). Reverse Cumulative Distribution
Curves for Titers of Neutralizing Antibodies in Six Study
Groups after the First and Second Doses of Vaccine
against Three Strains of Avian Influenza.

Shown are the percentages of subjects with specific
virus-neutralization titers after the first dose (day 21)
and second dose (day 42) of vaccine against A/Vietnam/
1203/2004 (clade 1) (Panels A and B, respectively),
A/Indonesiaf05/2005 (clade 2) (Panels C and D,
respectively), and AfHong Kong[156/1997 (clade 3)
(Panels E and F, respectively).

Our data also showed that the whole-virus
clade 1-based vaccine can induce a substantial
cross-neutralizing response against clade 2'and
clade 3 strains. The results described in Table 2
are encouraging: after two doses of 7.5-ug of the
formulation without adjuvant, the proportions of
subjects with neutralizing titers of 1:20 or mote
- were 45% of those immunized against the clade 2
Indonesia strain and 76% of those immunized
* against the clade 3 Hong Kong strain. However,
there is no available evidence to indicate which
neutralizing titer is sufficient to confer protec-
~ tion. Most studies of H5N1 split-virus and whole-
-~ virus vaccines have not described attempts to de-

termine the cross-reactivity of antibodies to other
* H5N1 virus strains. However, a recent study of a

novel split-virus vaccine with adjuvant also showed

- high levels of cross-neutralization against a clade
2 strain.*® In addition, in a study involving 15
subjects, two doses of an HS5N3 vaccine with.
ME-59 as adjuvant induced intermediate levels of
cross-reactivity to antigenically distinet HSN1
strains, and three doses induced high levels of
cross-reactivity.2®

The apparent absence of a dose-response rela'
tionship in our study may be surprising. However,
it is in agreement with a number of studies of
vaccine for pandemic influenza. Leroux-Roels
et al. reported no relationship between the dose
of antigen and the neutralizing-antibody response
for H5N1 formulations with adjuvant,® and there
appeared to be an inverse dose—response relation-
ship with respect to responses to the clade 2
strain. A number of other studies involving other
pandemic-strain vaccines — HON2,21 H5N3,19
and: H2N2?2 — have shown no dose-response
relationship or even a reduced response at higher

doses. The reasons for these findings are un-
clear, but at least with respect to vaccines with
adjuvant, it has been speculated that the ratio of
adjuvant to antigen may be critical in determin-
ing the immune-enhancing effect rather than the
antigen concentration alone.® For other viral vac-
cines, particularly those with soluble proteins, it
has been reported that there are distinct dose—
response relationships for induction of various
cytokines. In many studies, responses similar to

those mediated by type 2 helper T cells have been -

elicited at low doses of vaccine, and responses
similar-to those mediated by type 1 helper T cells
have been elicited at higher doses.?® Further
studies focusing on T-cell responses will be re-
quired to investigate this phenomenon. In addi:
tion, these studies will be extended by the tise of
antigen doses lower than 3.75 ug to confirm and
extend the results obtained in our study.

Our study provides initial safety and immuno-
genicity data for a whole-virus H5N1 vaccine
produced on Vero cell culture. It also shows that

-a broadly reactive immune response to clade 2

and clade 3 of H5N1 viras can be obtained with

the use of a low-dose clade 1 vaccine without .
adjuvant. Since'we observed no significant dose~

response relationship, the 7.5-ug formulation
without -adjuvant has been chosen for further
development.

~
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Identification of Trimeric Peptides That Bind Porcihe Parvovirus from Mixtures
Containing Human Blood Plasma ' ‘

Caryn L. Heldt," Patrick V. Gurgel, Lee-Ann Jaykus,} and Ruben G. Carbonell*'

Department of Chemical and Biomolecular Engineering and Department of Food, Bioprocessing and Nutrition Science, North
Carolina State University, Raleigh, North Carolina 27695, and ProMetic Life Sciences, Montreal, Canada

* Virus contamination in human therapeutics is of growing concern as more therapeutic products -
from animal or human sources come into the market. All biopharmaceutical processes are required
to have at least two distinct viral clearance steps to remove viruses. Most of these steps work
well for enveloped viruses and large viruses, whether enveloped or not. That leaves a class of
small non-enveloped viruses, like parvoviruses and hepatitis A, which are not casily removed
by these typical steps. In this study, we report the identification of trimeric peptides that bind
specifically to porcine parvovirus (PPV) and their potential use to remove this virus from process -
solutions. All of the trimeric peptides isolated completely removed all detectable PPV from
buffer in the first nine column volumes; corresponding to a clearance of 4.5—5.5 log of infectious
virus. When the virus was spiked into a more complex matrix consisting of 7.5% human blood
plasma, one of the trimers, WRW, was able to remove all detectable PPV in the first three
column volumes, after which human blood plasma began to interfere with the binding of the
virus to the peptide resin. These trimer resins removed considerably more virus than weak ion
exchange resios. The results of this work indicate that small peptide ligand resins have the potential

to be used in virus removal processes where removal of contaminating virus_is necessary to

ensure product safety. :

. 1. Introduction
- “The removal of viruses, pathogenic microorganisms; and
‘Yoxins'is an iroportant problem in the growing area of human
therapeutics: Every year,- more therapeutic products are produced
from animal, human, or cell culture sources (), and these
sources contain an inherent risk of viral contamination. Thera-
peutic products from human blood plasma, antibodies, albumin,
and factor VIIL, just to name a few, could be infected with
buman immunedeficiency virus (HIV), hepatitis B, B19 virus
(formally known as parvovirus B19), SARS coronavirus, or one
or more ernerging viruses that have yet to be identified (2). Cell
cultures are often contaminated with retrovirus particles, belong-

ing to the family of viruses that include HIV (3). Cel culture -

lines often used in: the production of human antibodies' may
contain viruses such as murine parvovirus (MVM) or cytome-
galovirus (4). While this contamination has been greatly reduced

. since the requirement of strict characterization of cell culture

lines and the careful screening of human plasma donors 3
_ the risk of low levels of contamination still exists.

Fbe FDA requires that any process that uses materials from
living sources must have two viral clearance steps to lower the
nisk- of contamination (5). These steps must demonstrate a
distinct mechanism of virus clearance and achieve a minimum
of 4 log removal, or 99.99%. There are two broad categories
for viral clearance, inactivation and removal (6). Inactivation

.+ is often performed toward the beginning of the purification of
a therapeutic and could involve a lowering of pH or heating of

* To whom correspondence should be addressed. Ph: (919) 515-7054. ‘

Fax: (919) 515-583). Email: ruben@ncsi.edu.
* Department of Chemical and Biomolecular. Engineering.
$ProMetic Life Sciences.
§ Department of Food, Bioprocessing and Nutrition Science.
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the product. Both of these processes work well against-enveloped
viruses, but caution must be taken to not harm the desired protein
product. Virus. removal is often done at the end of a process
and most commonly involves nanofiltration of the final product
directly before formulation. Nanofiltration works well for viruses

. of large size. However, small viruses like parvoviruses are often

of approximately the same size as the protein product, making
it difficult to separate them by filtration (2). Complete removal
of small non-enveloped viruses with 20 nm pore size filters has
been accomplished, but there is'significant fouling of these
small-pored membrapes that can lead to reductions in production

.- rates (7, 8). Filtration of parvoviruses has been improved:-by

flocculation of the virus particles through addition of cationic
polymers (9) or amino acids.(70), which allows the use of larger

-pore membranes that do not foul as quickly. Virus removal can
- also be accomplished using functionalized membrane surfaces.

Quaternary amine groups have been attached to membrane
surfaces.to facilitate the removal of viruses through an jon
exchange mechanism (//—13). Viral clearance validation may

- :be -achieved by conducting spiking experiments on normal
process steps used in the purification of a therapeutic (ie.,
. chromatography columns, precipitation) (14), but care should

be taken if a chromatography step is to be used concurrently as
a viral clearance step and a protein purification step. If both
the virus and the protein bind to the resin, it is possible for
viruses to accumulate in the column. Without proper cleaning,
the virus.may elute from the column in.subsequent batches and
contaminate the therapeutic product (74).

Affinity adsorption is rarely used to remove viruses from
process sireams because the most common affinity ligands for

viruses are antibodies. Antibodies are expensive to produce,

often cannot withstand the harsh conditions required for the
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cleaning of process equipment, and carry an inherent risk of
being contaminated with viruses in their own right (3). However,
affinity adsorption has been applied to the reduction of infectious
prions from blood (73, 16), and a small peptide ligand has been
found to remove staphylococcal enterotoxin B, a small toxin,
from E. coli lysate (17). Small peptides -are more robust than
antibodies, and they are also less expensive and can be
chemically synthesized, eliminating the risk of virus contamina-
tion. Peptides can handle the cycling of production and cleaning
much better than antibodies, and by using small peptides, there
is no three-dimensional structure that may be destroyed during
processing. In this work, several trimeric peptides have been
discovered that remove PPV from phosphate buffered saline
containing as high as 7.5% human blood plasma. The peptides
were found when a synthetic, solid-phase combinatorial library
was screened for ligands that bind to porcine parvovirus (PPV).
Solid-phase libraries allow screening directly on the chromato-
graphic support that will be used as the separation media and
have been successful in the discovery of many affinity peptide
ligands (/8—2I). The discovered peptides can completely
remove any detectable PPV from PBS and completely remove
any detectable PPV from the first 3 column volumes when 7. 5%
human plasma is present. This work demonstrates that small
peptides may offer a novel and effective method for removing
~ virases from complex mixtures.

2. Materials and Methods

2.1. Materials. Phosphate buffered saline (PBS) containing
0.01 M phosphate, 0.138 M NaCl, and 0.0027 M KCI, pH 7.4

was purchased from Sigma (St. Louis, MO), and human blood

plasma was a donation from the American Red Cross (Rockville,
MD). Amino acids, phenol red, sodium carbonate, sodium
phosphate, glucose, calcium’ chloride, sodium chloride, potas-
sium chloride, and magnesium sulfate were purchased from
,Slgma-Aldnch (St. Louis, MO) or Fisher Scientific (Waltham,
MA). Eagles Minimum Essential Media (EMEM) was purchased
from Quality Biologicals (Gaithersburg, MD). MEM vitamins,
sterile PBS, trypsin, gentamicin, and glutamine, all for cell
culture, were purchased from Invitrogen (Carlsbad, CA).

2.2. Virus Propagation and Titration. The porcine par-
vovirus (PPV) NADL-2 strain was titrated and propagated on
porcine kidney (PK-13) cells, which were a gift from the
American Red Cross (Rockville, MD). The PK-13 cells were
maintained and the PPV propagated as described in Heldt et al.
(22) using complete media, which consisted of EMEM supple-
mented with 2 mM glutamine, 1x gentamicin, and 10% non-

beat-inactivated fetal calf serum (Hyclone, Logan, UT). Upon -

propagation of the virus, the cell culture flasks were frozen at
—20 °C and thawed at room ternperature. The cells were then
scraped from the flask, and the solution was clarified by

centrifugation at 3000 tpru for 10 min in an [EC Centra CL2

centrifuge (Thermo Electron, Waltham, MA). This solution was
then stored at —80 °C- until further use.
Radioactive PPV was prepared by metabolically incorporating
a radiolabel during propagation by addition of 3°S methionine
and cysteine to the cell culture media. This was done by seeding
the cells at 6 x 10° cells per 75 cm? flask. The next day, the
flask was infected with 10> MTT units of PPV in 1 mL of PBS.
An MTT unit was defined as the concentration of virus where
"50% of the cells were considered viable, as determined by the
metabolic cleavage of 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide salt (MTT) as previously described (22).
The MTT concentration can be observed optically and quantified
by spectrophotometry. The flasks were placed in the incubator

at 5% CO,, 37 °C, and 100% humidity for 1 h. At this time, 5
mL of complete media was added to the flask, which was
returned to the incabator. The next day, the media was removed
from the flask and starvation media was added, which contained
the same amino acids and essential nutrients as the EMEM,
except for methionine. The cells were exposed to 5 mL of this

starvation media for 1.5 h, and then EasyTag Protein Labeling -
mixture (Perkin-Elmer, Waltham, MA) was added to a final

concentration of 50 uCi/mL. The cells were frozen at —20 °C
when approximately 90% cytopathic effect was observed,
usually after 4—5 days. Virus purification was done by CsCl
gradient centrifugation, as described elsewhere (22), after which
solutions were dialyzed against PBS for 3 days at 4 °C, stored
at 4 °C, and used within 2 weeks.

All infectivity measurements were made using the MTT
assay, which previously has been correlated to a TCIDsq (50%
tissue culture infectious dose), a cominon method for the titration
of infectious viruses (22).

2.3. Primary Screening of Library. A solid-phase combi-
natorial trimer library was made by Peptides International
(Louisville, KY) using the divide-couple-recombine technique
(23) on Toyopearl Amino 650 EC (Tosoh Bioscience, Mont-
gomeryville, PA). The library had an alanine and 2 mini-PEG
spacer arms [Toyopearl resin-Ala-(COCH»-(OCH2CH,)o-NH),-
X-X-X], where X is any naturally occurring amino acid except
cysteine or methionine. The library was swelled in 20%
methanol in DI water overnight and then buffer exchanged with
PBS three times, with the last buffer exchange being overnight.
Ten milligrams of dry library was taken and mixed with 50%
buman blood plasma in PBS for 1 h. 3°S-Labeled PPV was

added to the library at 10,000 CPM (about | x 1073 uCi) and -
allowed to equilibrate for about 1.5 h. The library was then .

placed in a disposable 10 mL fritted column (Bio-Rad Labo-
ratories, Hercules, CA). The beads were: washed with PBS
followed by PBS containing an additional .1 M NaCl or KCl

~until no radioactivity could be detected from the wash. The

beads were washed again in PBS to remove excess salt and
then put into 20 mL of 1% low melt agarose (Bio-Rad

- Laboratories, Hercules, CA). This was poured onto a 160 mm

x 180 mm GelBond (Blothttaker Inc, Walkersville, MD) and
allowed to dry for 3 days. Kodak BioMax MR Film (Kodak,
Rochester, NY) was placed onto the dried gel for 10 days and
developed with a Konica Medical Film Processor (Tokyo,

Japan). A proprietary ligand found by the American Red Cross .
that binds to PPV (positive control) and a negative control of -

Amino 650M were used as markers to line up the film and the
gel for visualization of radioactive beads. Positive beads were
excised from the gel, boiled in water for 10 min each, and
vortexed and the water changed for a total of three repeats to
remove the agarose and the bound PPV from the beads. The
beads then were sent to the Texas A&M Protein Laboratory
(College Station, TX) for sequencing by Edman degradation.

2.4. Chromatography to Verify Sereening Resuits. Peptide

resins were synthesized on Toyopearl Amino 650M resin (Tosoh -

Bioscience, Montgomeryvilie, PA) by Peptides International
(Louisville; KY) and were packed into disposable PIKSI
columns (ProMetic Biosciences Ltd, Cambridge, England) with
a total of 0.5 mL. of settied resin in PBS per column. A Rainin
(Oakland, CA) 8-channel peristaltic pump was used to add a
solution of PPV supernatant in either PBS or 7.5% human blood
plasma in PBS, at a rate of 0.1 mL/min. Ten 0.5 mL fractions
were collected and tested for infectivity using the MTT assay
and compared to the titer of the starting material before addition
to the column.

i
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2.5. Acetylated Control. The acetylated control was made
by the acetylation of Toyopearl Amino 650M resin. About S0
mL of settled resin was added to a sintered glass funnel and
allowed to drain. The resin was washed three times with 100
mL of 0.1 M NaOH. The resin was then washed with deionized
water until the pH was below 8. The resin was placed into three
separate 50 mL conical tubes and 30 mL of 0.5 M sodium
acefate was added fo each tube followed by end-over-end
rotation for 10 min. A 100% excess of acetic anhydride (Riedel-

de Haen, Germany), which amounted to a total of 755 ul, was -

dissolved into 3 mL of acetone, and 1.2 mL of the solution
was added to each conical tube. The tubes were mixed for 2 h.
The resin was then returned to the sintered glass fuanel and
washed three times with 100 mL of DI water, four times with
100 mL of 0.5 M NaOH, and finally at least 10 times with 100

_ mL of DI water, until the pH of the rinse was below &. The
acetylation was confirmed by taking 50 L of acetylated resin,
50 uL of Toyopearl Amino 650M resin, and 50 u#L of DI water
and adding two drops of ninhydrin reagent, 2% solution (Sigma,
St. Louis, MO). After 1~2 min the resins were observed for
color change; the acetylated resin and the DI .water remained
yellow, whereas the amino resin turned purple.

3. Results and Discussion

3.1. Library Design. Many hexameric peptide ligands have
been found that can purify proteins (9, 24, 25) and toxins (17).

" Each of these peptide ligands were selected from a hexamer
library, which contains over 34 million different combinations,

when 18 of the 20 naturally occurring amino acids are used for -

library production. It would take a tremendous amount of effort
to screen all of these sequences, and it is not necessary when’
purification is the intended use of the ligand. In general, a
purification ligand is useful ifit can bind over 90% of the target
protein and is specific enough to produce an eluted protein that
is 80—90% pure, but for virus removal, the goal is reduction of
299.99% of a virus, which is at femtomolar to picomolar
concentrations. To improve the possibility of finding a ligand
that can accomplish this, a trimeric library was designed and
screened. This library contained only 5832 different sequences
and could be screened many times over to compare different

" screening conditions. Further, by screening the entire library,
there was a greater probability that one or more strongly binding
ligands would be found, which would not necessarily occur with
a hexamer library.

A spacer arm of two sefs of two ethylene glycol units
separated by a peptidé bond (26) (designated AEEA-AEEA by
Peptides International) was added to the library to increase the
chances of finding a peptide ligand that bound to a conserved
area on the virus surface. This spacer arm separated the peptide
approximately 15 A from the undisclosed spacer on the
Toyopearl resin. It has also been shown that hydrophilic ethylene
glycol does not bind proteins and makesa flexible yet inert
spacer arm that allows movement of the ligand, improving
binding (27—29). A surface map of PPV shows that there are
canyons on the surface of the virus that are approximately 15

A in depth (30), and so the spacer arm was designed . to allow
the peptide to reach into the depths of the canyons. For most
non-enveloped viruses, it is accepted that the conserved amino
acid sequences are located in the depth of these canyons because

‘these are often the location of the receptor binding sites.

- 3.2. Primary Screening. The library beads were originally
blocked with 50% human blood plasma before the virus was
added. This blocked any of the peptides that had a high affinity
for plasma proteins before the addition of PPV to the library.

Table 1. Peptide Sequences Found from Primary Screening

wash : sequence

1 M NaCl KNY AKL
WRW KTF
KKK VWR
KGK RAA
KYY KRR
FVV

i MKCI FRH KHR
KAA . RTG
RQQ

After incubation with PPV, the beads were washed to remove
any nonspecifically bound vinus. One screening run was washed
in I M NaCl and yielded a total of 24 positive beads from about
10,000; another screening run was washed in 1 M KCl and gave
a total of 9 positive beads. Only those positive beads that had
a large signal to size ratio (i.c., a small bead that gave a large
signal), as determined by visual inspection, were chosen for
sequencing. The results of the returned sequences are shown in
Table 1. To better determine the significance of the different
chemical groups, the amino acids were counted and compared
to their probability of random occurrence (Table 2). A random
occurrence was determined as the number of amino acids in
the chemical group divided by the number of different amino
acids in the library and then multiplied by the total number of
.amino acids found from the sequencing. For example, there are
five different aliphatic amino acids, so the random number of
“aliphatic amino acids is calculated by dividing 5 amino acids
the by the 18 different amino acids used in this study, and the
result multiplied by the 48 total amino acids in the 16 trimers
found by screening. This gives the random occurrence of
aliphatic amino acids of 13.3 indicated in Table 2. If the number
of amino acids from a certain chemical group was close to the
random occurrence number, then it was suspected that the
chemical group was just randomly found and may have little
to-do with the binding of the virus. However, if the number
was much higher than that expected to occur randomly, then
that group was considered to be significant in the binding of
the virus. ' .

Table 2 shows the importance-of basic amino acids in the
binding of PPV and, to complement this, the lack of acidic
groups associated with ligands found to bind to PPV. The results
show that positive charges are important for the binding of virus.
This is an expected resuit because canine parvovirus, a related
parvovirus, has an isoelectric point of 5.3 (3I), leaving it
negatively charged at physiological pH, which corresponded to
the conditions used i the screening studies. There was a random
distribution of aromatic and aliphatic groups with seven

" sequences that.contained aromatics and seven sequences that

contained aliphatics. The sequences were then categorized

“into the following: those containing an aromatic amino acid,

those containing an aliphatic amino acid, and those contajning
neither. Since all but one sequence contained a basic group, all
sequences chosen for further screening contained a basic amino

~acid. From these categories, five sequences were chosen for.

additional screening using column chromatography: WRW and

* KYY, which contain aromatics; RAA, which contains an

aliphatic; and KHR, which contains a histidine. Also, KKK and
KRR were combined to form KRK, which contains basic

residues.

3.3. Column Chromatography. The resins were packed into
disposable columns and tested for breakthrough of PPV in the
eluent using infectivity as the enumeration method. First, cell
culture supernatant containing PPV was diluted with PBS to a
final titer of about 67 log (MTT/mL) (approximately a 1:100
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Table 2. Chemical Characterization of Sequences

amino acid type random® actual®
aliphatic 133 11
.cyclic imino . 2.7 0
imidazole 2.7 2
basic 53 2]
aromatic 8.0 9
hydroxy 5.3 2
amide 5.3 3
acidic 53 0

2 The number of amino acids expected from a random distribution of
amino acids in 16 trimeric peptides. ® The number of each type of amino
acid that was present in the 16 trimeric peptides.

to 1:10 dilution) and was filtered through a 0.22 um filter. Virus
spiking studies should not be carried out at a dilution more
concentrated than 1:10, as the virus solution, which contains
contaminants from the cell culture from which it was created,
may start to interfere with the virus clearance mechanism (3).
However, the larger the initial viral load, the better the
opportunity to validate a high degree of virus clearance. Virus
clearance was calculated in accordance with the expression

virus detected after clearance step)
total virus load /

log clearance =~—log( 4]

The PPV breakthrough curves weré determined by pumping
virus-spiked solutions onto the peptide columns at 0.1 mL/min.
Fractions equivalént to 1 column volume were collected, for a
total of 10 coluron volumes, and the amount of PPV in the
flowthrough fractions was determined. The results are plotted
in Figure 1 as the percentage of the detectable PPV as a function
of column volume. Presenting the results in terms of a
percentage of the detectable clearance automatically accounts
for the different initial virus titers of the various batches analyzed
in these experiments,

In PBS, all of the resins were able to clear completely the
detectable virus available in the solutions, as shown in Figure
1. This is in contrast to the amino. resin control (with no peptides,
which is considered a weak ion-exchange resin) that was not
‘able to remove any significant amounts of PPV from PBS.
Clearly, the peptides were responsible for the binding of the
virus, and nonspecific binding to the resin surface was ruled
out.

The small peptide resins have the ability to remove viruses
from simple solutions such as water, suggesting potential
application to water treatment. In fact, microfiltration is being
considered as an alternative to chlorine treatment of water
supplies (32), but the method suffers from many of the same
difficulties as nanofiltration for therapeutic processes. Small
viruses, like hepatitis A virus, which has a diameter of 27—32
nm (33), and norovirus, with a diameter of 30—40 nm (34), are
able to pass through many nanofiltration and all microfiltration
membranes. These viruses are shed in the feces of infected
humans and are common contaminants of water supplies. Small
peptide ligands theoretically could be placed on microfiltration
membranes to improve virus removal without the need to use
membranes of small pore size which often cause fouling (&)
and may require high back pressures. -

To challenge the peptides for their ability to remove PPV
under therapeutic processing conditions, virus-spiked 7.5%
human blood plasma was used. A 7.5% human blood plasma
solution contains about 5 mg/mL of protein, which is ap-
proximately the amount- of protein that can be found in a
therapeutic protein product. There are two general viral clearance
steps in a monoclonal antibody production process, ie., a low
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Figure 1. Binding of trimeric peptides to PPV in PBS. All ligands
were able to bind 100% of the detectable PPV. The amino control,
which is a weak ion-exchange resin, was able to clear less than 1% of
the detectable PPV. Columns were run in duplicate, and the error bars
represent the detectable clearance of each column.

pH step after cell harvest and a nanofiltration step before or
during formulation (35). If effective, small peptides theoretically
could be used on membranes on the nanofiltration step at the
end of the process. All of the peptides were challenged with
protein loads similar to those that would be found at this phase
of the purification process.

Data on the removal of PPV from this complex mixture using
the peptides are presented in Figure 2. All of the resins tested,
except for KHR, were able 1o remove all of the detectable PPV
in the first column volume. All of the resins had a breakthrough
of PPV before the fifth column volume. It is believed that the
proteins found in human blood plasma also began to nonspe-
cifically bind to the peptides at this point, leaving less peptide
available for specific binding to PPV. There may be a 'way to
improve the selectivity of the virus over the plasma: proteins
by optimization of the chromatography process through chang&s
in peptide density or buffer ionic strength.

The amino control resin had the ability to bind to some of
the PPV and remove it from solutions. In the first two column
volumes- in PBS and 7.5% human blood plasma, the amino
control achieved about 1 log clearance. This is not surprising,
as anion ¢xchange columns are often tested for ‘their ability to
clear viruses (35). It has been shown that a Q-Sepharose column
was able to cliear 3 log of PPV when loaded at pH 6.5 (36) and
as high as 5 log of MVM when loaded in Tris buffer at pH 8.0
(/4). This follows the trend that increasingly basic solutions

will make the virus surface more negatively charged, which

would cause increasingly stronger binding of the virus to an
anion exchange column. The control in our experiments was a
weak ion-exchange resin at pH 7.4, which showed clearance
lower than that seen with the Q-Sepharose columas, as would
be expected.

An increase in bmdmg of virus over time was found with

the -amino control resin both in the presence and absence of

buman blood plasma (Figures 1 and 2). The PPV solution used’

in the experiments was cell culture supematant that had been
clarified by low-speed centrifugation and filtered through a 0.22

um filter, and so the solution contained cellular debris. Since =~

the amino control is a weak ion-exchange resin, it is; possible
that the resin was binding the cellular debris, and the virus then
bound to the debris on the resin, as many proteins in host cell
proteins are known to be negatively charged and removed by
anion exchange (35). Since the amino resin has a high positive
charge density, it is also possible that these cellular proteins
may denature onto the surface, as has been suspected in ion
exchange purification (37, 38) and is known to happen when
proteins adsorb to surfaces (39). Protein denaturation was also

*
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Figure 2. Binding of trimeric peptides to PPV in 7.5% human blood
plasma. WRW was able to bind 100% of the detectable PPV in the
first 3 column volumes. After 9 column volumes, WRW was still able
to bind as much as the amino control, The amino contro} and acetylated
control are the same in each figure as a reference point for comparison
: of the different peptide fesins. Columns were run in duplicate, and the
etror bars represent the detectable clearance of each column.

a possibility, as this was observed in the purification of tumor
necrosis factor-a. using an jon exchange columnn (37). The longer
these host cell proteins are retained on the column, the greater
the potential for protein denaturation, and this may provide
different binding sites for the virus. Virus binding to host cell
proteins is confirmed by the fact that when highly purified virus
suspensions containing less than 100 xg/mL of total protein are
used in resin challenge, the amino control resin binds no more
than 1 log of PPV even afler 10 column volumes (data not
shown). Viruses are also known to easily aggregate (40), and
so the presence of denatured protein could become a new
binding surface for the virus. ‘
The trimer KHR was able to achieve 4 logs clearance in the
first column volume but still left in solution 3 log (MTT/mL)
of virus. This peptide column showed the same decrease in viral
clearance in the first three column volumes seen with the other
peptide resins, but in subsequent column volumes, it exhibited
an increase in detectable clearance. This latter behavior was

only seen in the amino control resin and not the other peptide

resins. It is suspected that this resin may be causing denaturation

-of proteins in solution as discussed above, but this issue was’

not examined further. This resin was just discarded as one of
the lead candidates, as its performance as a viral clearance ligand
was unacceptable, :
The trimers WRW, KRK, RAA, and KYY all exhibited
breakthrough of PPV in the presence of plasma proteins after
the first three column volumes (Figure 2). There was no
detectable cooperative binding observed for these resins in the
flowthrough fractions tested. Of these resins, ‘only WRW was
able to completely clear all detectable PPV inthe first three
column. volumes from 7.5% human blood plasma. With
_ optimization of the peptide density and spacer length, this resin

E

may be able to clear PPV in all nine column volumes of
challenge solution containing 7.5% human blood plasma. Human
blood plasma also contains many different proteins, and only
one or two may be interfering with the binding of PPV. For
example, if albumin is the predominant protein binding to the
resin, then the peptide may be able to clear PPV very well from
a solution that contains other proteins. but not albumin. In this
case, WRW has the potential to be used effectively for final
purification of a pure protein with excellent removal efficiency.

Chromatographic beads are not the most efficient way to
remove large particles from process streams. The viruses, having
a diameter on the same order of magnitude as the pore diameter,
have small diffusion coefficients in the pores of the beads, and
-viruses quickly clog the pores. Consequently, the accessible
surface area of the beads is mainly associated with the outside
surface of the bead, and the inner pore surface is not available
for binding. Membranes have a better geometry for binding of
particles such as viruses, as there are not any diffusional
limitations. However, the screening of a combinatorial library
of peptides is difficult to do on a2 membrane surface. The SPOT
method, developed by Ronald Frank (41), is used to produce
peptide libraries on a cellulose membrane surface, but if done
manually, only several hundreds of peptides can be created in
2—3 days (42). This is a small librery compared to the thousands.
of peptides that can be screened on chromatographic beads. In
addition, the binding to a peptide on cellulose fibers may be
quite different from that observed on other membrane materials.
There are currently no large ligand libraries on any merobrane
surface that is likely to be used for large-scale virus removal.
This-study provides proof-of-concept that peptides have the
ability to remove viruses specifically. In the future, it may be
beneficial to change the geometry of the support for improved
access of all of the ligands to the viral particle, but currently
the bead geometry offers a better screening platform.

4. Conclusions

Small trimeric ligands that specifically bind to porcine
parvovirus were isolated from a solid-phase peptide library. In
PBS, 100% of detectable infectious virus was removed from
solution for every fraction that was tested, up to nine column
volumes. This demonstrates the potential of these peptides for
luse in virus removal from samples of relatively simple composi-
tion, such as for water purification applications. In more complex
mixtures, such as 7.5% buman blood plasma, peptide WRW
was able to remove all detectable infectious viruses in the first
three column volumes. This is impressive for a ligand that
contains only-three amino acids, as most peptide ligands are a

" minimum of six amino acids in length. Enhanced specificity

and binding affinity may be found using an increased number
of amino acids in the ligand, and this is currently being
examined. Tethering one or more of the ligands to a membrane
with more suitable geometry may improve virus removal
efficiency from complex mixtures. The ligands could also be
optimized for application to specific process streams, so that a
single ligand must only compete with one therapentic protein,

- .thereby overcoming competitive binding and facilitating use as

an efficient virus absorbent.
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Guidance for Industry

Nucleic Acid Testing (NAT) to Reduce the Possible Risk of
Parvovirus B19 Transmission by Plasma-Derived Products

This draft guidance, when ﬁnahzed, will represent the Food and Drug Administration’s (FDA s)
current thinking on this topic. It does not create or confer any rzghts Jfor or on any person and
does not operate to bind FDA or the public. You can use an alternative approach if the
approach satisfies the requirements of the applicable statutes and regulations. If you want to
discuss an alternative approach contact the appropriate FDA staff> If you cannot identify the
approprlate FD4 stajf call the appropnate number listed on the title page of this guldance '

L  INTRODUCTION

We, FDA, are 1ssumg this guidance to prov1de you, manufacturers of plasma-derived products
“with recommendations for performing parvovirus B19 nucleic acid testing (NAT) as an in- -
process test for Source Plasma and recovered plasma used in the further manufacturing of
- plasma-derived products. Such testing will identify and help to prevent the use of plasma units
~ containing high levels of parvovirus B19. This guidance also recommends how to report to the
FDA lmplementatlon of parvovirus B19 NAT.

- We recognize that in the current business practlce for parvovirus B19 NAT i m—process testing,
‘'several weeks can elapse between collection of the units of Source Plasma or recovered plasma
“and identification of B19 NAT-positive pools or units. We encourage manufacturers of plasma-

derived products to employ practices that will reduce the time between product colliection and in- -
process testing to allow for the meaningful notification of blood and plasma collection '
. establishtnents of positive test results within the da‘ting period of components.

FDA’s guldance documents, including this guldance do not estabhsh legally enforceable

responsibilities. Instead, guidances describe the FDA’s current thinking on a topic and should be

viewed only as recommendations, unless spec1ﬁc regulatory or statutory requirements are cited.

The use of the word should in FDA’s gmdanees means that somethmg is suggested or ‘
' recommended, but not required.

o BACKGROUND

: Parvov1rus Bl9 is a small, non-enveloped. smgle strand DNA virus. 'ﬂns virus is hlghly res1stant
to all commonly used inactivation methods, including heat and solvent/detergent (S/D)
treatment, and is also dlfﬁcult to remove because of its small size. The parvovirus B19 can be
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transmitted by blood components and certain plasma derivatives, and may cause morbidity to
susceptible recipients such as pregnant women (and their fetuses exposed in utero), persons with
underlying hemolytic disorders, and immune compromised individuals (Refs. 1 and 2). The

~ disease transmission by transfusion of blood components is rare; however, extremely high levels
of parvovirus B19, up to 10> [U/mL, in plasma of acutely infected but asymptomatic donors may
. present a greater risk in plasma derivatives due to pooling of large numbers of plasma units in

~ the manufacture of these products. The virus can be detected by NAT in plasma pools when

. there are high levels of parvovirus B19 DNA in viremic donations. For example, the parvovirus
B19 DNA can be detected in various plasma-derived products, particularly in coagulation factors
(Refs. 3 and 4). There have been a few reports of parvovirus B19 infection associated with the .
administration of coagulation factors (Refs. 5 and 6) and S/D Treated Pooled Plasma (Refs. 1
and 7). Parvovirus B19 DNA is less frequently detected in albumin and immunoglobulin
 products and, when detected, the levels are usually low. There are no confirmed reports that
albumin and immunoglobulin products have transmitted parvovirus B19 infection.

We have held or participated in several meetings to discuss the potential risk of parvovirus B19'
- infection by plasma-derived products, and the stratégy for reducing such risk. The meetings
included FDA-sponsored NAT workshops in 1999 and 2001 (Refs. 8 and9), Blood Products |
Advisory Cormitte (BPAC) meetings in 1999, and 2002 (Refs. 10, 11, and 12), the National
'Heart, Lung, and Blood I onsored Parvovirus B19 workshop.in 1999 (Ref. 1), and an
ad hoc Public Health Service (PHS) panel in 2002 (discussed at the 2002 BPAC meeting (Ref.
12)). In these meetings, if was recognized that the scientific data indicate that parvovirus B19 is
highly resistant to the available viral inactivation methodologies, and is difficult fo remove
because of its.small si viral inactivation/removal steps routinely used in the
‘ cess of plasma-derived products do not alone appear to be sufficient to. -

meeting for mitigating the risk of parvovi nsmission by -

-plasma derivatives i to by testing .

. the plasma donations for high titer parvovirus B19 DNA, using a minipool format.” This viral

- load reduction strategy combined with the ability of the manufacturing process,to clear the, .- -
residual virus could greatly reduce the risk of parvovirus B19 infection by plasma-derived..

- The recommended limit in this guidance for viral load of parvovirus B19 DNA in the
manufacturing plasma pool (i.e., not to exceed 10* IU/mL) was primarily derived from studies-

‘that were conducted on the transmission of parvovirus B19 associated with S/D Treated Pooled
-Plasma (Refs. 1, 7, and 10). In principle, testing in a minipool format to measure the viral load _
. for parvovirus B19 DNA in a manufacturing plasma pool is acceptable in order to exclude only
- the high-titer plasma donations, thereby avoiding too great a loss of plasma for further o
- manufacturing. Furthermore, during the viremic period for parvovirus B19 infected donors,

- which can be very lengthy, low levels of parvovirus B19 coexist with parvovirus B19 antibodies.
(potentially complexing with and neutralizing the virus). ‘Therefore, it is undesirable-to remove
plasma units with low levels of B19 DNA, because it would diminish the parvovirus B19

~ antibody levels in plasma pools and in some of the resulting plasmia-derived products (Refs. 13
and 14). B |
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IIl. RECOMMENDATIONS

" We recommend that you implement the following procedures to detect the ‘preséﬁce‘of
parvovirus B19 DNA: 1 : : i '

e For all plasma-derived products, you should perform parvovirus Bl.9‘NAT as an in-
process quality control test to ensure that the viral load of parvovirus B19 DNA in the
manufacturing pools does not exceed 10*IU/mL. o

* - Use parvovirus BI19 NAT on minipool samples to screen plasma units intended for.
further manufacturing into plasma-derived products. The sensitivity of the NAT =
assay, in any size minipool, should be at least 10°TU/mL for detéction of any single. '
donation when tested in the minipool (i.e., if the titer of an individual unit is 105
IU/mL or higher, the test result on the minipool will be positive). Primers and probes

 selected for parvovirus B19 NAT should detect all known genotypes of the virus
(Ref 15). e e R R
®  When identified, you should not use individual plasma units interided for further - =
- manufacturing inito plasma-derived products, when such units are found to have a titer

of parvovirus B19 DNA at or above 10°TU/mL, or when us :
* result in plasma manufacturing pools exceeding a parvovirus Bi

~ reproducibility, arid other performance characteristics of the parv
the detectior of parvovirus B19 DNA in the Source Plasma and reco
demonstrating that the viral load of parvovirus B19 DNA in the manufacturing
exceed 10°T0MmL, T L - ETasing poc

You should maintain validation data démonstrating the accuracy, sesitivify, s

If the recommendations are implemented, you must notify FDA of the changes'to an approved
application under 21 CFR 601.12(c)(5) (“Supplement-Changes Being Effected”), and submit the.
- information required in 21 CFR 601.12(b)(3)(i) through (vii).’ . : '
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B VAJOR ARTICLE

An Etemal Microbe: Brucella DNA Load Per81sts
for Years after Chmcal Cure

Georgia Vrioni," Georgios Pappas,” Eﬁhalla Priavali, (:onstantma Gartzomka, and Stamatma Le\ndlotou
Department of Microbiology, Medical School Umverslty of loanmna loannina, Greece :

Background. Despite the contmmng hrgh incidence of brucellosis, vague aspects of pathophys'lology. diagnosis,
and treatment continue to exist, partlcularly with regard to the ablhty of Brucella. specres to survive msnde the

host. ,
' Methods. A quantitative real-txme polymerase chain reactlon assay was used for momtormg bacterial DNA

load in brucellosis-affected patierits throughout different disease stages. Three or more specimens per patient were . .

"obtained (1 at diagnosis, 1 at the end of treatment. and at l&st 1 during the follow—up penod) from 39 patxents
with- acute brucellosis. .

Results. - The majority of patlents (87% at the end of treatment. 77% at 6 months after treatment completlon,
and 70% at >2 years after treatment) exhibited persistent detectable microbiological load despite being dsymp-

tomatic. The 3 patients whe expenenced ‘relapse did not exhtbxt any’ statlsttcally slgmﬁcant drfference in therr L

bacterial load at any stage of disease or:during follow-up.
Conclusion. . Brucella melitensis DNA pers

rsists despite appropriate treatment and apparent recovery Thxs ﬁndmg B

o&'ers a new mslght into the pathophyslology of the disease: B. mclttens:s isa noneradrcable, perswtmg pathogen '

Brucellosls is a zoonosis. that is prevalent worldwrde-‘v
- [1]. Brucella species have ‘recently’ ‘garnered renewed . -

-attention because of their potentml for use in biowarfare

V {2} and- their reémergence as a’ srgmﬁcnnt cause - of

travel-related infection [3]. The complex pathophysr~

.. ology of Brucella species [4] is dommated by their abil-
ity to manipulate. immune resporise; targetmg profes-.

 sional and’ nonprofessional phagocytes. Therein, Bru-
cella species replicate without affectmg cellular viability;

. in fact, the pathogen, by sw1tchmg off cellular apoptosns, -
-+ practically renders the cell immortal, thus allowing for "
" its' own further survival [5] This intracellular locali-

- zation of Brucella species in specxahzed eompartments

affects both the natural hxstory and' the: dnagnosttc andn

RecewedBDewnbefZlm aocepndZSJmmZﬂﬂ&elewolmllyMﬁshed
5 May 2008. - ’

PresemedmpartmlnmmatmalMeenng_oumeTmmnof&nm B

"Bmcellosls.loamum.ﬁreew November 2006.

'+ Presant affatons: Department of Clirica Micrtickgy, General Univrsity
Hospital “Attkon,” Medical Schoo, University of Athens, Athens (G} nstitte

of Continuing Medical Education of loannina, loannida: (GP, .
Reprints or correspondence: Or, mmmmamwm

Education of ko, K, Trkoup 10, oanina 45333; Groech (peloGotenetar

Clinical Infectious Diseases 2008;4G:e131-6 .~ )
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1058-4838/2008/4612-00€1$15.00 . i ‘
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therapeutlc prmcrples ofbrucellosls. The naturalhlstory T
of brucellosis is characterized by a frequently ‘silent,:
‘protracted disease evolution. Therapeutically, the dis-
 ease evolution i unposec the need for a'prolonged. com-
" “bined treatment  that, even when adrmmstered in ac- -
*cordance with optimal recommendations, may lead to. -

relapses. Diagnostically, the disease evolution hampers s

the usefulness of blood cultures and the use: of rmcro-

btologlcal eradication indexes [6]

. Quantification of the n'ucroblologlca.l burden may‘
theoreucally offer insight into the actual natural history =

-_'of the dtsease. and it may allow for the evaluation of -

‘when and how the’ pathogen is eradlcated from the:f':," »

" huitian body (the term mlcroblologlcal eradncatlon CE
* - being questionable for such a disease) [6]. Serological - .

' Vtests are useful for dxagnosns [7], but the tie reqmred:,b C
for- results after treatment is disappointingly long. In" .
addition, serological test results are usually"inadequate, L
- in predicting the outcome. The latter may also apply . .
to newer, sophlstxated techniques such as ELISA [8].
‘The development of such novel molecular diagnostic =
techmques as"PCR offered- promlse—technology pre-

ceded drmcal apphcatron in the context of brucellosis, - .

. and' even before tradmonal PCR assays were adequately’
e evaluated chmcally [9], novel assays emerged.

.- Long-Term Brucella Species Survival + CID 2008:46 (15 June) = e131

- o




Here, we present the results of the application of a real-time
"PCR assay for the diagnosis and follow-up of brucellosis ina”
large number of patients, and we discuss the potennal path—
',ophyswlogxcal srgmﬁcance of the ﬁndmgs oo '

MATERIALS AND METHODS

' Pattents. Penpheral blood specimens (both whole blood and .
serum) were collected from 39 patients who had received a di-
agnosis of acute brucellosis and from 50 healthy | blood donors -

. (control group) A minimum of 3 samples per patient were ob- -
‘ tained (1 at dlagnosm, 1 at the end of treatment, and at least 1

during the follow-up period). The control group, 1 matched for-

age and sex, had no antibodies to Brucella species. All patients .

received a diagnosis of acute brucellosis during the period 2001—_; -

2004 in the University Hospital of loannina, reference center for

the district of Epirus in ‘northwestern: Greece, where (like in- -

" - nearby Greek and foreign regions) brucellosis is endemic [1, 10]:
* Epidemiological; clinical; and microbiological charactenstm of

_ i IgGlIgMITgA; Institut Virion\Serion; detectmg IgM, IgG, and

“The dxagnosns of acute brucellosis was estabhshed accordmg “o i IgA antrbodres)—were performed on’ all patient and control -

. to 1 of the:following criteria: (1) isolation of Brucella species .- 'specimens; blood cultures were performed f°f 24 °f the mxtral

- in‘blood «ulture or other clinical samples or *(2):the presence -

- of suggestive:clinical: charactenstlcs together with the demon- .

, stration ofspecnﬁc antibodies'at high titers, seroconversion, or .- -
~ " ‘an increase in antibodies in-a serum sarnple obtamed 15-20 ..

‘the patient population- are presented in table 1.

) - days after the first: sample was obtained. -

. The posttreatment phase varied from'2’ to 36 months ac-ii
_cordmg to-the continuity of pauent visits:, Three pattents ex-: .+

' Table 1.

.39 pauents

. Demographlc chanctensncq and cllmcal and mlcrobmlogrcal ﬁnd—
mgs for patlents \mth brucellosls. S

perieniced relapse during the foll'ow—lip'periodilof the 39 study

patients, 30 were treated with the standard regimen of doxy-

cycline plus rifampin, 7 were treated with doxycycline plus’

~ ciprofloxacin, 1 was treated with moxalactamm, and 1 was -

treated with doxycycline- plus streptomycin (the latter for 2.
weeks). The duration of treatment was 6 weeks for all but 4
patients. Two patients were treated for 12 weeks (1 with doxy- -

' cycline plus rifampin and 1 with doxycycline plus ciprofioxa-

cin), and 2 patients were treated for 6 months (1 with doxy-

- cycline plus ciprofloxacin and 1 with doxycydine plus -

rifampin). Analysis of the evolution of the bacterial DNA load'

“was performed at ‘the time of initial dragnosrs, at the end of
" treatment, and during the follow-up. perrod (2 6, 12-24, and.

24-36 moniths after the end of treatment) The study underwent’

" ethics revxew and approvaL

Bacteriological and serologrcal techtuques. Serologrca].

. -tests—including rose Bengal plate (RBP) agglutmatlon, anht"
- seroagglutination, and ELISA (Serion EL[SA Classic Brucella™

"The RBP agglutmatlon and the anht se agglutmatlon ests

‘were performed in accordance with techmques described else-
‘where [11]. The ELISA was performed in’ accordance with the :
e manufacturers instructions. Blood cultures were processed'
~with BacT/Alert (bioMérieux) in accordance ‘with: standard'-
:‘-V-techmques [12 13] and were momtored for

-Variable

fight test’

"NOTE. Data are no. (%] of patierits, unfess otherwise indicated. RBP rose Bengal plate

€132 * CID 2008:46 (15 Juine) + Vrioni et al.
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days. If the system.failedt_‘o detect any growth, the vials were .

transferred to a conventional incubator for 10 additional days.
Blind subcultures were performed on days 10 and 20 on Bru-
cella agar (BBL; Becton Dickinson) and were incubated at 37°C
in a 5%-10% carbon dioxide atmosphere for 3 days [12, 13].

If growth appeared, the suspected colonies were identified by

colonial morphology; Gram staining; oxidase, catalase, and ure-
ase tests; and positive agglutmatron with speaﬁc antiserum.
Identification and biotyping of Brucella species were performed
in accordance with standard microbiological procedures (14].
“Isolation of DNA from clinical. blood specimens and bac-
teria strains. Peripheral blood samples were _collected in

EDTA tubes DNA was extracted from whole blood (200 uL) .

wrth the QIAamp DNA Blood Mini Kit (Qlagen) in accordance
with the manufacturer s instructions. The kit couples the se-
lective binding propertres of srhca gels with a microcentrifu-

gation step. The specunens were first lysed wrth protease in a .
‘buffer. chosen to optmnze the DNA-binding mpacmes onthe
QlAamp membrane ‘The use of the silica column allowed, after B
. DNA coating, eﬂicrent washmg of the samples to ehmmate,‘:
- contaminants. After elutlon, DNA was. stored at -80°C until .

PCR ampllﬁcatron analysjs

Hybndzzanon probe-based _quantitative real-trme PCRi
. assay... The real-trme PCR .assay was based on dn'ect -ampli-
: ﬁcatxon of a 207—base palr DNA sequence of a gene that codes‘ '

- 'specxﬁc for the Btucella genus (BCSP3l) The pnmer parr used
. was that pubhshed by Baily et, al. [15] The amplification prod- _

uct was detected by using fluorescence technique hybndrzanon
- probes labeled with LightCycler Red 640 (detected in channel

F2). A control amplification reaction in the third chammel (F3)" antibodies detected by the ELISA were. as follows for the 39

acted as an internal run control. A single-tube duplex

- LightCydcler-PCR (LC-PCR) was performed using the FastStart -
“DNA Hybndrzau°n Probes kit (Roche Dlagnostrcs) To each -
LrghtCycler glass. mplllary, we ‘'added 20 pL reaction murture :

_ containing 6.6 uL PCR-grade water, 2.5 mmol of magnesium

chloride, 4.0 pL reagent mix (containing 'primer"'s'and probes); -

2.0 uL FastStart mix, and 5.0 uL template (sample or standard).

B Primers and probes were designed and provided by TlB MOL- -

BIOL. To detect any ampicon contarnination or. ampllﬁmtlon

failure, negative controls that contained 5 uL of PCR water _
- instead of DNA and positive controls that contained DNA of

Brucella melitensis biovar 1 were included in each real-time PCR
run. Cyding conditions consisted of mmal denaturation at95°C

o for 10 min, followed by 55 cycles at 95°C for 10 s, at 55°C for

8s,and at 72°C for 15 s in a nghtCycler instrument (Roche
Dxagnostrcs) Fluorescence curves were analyzed with Lxght—

Cycler software, version 3.5. After amplification, melting-curve’

analysis was performed to verify the specificity of PCR products

(1 cycle consisted of 95°C for 20 s, 40°C for: 20's, and-85°C

~ for 0s). The BCSP31-derived product was 1dent1ﬁed by running

- sult was positive for 37 patients (95%). The: Wright seroagglu- :
.. tination test titers were within the diagnostic range. (titers, 12
160) in 36 patients (92%). For the assessment. of the ELISA . )
& results, samples with -an optrcal density of. 10%- greater than.:. '

‘the melting curve with a specific melting point of 67.5°C {con-
centration dependent). A standard curve, comprising 10-fold

" dilutions of Brucella BCSP31 DNA of 10'-10 target equivalents,

allowed quantrﬁcatxon of unknown samples. In the provided
standard row (TIB MOLBIOL) the lowest concentration (10
copies) was amplified in 35-36 cycles; 100, 10,000, and
1,000,000 copies were amplified after 32-33, 25-26, and 17—
18 cycles, respectively (with the crossing point calculated by
the “second derivative- maximum”).- With ‘the method’ “fit
points,” the crossing point values were 32-33, 28-29, 22-23,
and 15-16 cycles, respectively. The detection limit of the '
method spiked with serial dilution of B mehtens:s DNA was -
10 copres/S puL DNA extmct. '

.RESULTS

Brucella species was mmally 1solated in. blood cultures from 13 :

- (54%) of the 24 patients with-available’ ‘blood specimens.. All..;,
- strains -isolated -were- identified as B. melitensis biotype. 2. Of . -
- the 13 patients who had positive blood culture results, 12 also. .

~ had positive results-for all 3 serological tests-used; whereas 1~ = .

had positive results only for 2 serological tests},(RBl? aggluti- ‘

. nation and ELISA). The remaining 26 (67%) of the 39 patients-

with acute brucellosis received their diagnoses.on: ‘the. basrs of
clinical and serologlcal criteria. The RBP agglutmatron test.re-:

the cutoff optical density were considered to be positive; sam-
ples from all 39 patients (100%) were positive. The types of

ELISA-posmve samples lgG, 27 (69%) IgA, 34 (87%), and .

IgM, 31 (80%).

-All specimens obtamed from 39 panents at initial dxagnosxs: .

, had positive renl—ume PCR assay results, conferring a sensitivity
" of 100%. All specimens obtained from the control group were .
negatrve for B: melztenszs, confemng a specificity of 100%.

The evolution of the bacterial DNA load is shown in. ﬁguref.

: :.f'vl The mean B. melttens:s DNA load (£SD) for the 39 patients
- -t the time of diagnosis was 803 :£ 1236 copies/5 uL DNA
_extract (range, 264570 copies/5 puL DNA extract). At the end ‘

of treatment, samples from 34 patients (87%) remained: posmve ,
for B. meltterms, with a mean bactenal DNA load (£SD) of

1240 * 314 copies/5 uL DNA extract (range; 0-1230 copies/5.
: pL DNA extract). Two months after the end of treatment, sam- )
- ples were collected from 34 patlents, and the mean bacterial
" DNA load (+SD) was 192 + 236, coples/5 uL DNA extract

(range, 0-875 copies/5 uL. DNA extract; results for 27 patients
remamed posltrve) Six months after the end of treatment, sam-

-ples were collected from 26"patients, and the mean bacterial
.. DNA load (+SD) was 96 * 135 copm/S #L DNA extract

Long-Term Brucella Species Survrval * CID 2008:46 (IS June) * €133 . -
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" Figure 1.

-~ and durmg the foHow-up penod m, Months

Lo (range-,- 0—'432'-wpiesls #L",DNA em'act; reSults for 20 patientsv: _
. remained positive). Twelve to 24 nionths after the end of treat- .- ‘
. application; for ‘example, isolation’ of DNA particles cannot

e ment, samples- were collected from 16 patients, and- the mean’. _
discriminate between living and “eradicated” microorgamsms =

~*bacterial DNA load (+SD): was 80 % 126 copies/5 uL DNA, -
. extract:(range, 0-420 copies/5 uL DNA extract;, results for 10
.- patients:: ‘remained posmve. and 1 patient: had negative results o

.- patient had Ppositive real-time PCR results 2 years after infec- .
.- -tion, although the patient had had negative real-time PCRre- -
.. sults at the 1-year follow-up Serological test results for these_' o
.. patients did not differ significantly between individuals with™
~-detectable and undetectable bacterial loads, with a mean Wright -
: agglutmatlon titer of 1:40, the presence of IgG antibodies de-"
. termined by :ELISA in all patients,-and the presence of IgA
DR antxbodlesmammonty of patients. During the follow-up: phase-
o of the study, only 3 patients experienced relapse On’ relapse.’f; :
1 patient had positive blood culture Tesults,” whereas the other : ‘
. "2 relapses were- diagnosed on the, basis.of chmml findings. In .
-the 3 patients who' elcpenenced relapse, there was no-increase
- in bactenal 1oad during symptom _reappearance, compared w1th'_"
- their prevnous follow~up bactenal load measurement, although: -
their titers did not decrease-either. There were-no statlstlcallyﬂ : '
" case, brucellosis should be considered to ‘be’ only a chromc': o
‘infection (much like tuberculosis), the clinical presentation of
~ which depends on the equilibrium between the immune system
and the microbial pathogenicity. Certain studies of patientswith -
* . chronic brucellosis have mdeedfocused on such a dysregulation c

- - significant differences with regard'to’ mmal or posttreatment

'nucrobiologxcal load between those who dld and. d.ld not ex- .

' “ perience relapse. Results of blood cultures, when samples were.
- obtained after treatment: completlon, were negatlve for all pa-;.__
R Atlents who did not experience relapse. . :

" DISCUSSION

An emerging method for the detection and identiﬁcation ofa
variety of infectious agents in the. dlinical laboratory is real-

- time PCR [16]. Real-time PCR was. developed to improve the ‘
-, sensitivity, specificity, and speed of detecting PCR amplification

products [17). It does not require postimplification handling

. of PCR products, thereby reducing the risk of laboratory con-
-tamination and false-positive results. Moreover, real-time PCR

has emerged as a powerful tool for quantification of the mi-

.. crobiological load; this is a concept that is valuable for nu- . .

merous infectious disorders (e. 8o hepatitis and HIV mfectlon),

. real-time PCR has also blurred the traditional definitions of -

- “eradication.” Mlcroblologlcal eradwauon (i.e., achlevement of
- Evolution of Brucella melltensls DNA foad at mmal diagnosls - megative culture results) has long been used as an end pomt in
- . . clinical trials for several mfectlons However, these pnnc:ples o
. o.do not apply toa potentxally chromc mtracellular infectiori such
<=+ as. brucellosis. Therefore, mlcrobiologxcal load could serve as

. an indirect index of pathogen presence. One has ‘to take iito ~

account, however, all ‘of the potential problems of such an -

Furthermore, mlcroblologxcal load could’ theoretxcally serve as

‘an index of disease burden’ind thus allow- for patient stratis
"~ for2.consecutive specimens: and then had a positive result but . ‘::'_.ﬁcatron by disease seventy, relapse potentral and therapeutl’ci i
S 'd1d not expenence relapse) Twenty~four to 36: months after»_"",;__reglmens nieeded.. : sk
- the end of treatment, samples were collected from 10 patients,.
and the mean bacterial DNA load (= SD) - was: 56 & 74 copreslz-“:_fu patlents continued. to. exhibit mrcroblologxcal -load even years S
5 pk DNA: extract (range, 0220 ‘copies/5 sl DNA extract; 7 - after clinical cure and in the absence of any symptmn indicative e
_patients continued to have positive results).-Of 21 patientswho . of dxsease persistence or relapse. We consider our results tobe ...~
were momtored for >1 year after therapy, 13 contmued to have .
' posmve real-time PCR results but were ‘asymptomatic. One-;p‘__ L
" cation. Could the results be explained as the outc_ome of partlcle_ o
shedding by dead bacteria? These-dead bacteria.could notbe -~ -
the result of antibiotic treatment administered <1 year earlier. .
o Thus, in this case, bactena mdeed pers:sted for a-long penod';‘,-- e
after mfectxon and chmcal cure; these bacterla fal.led to ehcrt: o
clinical mamfestatrons, possibly because of a. robust sustained . -
immune response that eventually ehmmates them by smtchmg' ‘ g ;

“on the mmally cancelled cellular apoptosis. [18]

Our study revealed smrtlmg results. A srgruﬁcant number o

 indicative of the long-term presence of v1able bactena in-the . .
. human body in‘a cellular reservoir that needs.further clarifi- -

Even if we accept this altematxve explanatlon, the‘only v1able

.pathophysxologlcal scenano is that, at least in the majority of o

patients, Brucella speaes persnst inside the human body despite

-apparent clmrcal cure "The pathogen may rephcate at low fre-
. quency. It may even muse transxent, low-level bacteretma in a_ L _
) ‘manner that am be handled by: ‘the body’s unmune system in v

such a way as'to avoid the evolution of clinical disease. In that o

: el3d cID 200846 (lS_]ime) '.'Vrioni‘etal.v
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[19]. The level at which this interaction occurs is vague, low-
level bacteremia may not be detected easily, and follow-up'

through' cultures of bone marrow specimens, theoretically -

sound and suggested to be diagnostically superior'[zo]', is not
convenient. Moreover, one could hypothesize that, with use of

more-sensitive diagnostic techniques, it could be determined -

that patients with undetectable rmcrobrologrcal loads mlght ac-
tually have rmcrobrologrcal loads.

Contradictory results have emerged from the few relevant '
studies, with smaller sample numbers, that have recently been’

reported. Similar ﬁndmgs were elicited in a Spamsh study [21]

that showed that 40f7 mdmduals who' experienced relapse _

and 3 of 11 who did not expenence relapse also exhiblted

'detectable bacterial loads after long-term follow-up A sumlar ‘
result was also reported from a study in Peru [22] that used B
plain PCR for follow—up, the majority of the patients had PCR-

positive - samples even months after treatment . complehon

. These results however, were not reproduced in another Spamsh
study [23] that used aslightly drﬂ'erent methodology Two other }
~ real-time PCR. studres did not evaluate evolution of the mi-

crobrologlcal load during disease stages [24, ZS]

 to long-term detectable mrcrobtologlml loads beeause the ma-

“jority ‘of the | patrents were treated with the sime regimen. In
the Spanish study [21] ‘numerous regimens were used, and the
small’ smtrstlcal sample drd not allow for any COncluslons to be"'

drawn :

One mrght argue that the sigmﬁmnce of the study is marred
by the fact’ that all patrents with detectable DNA load dunng
the follow-up penod had negatrve results. of blood cultures,'j
thus, the PCR results ‘may be consrdered to be dubrous Yet
‘this fact (e, negatlve ‘blood culture results) underlmes the

' lmportance of our ﬁndmgs. Ifthese patrents had posmve results' ’
of blood cultures, they would be considered de facto to have _ 7. Al Dahouk S, Tomaso H, Nockler K, Neubauer H, Frangoulidis D. ;. ©
expenenced relapsc (mppearance of posmve blood culture re-. -

- sults is consrdered to indicate a relapse even m the. absence of - :
* 8. Memish ZA, Almuneef M; Mah MW, Qassé‘meA. Osoba AO.-Cdm

' symptoms These atient howeve met absolut no criteria _ ,
P ) patients, 5 dy R parison’ of the Brucella Standard Agglitination Test with' dlié ‘BLISA ..

“for relapse or dlsense in general desprte havmg detectable DNA ‘
load for Brucella species. | Cases of reappmance of Bmcella‘_

L '+, enhanced antibiotic treatment. ‘Third, one has- to seek: othier : :
One could support the hypothesrs that patrents wrth de-.:
. tectable mtcroblologlcal loads were sunply madequately treated —
‘and were therefore. candrdates for relapse. However, . the few~_,»._ therapy, one has to redefine treatment goals E ra dmtxon was
~who experienced relapse did not preferentrally belong to the .
subgroup of  patients with - continually detected. bacterial load.- g
In addition, these patients did: not exhibit higher loads or any - .
" statistically significant difference: than did those of the group -+
that did-not experience relapse:’ Furthermore, relapses usually -
occur-during the first few months after the end of treatment, -
and 90% of them usually occur during the first follow-up year,
‘a cutoff point surpassed by ‘our patients. No-data can be ex< - -
tracted about whether a'specific therapeutic regimen was related *

) References

. infection years after the initial course of symptoms are not rare, '

especially in the context of foreign body infection [26].-

One might argue that there is selection bias in our results,
because bacterial load was evaluated in only 10 patlents in the
24-36-month period. However, the other study patients did not

experience relapse, as assessed by telephone interview performed o

by 1 of the authors during this period; thus, the 10 patients for -

- whom bacterial load data were available could be considered to

be representatrve of the entire sample. Furthermore, a similar- .
trend was observed among larger subsets of patientsin the vanous
follow-up time frames depicted in figure 1. ' -
Recognizing that brucellosis is a chronic infection means that
‘our understanding of the pathophysiology, diagnosis, and treat-

“ment of the disease may be drastically altered. First, one has
**to understand what suppresses Brucella species pathogemcrty -
_during’ the protracted posttreatment period when bacterial load :
s detectable. Moreover, one has to elucidate which are. the
. critical components of this suppression and whether patients |
- with chronic brucellosis exhibit a defect in these componénts. : ~ .
" Second, one has to define whether the initial bacterial: load is

related to disease severity, tendency to relapse, - or need for:

predrctors of relapse, because real-time PCR did not' exhrbrt'_
any correlation in the present study. Fmally, with regard '

never set as'an issue in brucellosrs, and the:' ,accept_abl,e ' per-
centage -of relapses was arbitrary [27]. The future qnaﬁbn
however, will be whether to treat aggressively, with monitorin
of the bacterial load, or to sunply ignore the results and allow;
-the pathogen to parasrtrze msrde the human body

Acknowledgments ,’

Potentml conﬂrcts of mterest. All authorS' no conﬂlcts.

1. Pappas G, Papadumtnou P. Aknndrs N Chnstou I.. TstanosEV The = -

new global map of human brucellosis. Lancet Infect Dis 2006;6:91-9. L
2. Pappas G, Panagopoulou P, Christou 1, Akritidis N. Brucella asa

biological weapoii. Cell Mol Life Sci 2006;63:2229-36.

el Memish ZA, Balkhy HH. Brucellosis and mtemanonalu'avel.l.Travel};.'f_ﬁ '

fMedzoo4.n49-ss L

4. Pappas G, Akritidis N, bosdkowh M, Tsla.nos E. Brucellosxs. N Engl' S

" J'Med 2005;352:2325-36. o
- 5. Gross A, Terraza A, Quahrani-Bettache S, l.mutard IP, Domandl In .

- - human monocytic cells, Infect Immun 2000; 68:342-51. s :
6. Pappas G, Papadrmrtnou P. Challenges in Brucella bacteraemm. Int ] T

¥ " Antimicrob Agems "2007; 30(Suppl 1):29-31..°

Laboratory-based diagnosis of brucellosis—a review of the lrterature .
* IL Serological tests for brucellosis. Clin Lab 2003; 49:577-89. T

IgG and IgM in patients with Brucella bacteremia. D:agn Mrcroblol o
Infect Dis 2002.44 129-32. . A

" Long-Term Brucella Species Survival ¢ CID 2008:46 (15 June) . el35

224

vitro- Brucella suis infection: prevents the programmed. cell; dent.h of . .-




10.

12.

13

15,

. Navarro B, Casao MA, Solera I Dugnosxs of human bruccllosls usmg

PCR. Expert Rev Mol Diagn 2004; 4:115-23.
Avdikou 1, Maipa V, Alamanos Y. Epidemiology of human brucellosis: -
in a defined area of northwestern Greece. Epidemiol Infect 2005; 133

S 905-10;
1

Alton GG, Jones LM, Pietz ‘DE, Laboratory tcchmqua in bmcellosxs.
2nd ed. Geneva: World Health Organization, 1975.

Yagupsky P. Detection of brucellae in. blood cultures. J Clin Mlcroblol }
1999; 37:3437-42. :
Solomon HM, Iackson D. Rapnd diagnosis of Brucella melitensis in
blood: some operational charactcnstn:s of the BACT/ALERT J Clm

o Microbiol 1992;30:222—4.
‘14..

Shapiro DS, Wong JD. Brucdla. In. Muruy P, ‘Baron E, Pfallcr M,

Tenover F, Yolken R, eds. Manual of clinical microbiology. Waslnngton' -

* DC:- American Society for Microbiology, 1999:625-31. ‘

Baily GG, Krahn JB, Drasar BS. Stokct NG.  Detection of . Brucdla S

melitensis and Brucella aborm.sby DN'A amphﬁcatxon. lTrop Med Hyg iy

. 1992;95:271-5. e
 16::

Espy MJ, Uhl JR, Sloan LM, et al Real-time BCR in y:hn;mlmlcro—

2.

" of bacterial cnracts on the unmunologu: profile in chronic relapsing

brucellosis patients. Int § Immunopathol Pharmacol 1999;12:103-11.
20. Gotuzzo E, Carrillo C, Guerra J, Llosa L. An evaluation of diagnostic -
_ methods for brucellosis-—the value of bone marrow culture. J Infect
- ‘Dis 1986;153:122-5. o '
21, Navarro E, Segura’JC, Casuno M], Solera J. Use of real-time . quan-
titative polymerase chain reaction to moaitor the evolution of Brueella

" . melitensis DNA load duririg therapy and post-therapy follow-up in

patients with brucellosis. Clin Infect Dis 2006;42:1266-73. g
Maas KS, Mendez M, Zavaleta M, et al. Evaluation of brucellosis’ by
-PCR and persistence after treatment in patients returning to the hos-
© pital for follow-up. Am J Trop Med Hyg 2007;76:698-702. - .
. Queipo-Ortuno. MI, Colmenero D, Bacza G, Morata P. Comparison.
- between LightCycler Real-Time Polymerue Chain Reacnon (PCR) as-
. - say with serum and PCR—cnzyme-linked immunosorbent assay with

B . whole blood samples for dledﬂgnoslsofhumanbmadlosm.dmlnfect

DS, 2065’ 40'260—4.

24, Kattar MM, Zalloua PA, Araj GE; @l Devdopment and éval uon_a .
Pee of reul-t:me polymense chain. rmuon amys on’ whole blood'{md

. biology: apphcatlons for routmc laboratory testmg. Clin M.lCl’Obl.Ol Rev e -

17.

" Infect Dis 2007; 44:418-23. -
18

) .19

- 2006; 19; 165—256 )
'Tenover FC, Rapxd detectmn 3

- xmphcations iin-clinical manzgement. Clin Infect Dis 2003; 36.1533—8
Boum P. Skcndms B Kountouras L Zachanoudah_E, Tsapas. 'l‘ Eﬂ'ect

Tolomeo M, Dj Carlo P, Abbadusa V et al. Monocyte and lymphoéytc
apoptosis rmstance in acutc and chmmc bnwdlom and its pom'ble

€136 + CiD 2008:46.(15 June) * Vrionictal = = .

225




L BIMGERECMRZIL L i

‘legl o

Tﬁaé&mﬁg

E%na Emﬁ"‘ ﬁﬁﬂﬁ-i

NQ. 1O

“ﬁﬁgﬂawzﬁ
{#ﬁ&p,~

| DEERER RSB IT L R LI

'_ ORlckettsm félzs——l:f*«@ﬁﬁtﬂ:ﬁﬁ‘]ﬁﬁ N
| Rickettsia felistX. TRG rickettsiae (transmonal gr

,%%@fﬁ

T

R OR 2 2T E LMD LRIE N, *:.1’{ iﬂ:ﬁ‘b*ﬂx%fs!ﬁﬁi’&)&%x&h‘ﬂ% I:Hs;*oD‘Z)R felzs@%ﬁ

112, 199448 I BB KRE CRES L%, 5 4
SRR B BAS, /2 %iﬁﬁ“?‘éﬂﬂfﬂ)#/?‘7@747'&4&/%}0i?é%%w&?lkov\'C&iif'*:bmo‘cv\m\ .
ﬁsu%uﬁ;__m\rm b »‘ﬁiﬁﬁ‘éﬂﬁﬂiﬂ%ﬁm‘?"\%vﬁ)& umqome fe]:s@%ﬁ@%%@%ﬁ@ B EROR

up. mckettsme) c_ﬁfaﬁaﬁﬁﬁ:%z) R félzsii 45< %t: Eﬁﬁf:‘

ERALOTERRRR-
T EomSERES

R RS T BRicke BT GENERITIENE C [ AT O e ~%&LTF3»@M§%&M@@
|@Esn TR TBE AR (A

RN I
o M\ﬁ’?bék

,_}ﬂ@ﬁ&iﬁkmﬁﬁé:bﬂ\b if:\ 3

AR M-LRI A 3R]
RETERRM-LRI B 3R]

MEETBIANA,
M, R EORY

MepEgoEgEoIRr |

~ MedDRA/J Ve'r‘,1'1,o'J” S




- JRC2008T-043

Rmkettsra felis . as Emergent Global
- Threat for Humans

© . ricketisiae,

. from whlch the ﬂeas were obtamed (El Labs Soquel, CA,_.:-

Carlos E Perez-Osono “Jorge E Zavala-Velézquez, Juan Jose Arlas Leon *
! -and Jorge E. Zavala-Castro

RlckettSIa felis i |s an emergent pathogen belongmg to;
transrtlonal group rickettsiae. First described in 1990, R.
- felis infections have been reported to occur worldwide: in
. ﬂeas mammals, and humans. Because diinical signs of the -
“illness are similar to those of murine typhus and other fe-

" the world-in. several types of ectoparasrtes rzt ﬂeas appe;

" . to be the most common vectors. R. felis infection should be

. consrdered an emergent threat to human health R

) ickéttsi’a jélis 1s a rnember of the gen(us"chk"etrsta
_ which comprises intracellular pathogens that:produce -
mfecuons commonly called. rickettsioses: Although the

. genus has no. recognized: subspecles, rickettsiae-have tra- ..
" ditionally been subdivided into 2 groups: the spotted:fever. ..
?;World Dlstrrbutron in Potential Host Vectors
these: 2 groups -are clinically indistinguishable; however, - - . S
-nckettSIa, Williams: et al. (9) reported: that ¢at fleas col- =
lected from ‘opossums in an urban setting in California
“-were infectéd with' the novel rickettsia, but'no orgamsm '

. group (SFG) and the typhus group. Infections produced: byfz

-groups-can-be differentiated by: outer membrane. protem_;"

E OmpA (absent in'the typhus group)-and by vector.-SFG.-

‘members are transmitted by ticks; typhus group members,
. by fleas and lice (/,2). More recently, Gillespié et al. Q)

* - added to this classification‘by desighating the fransitional -

group of nckettsme and descnbmg an: ancestral group of :

| 1990 Adams et: al descnbed & rwkeusm—hke or-
ganism; which. resembled R.- typhi,in:the cytoplasm of

. brile-illnesses-such as. dengue, the infection in-humans.is . gro up ofnckettstae (4)

- likely underestimated. R, felis has been found throughout . .-

et all provxded ﬁmher charactenzation'f(‘,’) One: notlce- R
" able ‘characteristic is the temperature- dependent growthof "
-the bacterium, which requires incubation temperatures of -
' 289-32°C for ‘optimal ‘growth. However, the ‘most striking - -

: USA) (4) The ﬁrst observauons such as’ reactlvxty w1th;' o
* antibodies to R. typhi (1), the type of vectorin which it was .
~first dlscovered (1), and the apparent absence of OmpA (5),_

suggested that: the new organism

characteristic-of the novel ncketts:a was the plasnnd DNA
in 1ts genome (8) P 0 R

-Soon after the initial description of the- typhus-hke i

was detected in thie tissues of the opossums. Since this re-*

‘port, this organism has been described in infected vectors - -
- from'20 countries on 5 continents(9). Not until 2002 did -~
*-interest in R. felis increase, when the United States. (9); -
“Brazil (10), Mexico (11), and Spain (12) ‘were-among the .

midgut cells of a coleny of cat-fieas:(1). The new'rickettsia
received the-initial name of ELB agent after the. company

“Umversxdad Auténoma de Yutztan Ménda Méxreo
- Dol. 10.3201Ietd1407.071656 ‘ B
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first couiitriés to describe cat fleas (Crenocephalides felxs)._f R

+infected with R::felis; Duringthe following 5 years, 28
“‘additional teports appeared from all over the world (Table =
“1). These reports describe new potential vectors being in- ‘
_ ¥ fected with the emergent rickettsia, including the follow-=
-+ ing;: fleas, such as C. canis (13=15), Anomiopsyllus nudata "~

" (16), Archaeopsylla erinacei (15,17), Ctenophthalmus sp. -

1019 -
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Table 1. Potenual vectors infected with Rickeltsia felis. reponed worldwrde 1992—2007'

Anmalt _  Country ..

Year S Source: of DNA sample- .- Reference
1992 : Ctenocephalides felis Opossum i USA 9
2002 ' : C:felis = . . Cats anddogs” -~ Brazil (10)
2002 C.felis Dogs © Mexico (11)
2002 .. .  Cfelis . _ : S .Catsanddogs- .. .- Spain (12)
2003 Haemophysalls flava, H. kitaokai, and Ixodes ovatus . Unknown (flagging) Japan (19)
2003 : T C.felis . ' Cats . France 22
2003 : C. felis ~ Cats and dogs UK (23
2004 - C.felis Dogs . Peru (29)
2005 ‘Anomiopsyllus nudata Wild rodents : USA (16) .
2005 C. felis Cats and dogs New Zealand (25) .
2005 ’ C. felis Monkey Gabon - (26) -
2006 : C. felis and C. canis Dogs i .- Brazil {13 .
' 2006 o C. felis and C. canis Cats and dogs . Uruguay (19
2006 Archaeopsylla erinacei and C: canis 'Hedgehog and rodents ~ Algeria- (15)
2006 - A. erinacei and Ctenophlalmussp Rodents and hedgehog .Portugal = (17)
2006 , Xenopsylla cheopis- SRR Rodentsf . ‘“Indonesia - - (718)-
2006~ C fel:s Rhipicephalus sanguineus, and Amblyommma cajennense E Dogs and horse _ Brazit . (20).
2006 , .-~ Unknown ﬂea » Gerbil . - Afghanistan = . (27) -
- 2006 , o . C.felis - -Cats and dogs . Australia . (28). -
. 2006 : C. felis " Cats - - . lsrael (29 - .
2006 L S .. C.falis . _Rodents - - . ‘Cypus . - (30) .
2007~ T U Mites -~ Wild rodents -’South Korea™ " * (21)
- 2007 Lol © dofig T e Cats
2007°.° C. felis -

- *PCRwas: used to deteet R: Ielis infeeﬁon \mth 1 noted excepﬁon
" tAnimal host of potential’ vectors. - C .
e #Quanhtatve PCR .

- cats

( 1 7), and Xenopsylla cheopts (1 8) tlcks Haemaphysahs

- flava. (19), Rhipicephalus:sanguineus.(20), and Ixodes:

ovatus_(19); and mites: from South Korea (21) (Table.1).

Despite-the large’ number of potennal -vectors. reported,
" the only- vector currently recogmzed is C. felis because it .
has been demonstrated that this flea is able to maintain a .
 stable infected progeny through transovarial transmission -
(4). In addition, production of antibody to R. felis has been...
noted in animals after they have been exposed to infected -
cat fleas (9). Other evidence to be considered is the fact °
‘that 68.8% of the reports state;-thn;z the cat flea is the most .
_ recurrent vector in which R__,felisﬁhas been detected. These
" data further support the -wide distribution of rickettsiae

because they correlate with the worldwide: distribution

of C. felis; this distribution represents a threat to the hu-
man population because of. lack of host speerﬁcrty of the .
- : _‘...World Dlstrlbutlon of Human Cases e
Tn 1994, the first human case of mfectron w1th the: new}
cat flea rickettsia was reported in the United States (2). This " )
. became the first evidence.of R felxs _potential as a human_ o
pathogen. R. felis infection had a similar chmcal manifes- .-
tation-as ‘murine typhus (including high fever [39°—40°C],: B

‘catflea. - . -

"R felzs mfectmn s dlagnosed by PCR amphﬁcatlon S
" of targeted genes. The ‘genes most commonly amplified - .
by researchers are. glt4: and. ompB; followed by the 17-. .
kDa gene. Also, 25% of published artlcles report-that R. - -
Jfelis was detected by amplifying>2 genes, and all report
* that amplicons. were confirmed as R. felis by sequencing. .- .
- murine typhus-like rickettsia had a transmission cycle in- - -
-volving cat fleas and opossums (2,3,9), no vlable R felzs .

The animal hosts from which the infected ectoparasites

were recovered represent a diversity of mammals (Table -
‘ l) which- mcluded 9. dxﬂ'erent naturally mfested ammal,-

specxes However in 16 of 33 articles, ecto) arasrtes were”

..recovered from dogs. Other hosts' for ectoparasites: werej'_' o
_cats (in'13 of 33 reports); rodents (5 of 33 repofts); opos-
.sums and hedgehogs 2 reports each), and horses; sheep;

. goats, gerblls and monkeys (] report for each ammal: o

specres)

‘myalgia, ‘and rash). Although the initial idea was that the

has yet been isolated: from: a vertebrate host.". .. =
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.. In summary, the presence of R. felzs ina dxverse range
! of invertebrate and” mammalian hosts represents a high = .
_potential.risk for public health and the need: for: further... - -
studies to establish:the role of ectoparasites other than € -
~felis as potential vectors ‘To.date, whether any. vertebrate;v; I
-may.serve as the reservoir-of this’ emergent pathogen has.- "
-mot beern: determmed However;: prehmmary data:from ..
- our laboratory suggest that opossums are the’ most. hkely:.- SR
. candldates RN e : R T L

wel
g




2002

“Three more cases of R. felzs infection were reported

from southeastern Mexico in. 2000. The patients had had
contact with fleas or animals known to carry fleas. The clin-
ical manifestations were those of a typical rickettsiosis: all
patients had fever and myalgla but the skin lesions, instead
of a rash, were similar to those descnbed for rickettsialpox.
In addition, for 3 patients, central nervous system involve-
ment developed, manifested as photophobra heanng loss,
and signs of meningitis (33). L

As occurred with the fast-growmg reports of the
worldwide detection of R. felis in arthropod hosts; the re-

ports.of human cases of R. felis infection increased rap- -

idly in the following years (Table 2). But, in contrast, only
- 11 articles reported human infection by R. felis compared
' with 32 that reported ectoparasite infection with the new
rickettsia. Nevertheless, these ﬁndmgs indicate that anef-
fective, surveillance system ‘is. urgently needed to distin-
“guish R fehs rickettsiosis from other nckettsral infections
- such as murine typhus and Rocky Mountain spotted fever,
-and from-other febrile illnesses such-as dengue. ‘Although

"PCRis. strl] a method of ch01ce for many laboratones, its

- high’ cost prevents many- ﬁ'om using the technique, partic-
 ularly in developing countries. Important advances have =
- been achieved in diagnostics; suchi as the'récent establish-.
. ment of a stable culture of R. felis in cell lines that allows
© . its use as “antigen in serologic assays dlfferentlatmg the
N 'cat flea rickettsia from others.- Use of this-culture in the

o 1mmunoﬂuorecent assay’ has enab]ed detectron of addr—
_tlonal human cases (3§). - S

Americas. It also confirmed the risk for human disease’ any-

_ where in the world. After the first report in Europe of ahu-
© .- man infection of R felis; other human cases have appeared -

R in-other countnes around the world, mcludmg ‘Thailand -
(36), Tunisia’ (38), Laos (39), and Spam (40y; addrtronal

“cases, have been. reported.in Mexico. and Brazil (34). All .

 the data support the conclusion that the incidence of R felis

rickettsiosis and the SImultaneous worldW1de distrrbutlon RS

of the flea vector plausibly explam 1ts endemr(:lty
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" potential widespread distribution and i is not corifined to.the -
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At present the involvement of domestrc ammals (e g, .
dogs. and cats) or wild animals coexisting in urban areas
(e.g., opossums) maintains R. felis infection in nature. C,
Jfelis fleas serve as the main reservoir and likely have a cen-
tral role in transmission of human rllness ' :

Conclusions - L :
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worldwide distribution in mammals, humans, and ectopar- ‘
asites. The clinical manifestations of R. Jelis.infections re-
semble those: of murine typhus and dengue, which makes
‘them difficult to diagnose without an appropriate’ labora-
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though R. felis may require only fleas for its maintenance
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- life cycle of flea-borne spotted fever rrckettsla In addition,
. flea-borne spotted fever should be consxdered in the dif--
" ferential diagnosis of infectious diseases.. Further research
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assess the 1mpact on pubhc health
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weeks again [For the officially available data, indicating that the
2008 epidemic seems to have peaked by now, see the commentary. - Mod.AS]
The Public Health Service for Brabant had, in their last census on 21
‘ Ju1‘2008; 491 known cases. That meadns that 5000 Brabanders have been -

~actually infected, says the Ministry-of Health. The disease spread

'~ - rapidly in Noord-Brabant and, to a lésser éxtent; in the Nijmegen

~* .region. According to Roel Coutinho, head of the Centré for Infectious.
Disease Control, the actual number of victims is not S-fold the: '

- number of reported cases but rather 10-fold. :
The state branch of the Labour Party in Brabant has raised questidné
about the matter to the Executive'Council.fAccording-to'qouncil member ;
Nora Kasrioui, it is unclear what the directorate intends to do. "The-'

disease is really a serious and -growing problem for the population. We -
- . believe that the politics should go into action." . Kasrioui o
R : ’ . acknowledges that it is difficuit*tormake'policies aimed at Q. fever
: . : ‘because much remains unclear about: the disease. "Uncomfortable or’
not, organizations can always use help, financial or otherwise." [For
“the official government’ policy and background, see item 2].

According to Coutinho, the disease: can never be fully eradicated.
Normally it reappears during and: following the lambing season. At
present, -goats are seen as the main source. of infection. The RIVM
- (National Institute of Health and Environment), along with veterinary
experts, is considering how the' transfer from animal to man is . =
.established. Thereafter, a decision-onﬁfurther measures for disease
prevention will be taken. Until last year [2007], Q fever was almost
non-ekistent in the Netherlands. - .- - . e ' o
, . L

" [Byline: Jan Cees] :
Communicated by:

ProMED-mail ' A
<promed@promedmail.org> .. -

__‘***v*v**" -

[2] el e

‘_Date: 10 Jun. 2008 . . . ’ . : o '

- -Source: Dutch government- -official:'document:No VD. 2008/1191,
"Measures for Q fever" [Trans. from Dutch by Mod.AS, edited]
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<http://www.minlnv.nl/cdlpub/serviet/CDLServiet?p file id=28304>

A letter from the Ministers of Agriculture and of Health to ‘the Parliamert

During the recent weeks, a significant increase in the number of
O-fever infections in humans has been cbserved again in the
north-eastern region of the province Noord (north) Brabant. This has
led to unrest among local people. With this letter we will bring you
up to date with additional precautionary measures that we will
undertake to prevent the spread of Q-fever as much as possible.

. Q fever is a dlsease caused by the bacterium _Coxiella burnetii_. It
is a zoonotic disease, which means that spread from animals to humans
. can take place. Q fever is traditionally present around the world and
may affect many species -- not only farm animals but also species
such as birds, dogs, cats, rats and wild animals. Ticks can be a
vector in the transmission of Q fever

between animals.

- In partlcular, small ruminants are regarded as a major source of
infection for humans. After excretlon,.the bacterium can survive a
‘long time in the air and sometimes- spread over long distances. People
‘can be infected through various routes, including the inhalation of -
infectious, airborne particles. Human infection is often manifested by
mild symptoms but a more serlous course may. occur.

The main clinical. 31gn of Q fever in ruminants is -abortion in
pregnant animals, caused by the bacterium. During and after the:-
~abortion the animals excrete large quantltles of the bacterla in
thelr manure.

~Small rumlnants lntended for mllk productlon are. “held mainly in
- so-called pen barns. - A pen barn is a shed where the manure is covered
on a regular basis with a new layer of straw..When the mixture of

:.,manure and straw reaches a certain height, the shed is emptied.

Especially during the manure removal process, bacteria are shed into

the air with the consequent risk ‘for both the public and animal -
health. Possibly, the spreading of manure on land is ‘also a risk

factor, but this procedure. seems to be of less significance than the

‘removal process of manure from the pen barns. This difference became

apparent since manure from Noord Brabant farms has been used as

fertilizer in other provinces without harmful results in humans.

.Initiatives undertaken

.Following the 2007 Q-fever outbreak .in Herpen, Noord-Brabant, some

" steps ‘were. agreed between the Ministry of Health, Welfare and Sport
(VWS) and the Ministry of Agriculture, Nature and Food Quality .(LNV) .-
--to' obtain better insight regarding the. Q-fever: problem and to

prevent, as far as possible, its spread to man. In this framework,
-adVLSory 1nformat10n on the hygiene measures to be applied in-
small-ruminant farms has been.prepared and published on the 51tes of
the Health, Welfare -and Sports Ministry, the Agrlculture Mlnlstry,.
and the. Anlmal Health Service (GD).

‘Research by the Health Serv1ces has been undertaken in both large and
small ruminant sectors to obtain better understandlng of the extent
of the problem. This research is ‘funded by both sectors and by the
" government. There is also research under way 1nto the risk factors for .
the spread of Q-fever.

. The relevant research lnstztutes, namely the Natlonal Institute of

. Health and Environment (RIVM), the Central Veterinary Research '
Institute. (CVI). and the Health Service (GD) are also in the process '
of development and validation of testing methods sultable for the
detectlon and 1dent1f1catlon of the bacterlum

Finally, a research initiative is. engoing regardlng lnterventlon -
-'strategles.~Spec1a1 attention is paid to a:vaccine which lS currently‘
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being tested in Denmark and France, considering its possible
experimental application in the Netherlands as well.

Designating Q fever as an 1nfectlous, reportable animal dlsease

In order to be able to apply preventive and control measures on animal
holdings, Q fever should be designated a reportable infectious animal"
disease. Indeed, this has been carried out by the Minister of
Agriculture, adding Q fever to the list of animal diseases (including
zoonoses) for which compulsory prevention, control and monitoring are
regulated. Holders of small ruminants kept in pen barns are required
to report. signs which may 1nd1cate Q fever. This requirement obliges
the veterinarians as well.

Measures regarding manure
'EXperts agree that manure probably plays an important role in the
dissemination of the Q-fever agent in the province of Noord Brabant.

As a meaningful, provisional measure based on the precautionary
principle, we plan to ban, for the duration of 3 months, the use of

“ manure from smal} ruminant holdings in pen barns where serious
infection has been established.: A period of 3 months is regarded
sufficient for a -significant reduction of the infection load in the
manure. -Since the removal of manure from the pen barns is unavoidable
-as soon as the lnstallatlon runs full, a ‘practical solutlon is to be
sought and flnallzed soon.

.

»Other measures and'consultations

" In addltlon to the. specrflc measures for the treatment of manure. on
infected holdings, further sector-related advice will be glven in

order to'prevent future spread .of Q fever. One of the ideas is to

- prescribe .an advanced timetable .for an earlier-in-season spreading of
manure in the flelds, preceding the lamblng sedson.-The dim is to
prevent thevutilization of the manure until at'least 3 .months after

the lamblng season, allowing SLgnlflcant reductron of its infection load.

Holdlngs'w1th small rumlnants are often frequented by recreatlon
visitors and others 1nterested. Contacts of people with infected
premises are also undesirable. Temporarily preventlng v1$1ts to- such
‘holdings Seens to us adv1sab1e.

aThere are also a. certaln number of sheep and’ goat farms which produce
their -own.cheese. This is often. .made with raw milk.. ‘The consumption of
raw products from 1nfected farms is discouraged by the RIVM (National = .
Institute for Healthcare and the Environment). It seems therefore
primarily useful to prescribe pasteurization in certain cases. The
Minister for" Health, Welfare and Sport w1ll take these measures in
‘consultation with RIVM. '

With the above mentioned steps we try to 1imit, ‘as far as p0551ble,
the spread of Q fever. The measures -are aimed at the earliest
possible action to diminish the risk of further spread The
'development of the pollcy 1s being continued. .

[Byllne' M : ’
-G. Verburg, Minister of Agriculture, ‘Nature and Food Quallty, and
Dr. A. Kllnk, Mlnlster of Health, Leisure and Sport]

Communicated by:
ProMED-mail
<promed@promedmail.oxrg>

[The above ministerial letter, addressed to the Dutch parliament, -
provides interesting and useful information on the epidemiology of .the
disease in the Netherlands and the preventive and control measures
undertaken. It is also useful for those engaged-in any handling of -
emergency situations related -to zoonotic diseases. -Hopefully, action
plans and contemplated research will be accompllshed accordlng to plan.

In our preV1ous posting’ (see ProMED archlve below), data on the
disease incidence from different medla sources were inconsistent; we
are grateful to Naomi Bryant, National Travel Health Network and .
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Centre  (NaTHNaC), for drawing our attention to that. Official Q fever

data for the first 28 weeks of 2008 (1 Jan - 23 Jul 2008) are

available on the official website of the Public Health

Service for Brabant (GGD Hart voor Brabant). The total number of

reported human cases during the said period was 538. The 1lst cases

appeared during week 3, remaining under 10/week until the 15th week,

when it began to rise, peaking during week 22 (72 cases). During the

weeks 27-28, the number is again below 10; the outbreak seems to be

dying out. The said data can be found (in Dutch) at
<http://www.rivm.nl/cib/infectieziekten-A-Z/infectieziekten/Q koorts/FAQ Q-koor

According to the said website, prior to 2007 the mean annual number
of human Q fever cases, on national level, was 15. Since the disease
in animals was not reportable, there is no information on its
incidence in animals during the said years. The source indicates that
the main animal species respon51ble for the current outbreak are
goats, followed by sheep. - Mod.AS]

- [see also: :

Q fever - Netherlands. S(NBR)- '20080725.2267 ]
................... .arn/ejp/jw-
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Press Releases

Variant of Mad Cow Disease May Be Transmitted by Blood Transfusions,
‘According to Animal Study

(WASHINGTON, August 28, 2008) - Blood transfusions are a valuable treatment mechanism in madern medicine,
but can come with the risk of donor disease transmission. Researchers are continually studying the biology of blood
products to understand how certain diseases are transmitted in an effort to reduce this risk during blood
transfusions. According to a study in sheep prepublished online in Bfood, the official journal of the American Society
of Hematology, the risk of transmitting bovine spongiform encephalopathy (BSE, commonly known as "mad cow
disease") by blood transfusion is surprisingly high.

BSE is one of a group of rare neurodegenerative disorders called transmissible spongiform encephalopathies
(TSEs), and there is no reliable non-invasive test for detecting infection before the onset of clinical disease. In
addition to BSE, these diseases include scrapie, a closely related disease in sheep, and Creutzfeldt-Jakob disease
-(CID) in humans, which causes neurological symptoms such as unsteadiness and involuntary movements that
develop as the iliness progresses, rendering late-stage sufferers completely immobile at the time of death.

A new variant of CID (termed vCID) was recognized in the United Kingdom in the mid-1990s, apparently as a result
* of the transmission of BSE to humans. Because the symptoms of this disease can take many years to appear, it ‘
was not known how many people might have been infected, and without a reliable test for identifying these
individuals, clinicians were very concerned that the infection could be transmitted between people by blood
transfusion or contaminated surgical and dental instruments. As a result, costly control measures were introduced
as a precautionary measure to reduce the risk of disease transmission, although at the time it was unclear whether
there really was a significant risk or whether the control measures would be effective. This sheep study sought to
better understand how readily TSEs could be transmitted by blood transfusion in order to help develop more

~ targeted controls. '

"It is vitally important that we better understand the mechanisms of disease transmission during blood transfusions
so we can develop the most effective control measures and minimize human-to-human infections," said Dr. Fiona
Houston, now a Faculty of Veterinary Medicine, University of Glasgow, UK, and lead author of the study.

The nine-year study conducted at the University of Edinburgh compared rates of disease transmission by examining
blood transfusions from sheep infected with BSE or scrapie; the BSE donors were experimentally infected, while the
scrapie donors.had naturally acquired the disease. While scrapie is not thought to transmit to humans, it was
included as an infection acquired under field conditions, which could possibly give different results than those’
obtained from experimentally infected animals. Because of the similarity in size of sheep and humans, the team
was able to collect and transfuse volumes of blood equivalent to those taken from human blood donors.

The outcome of the experiment showed that both BSE and scrapie could be effectively transmitted between sheep
by blood transfusion. Importantly, the team noted that transmission could occur when blood was collected from
donors before they developed signs of disease, but was more likely when they were in the later stages of infection.
Of the 22 sheep who received infected blood from the BSE donor group, five showed signs of TSEs and three others
showed evidence of infection without clinical signs, yielding an overall transmission rate of 36 percent. Of the 21
infected scrapie recipients, nine developed clinical scrapie, yielding an overall transmission rate of 43 percent.

Investigators noted that the resuits were consistent with what is known about the four recorded cases of vCID -
acquired by blood transfusion in hurmans. In addition to the stage of infection in the donor, factors such as genetic
variation in disease susceptibility and the blood component transfused may influence the transmission rate by -
transfusion in both sheep and humans. :

"The study shows that, for sheep infected with BSE or scrapie, fransmission rates via blood transfusion can be high,
particularly when donors are in the later stages of infection. This suggests that blood transfusion represents an
efficient route of transmission for these diseases,” said Dr. Houston. "Since the resuits are consistent with what we
know about human transmission, the work helps justify the control measures put.in place to safeguard human

http://www.hematology.org/media/08282008gfg%rint=yes - 2008/09/09
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blood supplies. It also shows that blood from BSE- and scrapie-infected sheep could be used effectively in non-
human experiments to answer important questions, such as which blood components are most heavnly infected,
and to develop much-needed diagnostic tests."

Reporters who wish to receive a copy of the study or arrange an interview with lead author, Dr. Houston, ma y
contact Becka Livesay at 202-776-0544 or Hivesay@hematology.org.

The American Society of Hematology (www.hematology.org) is the world's largest professional society concerned
with the causes and treatment of blood disorders. Its mission is to further the understanding, diagnosis, treatment,
and prevention of disorders affecting blood, bone marrow, and the immunologic, hemostatic, and vascular systems,
by promotmg research, clinical care, educatlon, training, and advocacy in hematology.
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ORIGINAL ARTICLE

A Novel Human Disease With Abnormal

. ' .

Prion Protein Sensitive to Protease

Pierluigi Gambetti, MD,' Zhigian Dong, PhD,' Jue Yuan, BA,' Xiangzhu Xiao, PhD,' Mengjie Zheng, PhD,'
' Amer Alshekhlee, MD,' Rudy Castellani, MD,? Mark Cohen, MD," Marcelo A. Barria, PhD,?
D. Gonzalez-Romero, PhD,? Ermias D. Belay, MD,* Lawrence B. Schonberger, MD, MPH,*
Karen Marder, MD,’ Carrie Harris, BA,' James R. Burke, MD, PhD,® Thomas Montine, MD,”
Thomas Wisniewski, MD,® Dennis W. Dickson, MD,? Claudio Soto, PhD,? Christine M. Hulette, MD,°
James A. Mastrianni, MD, PhD,"" Qingzhong Kong, PhD,! and Wen-Quan Zou, MD, PhD"*

Objective: To report a novel prion disedse characterized by distinct histopathological and unmunostammg features, and asso-
ciated with an abnormal isoform of the prion protein (PrP) thar, contrary to the common prion diseases, is predominanty

sensitive to protease digestion.

. Methods: Eleven subjects were investigated ar the National Priofi Disease Pathology Surveillance Center for clinical, histopatho--
‘logical, immunohistochemical, genorypical, and PrP characteristics. _— _ o

- Results:  Patients presented with” behavioral and psychiatric manifestations' on average at 62 years, whereas' mean disease

" -duration was 20 months. The type of spongiform degeneration, the PrP immunostaining pattern, and the presence of

microplaques distinguished these cases from those with known prion diseases. Typical protease-resistant PsP was underectable

in the cetebral neocortex with standard diagnostic procedures. After enrichment, abnormal PrP was detected at concentrations

16 times lower than common prion diseases; it included nearly 4 times less. protease-resistant PrP, which formed a distinct

electrophoretic profile. The subjects-examined comprised about 3% of sporadic.cases evaluated by the National Prion Disease
Pathology: Surveillance Center. Although several subjects had family histories -of dementia; no. mucations were found- in the

PrP gene open reading frame. -

Interpretation: The distinct histopathological, PrP immunohistochiemical, and physicochemical  features, together with the

homogencous genotype, indicate thar this is a previously unidencified typé: of disease involving the PrP, which we designated
* “protease-sensitive prionopathy” (or PSPr). Protease-sensitivé prionopathy is not rare among prion diseases, and it may be even’
more prevalent than our data indicate because protease-sensitive prionopathy cases are likely’also to be classified within the group

of non-Alzheimer’s dementas. -

 Ann Nelrol 2008:63:697-708 - -

Human pﬁon diseases or transmissible sp’ongifb'rm
encephalopathies may be - sporadic, inherited, or ac-
quired by infection.! Creutzfelde—Jakob disease (CJD)

is the most common phenotype and occurs in all

three forms. In the sporadic form, CJD is- classified
into: five subtypes, which can be readily distinguished
based on clinical features, type and distribution of
brain lesions, and pattern of. prion protein (PrP) im-
" munostaining.>* Facal insomnia; a much tarer pheno-
‘type, includes sporadic -and inherited forms, "and is
- characterized by loss of ability to sleep and preferen-

tial thalamic degeneration.* Gerstmann-Striussler-S- -

~ cheinker disea.;c_' (GSSj, ﬁhg thxrd phcri;)ffpc_, éébursv

exclusively as a heritable disease invariably associated
with a mutation in the PrP gene open reading frame
(ORF) and is characterized by the presence of prion
amyloid plaques.* - . o
- Despite: their heterogeneity, all sporadic - human
prion diseases described to date have been associated

- with abnormal PP (commonly called PrP* bur hence-
- forth refetred to as PrPr), which is resistant to” treat-

ment with proteases and is considered the diagnostic
hallmark of these diseases.! PtPr is derived from nor- -

mal or cellular PP (PrPC) via a posttranslauonaltran- :

. From the nstituce of i’a:holégy.. Case Western: Reserve University,
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Baltimore, MD; *Department of Neurology, Neuroscience and Cell

* . Biology, George and Cyrithia Mitchell Center for Neurodegenera-

tive Discases, University of Texas Medical Branch, Galveston, TX;
“Centers for Diseasc Control and Prevention, Adanta, GA; *Depart-

ment of Neurology, Columbia University, New York, NY; ®Depart-

~ment of ‘Medicine, Division of Neurology, Duke. -University,
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sition from a-helical to B-sheet-rich conformations.
PrP and PrPr are quite different. Whereas PrP€ is sol-
uble in nondenaturing detergents and is completely di-
gested when exposed to appropriate concentrations of
proteinase K (PK), PrPr is detergent m.soluble and its
C-terminal region resists PK treatment.’ Based on the
size of their PK-resistant fragments, at least three major
PcPr types are recognized, which codistribute with spe-
cific disease phenotypes: (1) PrPr type 1, which on PK
treatment generates an approximately 21kDa fragment;
(2) PrPr type 2, generating an approximately 19kDa
,fragment; and (3) PrP7-8, a PrP internal fragment of 7
to 8kDa.*~¢ Both PrPr types 1 and 2 have: been ob-
served “associated with distinct subtypes of CJD. To
date, PrP7-8 has been consistenty observed only in

GSS. Therefore, the conformational changes, which v

render PrPr pathogenic and in many but not all cases
infectious, may engender different species or strains of

PtPi that can be recognized based on their distinct

. protease-resistant fragments and by their assocmtcd
clinicopathological phenotype.>”!2
Studies mostly based on expcnmenml models re-

cently have shown that PK-resistant PrP (PiPr) is asso- -

ciated with varying quantities of a PP isoform that, as

PrPr, is detergent insoluble but sensitive to protease di-

gstlon (PrPs) =15The relation of PrPs with PrPr and

~ the role chat PrPs: plays in thc pathogenesis of prion’
l : .~ diseases remains. uncertain.'$~

Here we report 11 patients with a human djsasc
" characterized by the presence of detergent-insoluble PrP
that is _predominandy sensitive to proteasc digestion and
forms unusual immunohistochemical patterns. Fuirther-
more, the small amount of PrPr present generates a dis-
tinct profile on immurnoblot. Several ‘affected patients
~ have family histories of dementia but lack mutations in
the PrP gene ORF. We refer to this condition as
protease-sensitive pnonopathy (PSPr). PSPr broadens

the spectrum of human prion diseases and raises several

important issues related to the nature of these diseases in
light of their association with' dnfferent PrP “isoforms.
Among prion diseases, PSPr is not rare. Because the pre-
senting clinical signs often suggest the diagnosis of non-
- Alzheimer’s dementia, PSPr may be even more prcva]ent

than our dara indicate because. many PSPr cases might

' currcndy be dassified within this group of dementias.
Parts of this study have been prcsentcd prcwously '

SubjeCts and Methods

Subjects . ’ B

The 11 (10 autopsy and 1 blopsy) patierits and the control
subjects were referred to the National Prion Disease Pathol-
ogy Surveillance Center between May 2002 and January

2006. Consent -was obrained .to use dissues for rmrch in- .

dudmg generic analyses.
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General Tissue Procem’ng

Fixed and frozen brain tssues were obtained from all subjects

and processed as'described previously.” 20

Histopathology and Immunobistochemistry

Samples obnained from up to 18 brain regions were pro--

cessed as described prevnously 23 Lesion profiles were con-
structed using semiquantitative evaluation of spongxform de-
generation (SD) and astroghosxs in 12 brain regions from 6
subjects, and 4 or 5 regions from 2 subjects. SD and astro-
gliosis were scored (Fig 1), and the scores from each of the
brain regions were summed for each subject scparately; values
were averaged, and standard deviations were determined and
plotted according to.the brain region.? Vacuoles with larger than

4pm diameter were- measured individually on random photomx- .

crographs of frontal neocortex (10/subject, X180) using Spot-

software version 4.6 after calibration: (Diagnostic: Instruments, -

Sterling Heights, MI). Sections from the fronal and occipital

hemisphere; and midbrain were processed for PrP immunohis-
tochemistry with the menoclonal antibody- (Mab) 3F4 or 1E4

(Cell Sciences, Canton, MA).»**-23 Selected brain, fegionis were'

also immunostined with the Mabs 4G8 0 amyloxd B“‘ :

Electron Microscopy

Formalin-fixed postmortem: brain tissue was pmccsscd fom"

conventional electron microscopy and for PP unmunohtsto—

The entire PrP ORF was amphﬁed by polymcr:se ~cham

reaction using genomic DNA extracted from unfixed brain.

tissue or blood and the primers PPO-F [GTCATYATG-
GCGAACCTTGG (Y = C + T)} and PPO-R [CT-
CATCCCACKATCAGGAAG K=T+ G); sequencing
was done directly or after cloning into plasmid pSTBluc 1
(Novagcn, Madlson, WI) by automated scquencmg

' Prion Protein Charactmzatzon

CONVENTIONAL IMMUNOBLOT. -

Five to 20l 10% wt/vol brain homogenates w:th or w:d:out i
. PK digestion (Sigma Chemical, St. Louis, MO) were loaded
" onto 15%. Tris-HCl Criterion precast gels (Bio-Rad. Lahosato-

ries, Hercules, CA) for sodium dodecyl sulfate polyacrylamide
gel elecrophoresis, and immunoblotted with-3F4 and 1E4 1o
human PtP residues 109 to.112 and 97 to 108, rcspecuvcly

PP was deglycosylated with PNGase F (New England Bio-

labs, Beverdy, MA) following manufacturers instructions.

ENRICHMENT OF THE ABNORMAL PRION PROTEIN.

“Two procedures were uuhzcd. (1) caprure of the abnormal

PrP with the gene 5 protein (g5p), as described previous-

. neocortices, hippocampus, basal ganglia, thalamus, cerebellar

- chemistry according to standard- tcchmqus usmg peroxidasc o
‘antiperoxiddse Mab 3F4 to Pep.? .

Iy**3; and (2) abnormal PrP preapmuon w:th sodlum T

‘ phosphomngstate
I SEDIMENT ATION OF PRION PROTEIN IN SUCROSE GRADI-

ENTS.

Brain homogenatcs were mcubated wu:h 2% Sarkosyl for 30 . V

mmutes on ice, loaded atop a 10. to 60% step sucrose gra-

e
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Fig 1. Histopathology and lesion profile. The spongiform degeneration of protease-sensitive prionopathy (PSPr) (A) is character-
ized by a mixture of small and intermediase size vacuoles, whereas the vacuoles of two subtypes of sporadic Creutzfelds—Jakob
disease'(CJD), sCIDMM]I (B) and sCIDMM?2 (C), are mostly small (sCIDMM1) or much larger and confluent (s<CJDMM2).
(D) Eosinophilic microstructures surrounded by a pale halo (circle) in the cerebellar molecular layer; (A-D) Hematoxylin and
eosin staining. (E) Lesion profiles of PSPr (diamonds), sC/DMM1 (squares), and sCJDVV2 (trianigles). Vertical bars refer 20
standard deviations. In sCIDMM1 and sCIDVV2, for which data were adapted from Parchi and colleagues? standard devia-
tions were omitted for clarity. Spongiform degeneration was scored on a 0 to 4 scale (0 = not detectable; 1 = mild; 2 = mod-
erate; 3 = severe; 4 = confluens); astrogliosis was scored on a 0 to 3 scale (0 = not detectable; 1 = mild: 2 = moderate;

3 = severe). FC = front cortex; TC = temporal cortex; PC = parietal cortex; OC = occipital cortex; HI = CAI of hip-
pocampus; EC = entorhinal cortex; BG = basal ganglia; TH = thalamus mediodorsal nuclews; MB/ST = midbrain in PSPr,
substantia nigra in sCIDMM1 and sCIDVV2; LC = pons; ME = medulla; CE = cerebellar cortex. :

diene snd centrifuged 1 hour at 2@,000{ in a. SW55 rotor
(Beckman Coulter, Fullerton, CA).!

Statistics

: yses were performed with the two-tail Student’s ¢ test.

Resuls
Clinical Features i 3
Mean age of onset and disease duration were 62 years
(range, 4871 years) and 20 months (range, 10-60
~ months), respectively (Table 1). Presentation and course
were dominated by neurobehavioral and psychiatric
signs, with progressive motor and cognitive decline.
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Seven pati@m were ataxic. Other ‘consistent features in--

cluded absence of periodic complexes on the electroen-
cephalogram and nondiagnostic 14-3-3 protein test in
the cerebrospinal fluid. Magnetic resonance imaging
showed diffuse atrophy without restricted diffusion sig-
nals in all 10 patients examined. No subject had known
history of prion exposure; probable familial occurrence
of dementia was reported in 6 of 10 investigated patients
(see Table 1). :

Neurohistopathology | .
SD and astrogliosis of moderate severity were present

Gamberti et al: Novel Human Prion Disease 699

in the cerebral cortex, basal ganglia, and thalamus of
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" the PSPr cases without severe neuronal loss: SD com-
prised a mixture ‘of fine vacuoles, comparable with
those seen in sSCJDMM1 (the most common sCJD
subtype), and slightly larger vacuoles that resulted. in
a mean vacuolar -diameter . greater than that of

sCJDMM1 (7.8 * 2.7 vs 5.8 = 1.2um). Bur the "

“larger” vacuoles clearly were smaller than the
“coarse” vacuoles .characteristic of sCJDMM2 (see
Figs 1A-C).** The hippocampal pyramidal cell layer
appeared unaffected; the molecular layer of the den-
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tate gyrus and the stracum lacunosum moleculare
showed mild SD, which extended into the subiculum
and the entorhinal and inferior temporal neocortices.
No kuru plaques or multicore plaques were detected.
In some subjects, structures suggestive of micro-
plaques were observed in the molecular layer of the
cerebellum (see Fig 1D). Lesion profiling identified
the cerebral neocortex, basal ganglia, and thalamus as
the regions most severely affected, whereas the brain-
stem and cerebellum were apparently spared (see Fig




1E). Congo red staining of selected cerebral and cer-

ebellar cortices was negative.

Immunohistochemistry

PrP immunostaining with Mabs 3F4 and 1E4 of the
cerebral cortex, basal ganglia, and thalamus from the
PSPr cases was strong, and in the hippocampal forma-
tion was selective with strong immunoreactivity in the
molecular layer of the dentate and stratum lacunosum
moleculare, without pyrarnidal cell layer staining (Figs
2A, B). The staining pattern in the cerebrum was char-
acterized by round, loose clusters of coarse granules
quite evenly distributed over a background of smaller
granules (see Fig 2C). The size of the cluster-forming
granules often increased progressively toward the clus-
ter’s center, which generally contained a larger granule
or a tight aggregate of small granules (see Fig 2D).
Strongly immunostained globular structures were occa-
sionally seen, rarely also in the white matter (see Fig
2D; inset). Immunoreactivity in cerebellum and brain-
stem was limited to minute, rounded structures or ag-
gregates of a few granules in the cerebellar molecular
layer and midbrain colliculi, except for one subject
who displayed a large number of these structures (see
Fig 2H). The immunostained clusters and globules

could not be correlated with hlsmlogacaﬂy detectable .

lesions except for the intense immunostaining of pos-
sible microplaques in the cerebellum of some cases (see
Figs 1D and Fig 2H). The pattern of PrP immuno-
staining of cerebrum and cerebellum: in the PSPr cases
was readily distinguishable from those of sCJD sub-
types and nonprion disease controls (see Figs 2E-]).
Furthermore, on paraffin-embedded rtissues, PrP im-
munoreactivity was virtually removed with PK treat-
ment (50pg/ml, 37°C, 1 hour) in these cases, whereas
it was only reduced in sCJD (data not shown).
Amyloid-B immunostaining showed mosty diffuse
plaques apparently compatible with the subject’s age.

Electron Mrm:mpy .

The ultrastructural examination oF r.hc ccrcbclia: mo-
lecular layer from the case shown in Figure 1D showed
poorly defined, rounded structures with barely detect-
able filament-like profiles that were embedded in an
amorphous-granular matrix. These formations strongly
reacted with antibodies to PrP and overall had the fea-
. tures 6f poorly formed or immature PrP microplaques
(Figs 3A, B).

Genetic F:mimgs

All PSPr patients were homozygous for valine at codon
129 of the PrP gene, and none carried mutations in
the PrP genie ORF; three subjects had silenc polymor-
phisms (two at codon 117 and one at codon 122).
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Prion Protein Characterization: Detergent-Insoluble,
Protease-Resistant, and Protease-Sensitive

Prion Protein

The total PrP immunoblot profile from all PSPr pa-
tients was indistinguishable from that of nonprion dis-
ease control subjects (Fig 4A). The glycoform ratios of
the three PrP bands from the two groups were similar.
Measured by densitometry in arbitrary units, the dig-
lycosylated or upper band was 10.44 + 1.78 (n = 3)
in ‘PSPr versus 7.83 * 3.64 (n = 5) in nonprion dis-
ease control subjects (» = 0.30); the monoglycosylated
or intermediate band was 4.40 =1.88 (n = 3) in PSPr
versus 3.40 * 2.74 (n = 5) in control subjects (p =
0.79). Under our conditions, the unglycosylated or
lower band was not measurable in both PSPr patients
and control subjects (see Fig 4A). Furthermore, the
mean amount of total PrP present in six subjects ap-
parently did not significantly differ from that of the
nonprion disease control subjects (n = 7) (1.69 *
0.28 vs 1.57 % 0.39; p = 0.53) and from that of cases
with prion disease (n = 3) (1. 69 * 0.28 vs 203 £
0.46; p = 0.20).

In conventional diagnostic 1mmunoblot procedures
using Mab 3F4, classic PrPr (PrP27-30) was undetect-
able in the brain homogenates from the frontal cortex
of all 11 subjects, and from the occipital and cerebellar
corticés of the 7 subjects in which these brain regions
were tested (see Fig 4A). Treatment with various doses
of PK showed no consistent difference between these
subjects and nonprion disease control subjects in these
brain regions (see Fig 4B). Barely detectable amounts
of approximately 6kDa PK-resistant PrP (PrP~6) were
present in the temporal cortex ‘of three of the eight

‘tested subjects. Of the eight subjects for whom subcor-

tical regions (substantia nigra, putamen, and thalamus)
were available, significant ‘quantity of PK-resistant
PrP27-30 was found in one case, and minimal

-amounts in two others (one showed small amounts of -

PrP~6 only), whereas no PrPr could be definitely de-
tected in the other five subjects (see Fig 4C). In con-
trast, probing with Mab 1E4 demonstrated a ladder of
PK-resistant PrP fragments ranging from approxi-
mately 29 to 6kDa in all PSPr cases examined (see Fig
4D). The ladder-like electrophoretic mobility of the
PrPr fragments did not match those associated with
common subtypes of CJD, except for an approximately
20kDa fragment, which, after deglycosylation, was ten-
tatively identified as the unglycosyiatod form of PrPr
(see Fig 4C; also dara not shown).” The approximately

"6kDa fragment was also unglycosylated and was remi-

niscent of the PrP~7 fragment of GSS.! These frag-
ments were most obvious at PK concentrations of 5 to
10pg/ml and decreased at greater PK concentrations.
The ladder-like electrophoretic profile of PrP treated
with PK was highly reproducible and was observed in
all 11 PSPr cases examined. In contrast, the PrPr frag-
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Fig 3. Electron microscopy (EM) of brain microstructures of protease-sensitive pnondzatb (PSPr). (A) EM af the' ‘eosinophilic mi-
crostructures observed at light microscopy _(Fxg 1D) shows plaquelike formations with fuzzy fillamentous appearante (inset). These

structures are :mg;_'y reactive with: anti

PM&W& 3F4).

mcms from sC]D were cla.rly detectable with- both
3F4 and 1E4 Mab only after treatment with more than
10pg/ml PK, and increased with greater PK concentra-
tions (see Fig 4C; also data not shown). Therefore, a

small amount of PrPr detectable with Mab 3F4 is
present mostly in the subcortical regions of these sub-
jects. Moreover, most of the PrPr appears to have a
d.lffercnt conformation from that of typical PrPr be-

w

" Fig 2. Pmm protein (PrP) immunohistochemistry. (A) Intense
and widespread PrP immunostain of the cerebral cortex and
(B) dunncnw PrP zmmmmr:mg pattern in the hippocam-

of the molecular layers

.'.'.‘. s '_ Y -I-.' i - gbm “mm af
gmvmh‘ the: :eum* (D mm') bmbr mmed g{aé:d.w
structures are also present. (A-D) Prosease-sensitive prionopa-
J.y (PSPr).. (E, F) Immunostaining patterns of the cerebral
“cortez in sCIDVV2 (E) and sCIDVVI (F) showing laminar
staining and occasional perineuronal staining in sCJDVV2
and weak and ﬁ:u widapm:d staining in sCIDVVI. (G) No
immunostaining is detectable in the cerebral cortex of a
nonprion disease control. (H-J) Cerebellar immunostaining
pamrm in PSPr (H), sCIDVV2 (1), and sCIDVVI (]). .
There is intense and.exclusive staining of large granules in the
molecular Za_ym in PSPr (H), presumably corresponding to the
.mn@)}zbc microstructures surrounded by a pale halo shown
in Figure 1D; staining of irregular deposit limitéd to the
granule cell layer in sCIDVV2 (I); no detectable mumr:g in
. $CJDVVI (the staining of the granule cell nuclei is nonspe-
eific) (). (A-I) Monoclonal mméady 3F4. -
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s.to prion protein (PrP) (B) consistent with PrP microplagues (peroxidase anti-

cause on PK digestion it generates a unique set of frag-
ments that are detected by 1E4 but not by 3F4.

Total abnormal PrP and the PrPr conformers were
futther charicterized in‘abnormal PrP-enriched prepa-
rations after the captitre of the abnormal PrP with g5p,
a single-strandéd DNA binding protein with a high af-
finity for abnormal PrP regardless of its PK resis-
tance.'>*> The amount of PrP captured by g5p in the
PSPr subjects was three times greater than the amount
of PrP captured in nonprion disease control subjects
(dara not shown), but it was nearly 16 times less than

- the g5p-captured PrP in typical sCJD. As measured by

densmomctry in arbitrary units, the mean PrP caprured
by g5p in eight of PSPr subjects was 3.44 * 2.8% of
the total PrP detected by direct gel loading compared
with 53.55 * 24.6% in sCJD (n = 3; p = 0.00015;
Fig 5A). Furthermore, a.ll:hough nearly 90% of the
gSp-captured PrP was resistant- to PK digestion in
sCJD, the PrPr accounted for only 24% of the total

~_abnormal PrP captured in the PSPr subjects (87.59 *

26.8%. in four.sCJD cases vs 24.23 = 14.9% in nine
PSPr cases; p = 0.0001) (see Fig 5A). The PK-resistanc
PrP obtained after PrP enrichment from the subjects
was distributed in three major bands of approximately
26, 20, and 6kDa, which were detected by both 3F4
and 1E4, and matched the major bands of the immu-

noblot ladder detected with 1E4 on direct loading (see

Fig 5A; also data not shown). A similar PrP banding
pattern was obtained after sodium phosphotungstate
precipitation, another mct.bod of abnormal PrP enrich-
ment.'"*® It was detected by both 3F4 and 1E4, al-
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Fig 4. Oﬁarwmn of prion protein (PrP) in protease-
sensitive pmnapa#ry (PSPr). (A) On conventional immuno-
blots, proteindse K (PK)—resistant PrP is undetectable in
nonprion disease control subjects (non-PrD) and PSPr pa-
tients, although it is prominent in sporadic Creutzfeldi—Jakob
disease (sCJD). (B) PK-resistant PrP from non-PrD' and PSPr
is not detectable even after treatment with low PK concentra-
tions, but only in sCJD control when probed with the mono-
clonal antibody 3F4. .(C) Subcortical regions of three PSPr
cases treated with PK at 50pg/ml before Western blot analysis
* with 3F4 showed various amounts of PK-resistant PrP in
three PSPr cases. Samples temporal cortex (Ttc) were used
as controls. (D) When tﬁwmmmp&umedm (B) are
probed with 1E4, moderasely PK-resistant PrP fragments
forming.a ladder are observed. (A, B, D) Tissuei are from the
- frontal cortex. BH = brain homogenate; Pu = putamen;
SN = substantia nigra; T1 = PrPr type I control; T2 =
PrPr.gpe 2 control; Th = thalamus.

though the bands were much more prominent when

probed with 1E4 (see Fig 5B). The abnormal PrP en-

richment experiments confirm that, in PSPr patients,
there is miuch less abnormal PrP than in sCJD, and
that the proportion of abnormal PrP that is PK resis-
tant is much smaller.”
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Prion Protein Sedimentation in Smo;'e Gradients

- After sucrose gradient sedimentation, 30% of the total

PP from the PSPr patients was recovered in fractions
7 to 11 containing large aggregates, whereas these frac-
tions accounted for only 5% of the total PrP in
nonprion disease subjects (Figs 6A, B, E). The same
fractions contained about 24 and 58% of the total PrP
in' GSS patients with the Al17V mutation and

* sCJDVVI, respectively (see Figs 6C-E). Also, the per--

centages of PrP recovered in fractions 2 and 3 differed
significantly between PSPr and nonprion disease. PSPr

~ differed from GSS in fractions 7 and 8, and from

Direct aSp Direct g5p

loading capture loading capture
100 f_lOO 3 . 3 3

Si(ul) 3

A
PK - -
(S0ugml)  pgpr sCJD
3F4
| NaPTA precipitation
S1(ul) 200 500

5 200 500

. PK O s
(S0pg/ml)  PSPr sCJD PSPr-

- 3F4 . 1E4

Fig 5. Capture by g5p (A) and sodium phosphotungstate
(NaPTA) (B) of prion protein (PrP) from protease-sensitive
prionopathy (PSPr) and sCIDMM]I (sporadic Creutzfelds—
Jakob disease). Probing with 3F4 or 1E4 after stripping. The
same ladder of proteinase K (PK)—resistant PrP as in Figure
4D is detectable in PSPr preparations after heavy loading of
the gel. S1 = supernatant of brain homogenate abmrmx' after
low-speed censrifugation (1,000g for 10 minutes).
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Fig 6. Prion protein (PrP) profiles in sucrose gradient sedimen-
tation. (A) Nonprion disease (non-PrD); (B) protease-sensitive
prionopathy (PSPr); (C) Gerstmann—Striussler-Scheinker disease
(GSS) with the Al117V mutation (GSSA117V); (D) sCJDVVI;
(E) PrP distribution in the fractions plotted as percentages of
-the total PrP. Although the amounts of PrP from PSPr are.
similar to those of non-PrD subjects in fractions 1 and 4 1 6,
they differ significantly in fractions 2, 3, and 7 to 11, and also
clearly differ from GSSA117V in fractions 7 and 8 and

- sCJDVVI in fractions 1, 2, and 9 o 11. PSPr fractions 8 to
Hdwbmadxmmwbwabubk&and(ﬁ arrowheads) not
present in the fractions from non-PrD, GSS, and sCJDVVI.

% = 6 for non-PiD (green bars); n = 6 for PSPr (red bars);
n = 3 for GSS (yellow bars); and n = 7 for sCJDVVI (blue
bars). Vertical bars refer to staridard deviations. Asterisks de-
‘note PrPﬁumﬁum m—PrD G.SS and sC[DVV1 :bar by
PSPrﬁmmM *p < 0.05; *p <0.0; ***p < 0.001."
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sCJD in fractions 1, 2, and 9 to 11 (see Fig GE). In
addition to the quanttative differences, the electro-
phoretic profiles of the high-molecular-weight aggre-
gates from PSPr also differed from those of nonprion
disease, GSS, and sCJDVVI subjects: the lower band
was double in PSPr but single in other conditions (see

Figs 6A-D). Comparable data were obtained after gel

filtration fractionation, which demonstrated that PrP

aggregates exceeding 2,000kDa were more abundant in

PSPr than in nonprion disease control subjects but
much fewer than in sCJD (data not shown).

Discussion .

We report 11 patients affected by a disease that in-
volves abnormal PrP and has homogeneous and dis-
tinctive features (Table 2). Based on several lines of
evidence, we'argue that these features allow for the sep-
aration of this condition from all known forms of hu-
man prion disease. First, the abnormal PrP associated
with this disease is predominantly, and in several brain
regions almost exclusively, sensitive to protease or PrPs,

and the PK-resistant PrP isoform or PrPr has a distinc--

tive electrophoretic profile. The high sensitivity to PK
and the distinctive electrophoretic profile of the abnor-

mal PrP clearly distinguish these cases from each of the -

five subtypes of sCJD and from sporadic facal in.somn,ia
(sFI), the known human sporadic prion diseases. For

- example, compared w:th sCJDMM1, -the most com-

mon and typical sCJD,? these cases have 16 times less -

total abnormal PrP, and the fraction of the; total ab-
normal PrP that is PK resistant is nearly 4 times less.
Furthermore, the ladder-like electrophoretic, profile of
the PrPr associated with this condition has not: been
observed in cither sCJD or sFI, all of which instead are
charactcnzed by the presence of the well-known PtPr
type 1 or 2.' When present, the traditional PrPr, com-
monly called PrP27-30, was located in subcortical re-
gions and was of type 1, another combination not ob-

served in sporadic human prion diseases.' Second, .

these cases are also homogeneous as for the PrP coding
genotype because they are all homozygous for valine at
codon 129 of the PrP gene, the. s:te of 2 common me-
thionine/valine polymorphtsm Valine homozygosity
in white individuals is the rarest 129 genotype, being

found only in 12% of people.”® The sCJD subtypes -

associated with valine homozygosity, sCJDVV1 and
sCJDVV2, have been well characterized and differ
from these cases phcnoqulcally and for the character-
istics of the abnormal PrP.' Third, the pattern of PrP

immunostaining, and the presence of structures with

the features of poorly formed plaques that we observed
in the cerebellum are to our knowledge unprecedented.
Lastly, the clinical presentation and initial course that
prominently features relatively slow cognitive deteriora-
tion, occasional gait impairment, and incontinence has
evoked the diagnoses of normal pressure hydrocepha-
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lus,. diffuse Lewy body disease, or frontotemporal de-
mentia, whereas prion disease was suspected only at a
later stage based on the relatively short duration.

Although these cases can be easily distinguished from
sporadic prion diseases, some of their features such as
overrepresentation of PrPs and the multiple PK-
resistant PrP fragments, have been reported in GSS.*
However, all cases of GSS reported to date are associ-
ated ‘with a muration in the coding n:glon of the PrP
gene or immediately adjacent to it.* None of these
cases carried such mutation. Moreover, the ladder-like,
PK-resistant, PrP fragments observed in our cases are
preferentially detected with 1E4 but not with 3F4,
which obviously separates these cases from GSS carry-
ing the multiple PK-resistant PrP fragments. In a re-
cent study, we observed that although 1E4 and 3F4
have' adjacent epitopes along human PrP residues 97-
112, their accessibility to these epitopes is different be-
cause of different neighboring N-terminal residues.® It
is possible that the 1E4 selectively detected PK-
resistant PrP fragments have N-terminal starting sites
that are different from those of the well-characterized
PrPr types 1 and 2. The earlier evidence clearly indi-
cates that this condition differs from GSS, although
the possibility that it represents the long-sought spo-
radic form of ‘GSS remains to be excluded. Six of the

- 10 patients with' obtainable pedigree had a family his-
tory of dementia that cannot be ignored, yet none car-
ried a mutadon in the PrP gene ORF. Therefore, at
least in some cases, a causative mutation may be lo-
cated outside the ORF of the PrP gene, a condition
never observed in human prion diseases.’

All these considerations argue that the 11 patients
were affected by a novel condition involving the PrP
that cannot be classified within the spectrum of cur-
rendy known human prion diseases. We suggest the
designation of PSPr to emphasize a major distinctive
feature (see Table 2).

Compared with other human prion ‘diseases, PSPr is

not exceedingly rare, because it accounts for about 3%

of all sCJD and 16% of all valine homozygous CJD
accessioned by the National Prion Disease Pathology
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Table 2. Snmmary of Protuse-Sens:r.we Prlonopnt:by Common Features

Pr? IHC . ", Family History
i ia (8/10)*  Valine g
with dlsrmr.t of - D ia wich homozygosity ar  *
earg,ct PK- ac onser < codon 129 No
nl resistant E‘yr (2/4)® mugation in the
gn marrer; PeP PrP gene coding
dot forming a region %
pattern in ladder-like
cerebellar tern on

molecular layer g estern

-‘= pro:.emase K.

Surveillance Center during the same time period as
these 11 patients, making PSPr about as common as
some of the well-known sporadic pnon diseases (such
as sCJDMM?2, sFI; and sCJDVV1).? Furthermore, be-
cause the clinical presentation and the duration of
PSPr often do not point to the diagnosis of prion dis-
ease, some cases of PSPr may' currendy be classified
within the group of non-Alzheimer’s dementias' and
not be- investigated further. Should this be ‘the case,
PSPr maybe more common than this study suggests.

The small amount of PrPr associated with PSPr and-
the ﬁndmg that about 76% of the detectable abnormal
PrP is PK sensitive not only hinders the diagnosis bur
also has implications concerning origin, par.hogcmuty,
infectivity, and classification of PSPr.

The discovery of PrPs has opened a new chaptcr in
prion diseases."’ > The demonstration that PrPs forms

smaller aggregates than the PrPr- countdrpm“ and .

that apparently it is competent to convert PrP€ to PrPr
in vitro, as well as to seed the polymtnzatmn of ‘recom-
binant PrP into amyloid,'”"*® suggestsithat PrPs shares
defining features with PrPr. However, the pathogenetic
mechanisms of PrPs in the absence of PrPr and, there-
fore, the nature of the prion diseases associated with
PrPs currenty remain conjectural.

Prion diseases associated with PrPs, in the presence
of minimal or no PrPr, have been modeled and studied
in detail in a variety of transgenic (Tg) mouse lines
carrying mouse homologucs of human PrP gene mu-
tants or overexpressing PrP<.'**°=*? Two Tg mouse
models appear relevant to these cases.

In the first model, Tg mice expressing high levels of

' mouse PrP carrying the P101L mutation, the mouse

equivalent of the human P102L mutation associated
with a GSS phenotype, 4.34.35 spontaneously developed
a ncuroclcgs:ncmuve process characterized by SD and
prion plaque formartion. After inoculation, they trans-
mitted a disease phenotypically similar to P101L-

‘mutated Tg mice but not to wild-type mice. As in our

cases, the affected mice had PrPs but no, or minimal
amounts of, PrPr, indicating that PrPs can be associ-
ated with a prion disease that is under certain condi-




tions transmissible and has a hxstopathologlcal pheno-
type displaying general features of. prion diseases. 12

In the second model, Tg mice carrying the P101L
mutation were inoculated with brain homogenate from

 patients affected by a subtype of GSS P102L charac-

terized by the exclusive presence of an approximately
8kDa PK-resistant fragment reminiscent of the approx-
imately 6kDa fragment observed in small amounts in
our cases. The inoculated Tg mice remained largely
asymptorhatic, but at histological examination, - they
displayed PrP plaqucs and had minimal amounts of
PrPr.> They failed to transmit the disease to wild-type

. mice, but inoculation to P101L-mutated mice resulted

in-the formation of PrP plaques in the absence of clin-
ical disease. :

Thiese mouse models and NOW our cases raise issues

 with the definition of pnon diseases. Currendly, it is

unclear whether PSPr is transmissible .because time- -
-consuming transmxssnbllxty experiments to different

lines of Tg mice and in vitro. PrP replication are still

ongoing. Stiould PSPr not be transmissible, the ques- -

tion is whether it is a prion disease. A similar ques-
tion can-be raised for GSS, of which to date only one
subtype has been shown to be consistently transmis-

- sible.” The issue is further compounded by the recent

"evidence that amyloid B. the pathogcmc peptide of

Alzhicimer's disease, has the propensity to tcpllcate af-

‘ter  inoculation into susceptible Tg mice in .a

: conformatxon—dcpendcnt fashion reminiscent of pri-

of wild-type PrP.?

¢ These ﬁndmgs appear. to blur the once tight -

association of prion diseases and transmnss1b1hty It

‘may be more practical to apply the label of prion dis-

eases_to all conditions in which the PrP is abnormal
and appears to play a central role in the pathology,

in all prion diseases known to date and in PSPr.>” In
contrast, one might reserve the qualification” of trans-
missible to those prion diseases that can be transmit-
ted to recipients 6pressmg relatively normal amounts

The -finding that several PSPr patients had firsc-

degree relatives diagnosed with dementia necessitates

a search for an undcrlymg genetic cause. In AD, the
discovery of mutations outside the | gene of the amy-
loid precussor protein (the central protein in AD, as

PrP is in prion diseases) has provndcd a wealth of in-
formation regardmg pathogenetic mechanisms  of -

AD.?* Similarly, the discovery of a mutation outside
the PrP gene ORF. capable of generating a prion dis-
case may greaty expand our undcrstandmg of patho-

genetic mechanisms and the role of PrP in prion dls-_

cases.
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SUMMARY

Prions are unconventional infectlous agents com-
posed exclusively of misfolded pnon protein (PrPS9),

which transmits the disease by propagating its ab-
normal conformation to the cellular prion protein
(PrP°). A key characteristic of prions is their species
barrier, by which prions from one species can only
infect a limited number of other species. Here, we re-
port the generation of infectious prions by interspe-
cies transmission of PrP® misfolding by in vitro
PMCA amplification. Hamster PrP® misfolded by
mixing with mouse PrP®° generated unique prions
that were infectious to wild-type hamsters, and sim--
ilar results were obtained in the opposite dlrectnon.
Successive rounds of PMCA amplification result in
adaptation of the in vitro-produced prions, in a pro-
cess reminiscent of strain stabilization observed
upon serial passage in vivo. Our results indicate
that PMCA is a valuable tool for the investigation of
cross-species transmission and suggest that spe-
cies barrier and strain generation are determmed by
the propagatlon of PrP misfolding.

INTRODUCTION y

Prion diseases also known as transmissible spongiform enceph-
alopathies (TSEs) are infectious neurodegenerative diseases af-
* fecting the brain of humans and several species of mammals
(Collinge, 2001). Creutzfeldt-Jakob disease (CJD) is the most
common TSE in humans, and scrapie in sheep, bovine spongi-
form encephalopathy (BSE) in cattle, and chronic wasting dis-
ease (CWD) in cervids are the most prevalent prion diseases in
animals. Unlike conventional infectious microorganisms, the
TSE agent appears to be devoid of genetic material and instead
. composed exclusively by a misfolded form of the prion protein
(PrP) (Prusiner, 1998). PrP®® has the unprecedented ability to
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replicate in the body by inducing the misfolding of the cellular
form of the prion protein (PrP©).

One of the characteristics of the agent responsible for prion
diseases is its ability to infect some species and not others (Hin
and Collinge, 2004; Moore et al., 2005). This phenomenon is
known as species barrier. Even between close species, the spe-
cies barrier is manifested as an incomplete attack rate and a pro-
longation of the time it'takes for-animals to develop the clinical
disease when injected with ancother species’ infectious material
(Hill and Collinge, 2004). Primary interspecies tranémission is
usually not very efficient, and it takes a long time for the prion
replication process to reach the point at which full-blown clinical
disease appears. After sequential passages, the PrP5¢in the new
host adapts, resulting in a shortage of the' lnwbaﬁon period and
stabilization of the new strain (Hill and Coliings, 2004].

Compelling evidence indicates that the species’ barrier is
largely controlled by the sequertce of PrP (Moore et al., 2005).
Unfortunately, we cannot predict the degree of a species barrier
simply by comparing the prion proteins from two species. The
barrier has to be measured by experimental studies in animals.
These studies are long and costly, and in the case of the human
species barrier, the studies have to be done with experimental
models, the validity of which is not absolutely guarantied. Evalu-
ation of the species barrler is of tremendous medical importance
for risk assessment and to implement regulatory measures to
avoid spreading of diseases (Moore et al. . 2005). At this time,
the epidemiological evidence suggests: that among animal
TSEs only cattle BSE has been transmitted to humans, generat-
ing a variant form of CJD (vCJD) (Will et al., 1996). It is unlikely
that sheep scrapie is a concemn for humans, because the disease
has been described for centuries and no increased prevalence of
human prion diseases has been found in scrapie-endemic areas
(Caramelli et al., 2006; Hunter, 1998). However, the appearance
of “atypical™ strainis of scrapie, as well as the known transmis-
sion of BSE to sheep, has generated new concerns of human
infections with sheep-derived ' material (Buschmann and
Groschup, 2005; Hunter, 2003). Similarly, the possibility that
some of the newly identified animal prion diseases, such as
CWD, could be transmitted to humans cannot be ruled out at
the present time (Williams, 2005; Xie et al., 2005).
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Recently, we reported the generahon of ‘infectious pmns
in vitro by amplification of PrPS® misfolding in the test tube (Cas-
tilla et al., 2005). For these experiments, we used a technology
termed PMCA (protein misfolding cyclic amplification) that
mimics in vitro some of the fundamental steps involved in PrPS®
replication in vivo at an accelerated rate (Saborio et al., 2001).
During PMCA, small quantities of PrPS¢ are mixed with excess
of PrP®, and through a cyclical process involving incubation
and sonication, prion propagation occurs in an autocatalytic
way. With this procedure, prions can replicate indefinitely in
the test tube and, after successive rounds of dilutions followed
by PMCA amplification, PrPS° used to begin the reaction can
be eliminated, and only in vitro-generated misfolded protein
remains in the sample (Castilla et al., 2005). Inoculation of
PMCA-generated prions into wild-type animals resulted in a dis-
ease with the same clinical, neuropathological, and biochemical
features as the disease produced by brain-derived infectious
material (Castilla et al., 2005). The conclusion.drawn from these
findings is that all of the information required to propagate the
infectious properties is enciphered in the structure of PP,
This is further supported by recent studies from Supamapone
and coworkers in which infectious prions were: generated
in vitro by PMCA with purified PrP® and PrPS° with the sole ad-
dition of synthetic polyanions (Deleauit et al., 2007).

The goal of this study was to attempt crossing the species
barrier in vitro to generate uniqué infectious prions in a cell-

free system. For these studies, we used mice and hamsters,

two experimental rodent systems widely employed in TSE stud-

ies-and for which several prion strains are available (Bruce, 2003;
. ' Kimberlin and Walker, 1988). The PrP sequence shows nine dif- -

ferences between these two animal species (Figure 1A). infectiv-
ity studies have shown that there is a large barrier for prion trans-
mission betweenthese species (Kimberlin'et al., 1989; Kimberiin
and Walker, 1988; Race et al., 2002). Our findings show that in-
cubation of PrPC from one of the species with PrPS¢ from the

other resulted in new PrPS° that was infectious to wild-type ani-

mals. Interestingly, a detailed examination of the infectious, neu-
ropathological, and blochem ical features of the disease that was
produced revealed characteristics that were different from other
known prion strains. These results indicate that the prions gener-

ated in vitro by crossing of the mouse-hamster barrier represent
new strains. Strikingly, studies of the infectious characteristics of*

_these newly generated ‘prions after different rounds' of PMCA

showed that the procedure not only enabled crossing of the spe-

" cies barrier but also resulted in stabilization of the new strain

. in vitro. by successive rounds of amplification. Our findings

show that prions can be propagated in vitro across the species

barrier, leading to the generation and adaptation of unique prion
strains.

RESULTS
Crossing the Mouse-l-lamster Species Barrier.

to Generate New Hamster Prions
To assess whether prions can be generated Invmoacmﬂw

species barrier, we used hamsters and mice, two widely studied -

rodent experimental models of TSEs (Bruce, 2003; Kimberlin and
Walker, 1988; Morales et al., 2007). A PMCA experiment done
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Figure 1. In V_’ilro Canerslon of Hamster PrP° Induced by Mouse
RML PrPSe
WMhammmogenmemdilubdwm-folﬂtﬂOMmmseorm
normal brain homogenate and subjected to 96 PMCA cycles. The blot shows
the results with and without PMCA in eath species. At the right side, we show
a scheme of PrP indicating the position in which there are amino acid differ-
ences between mice and hamsters.

'(B) To attempt forcing conversion, we incubated larger quantities (dilutions

1:50 through 1:800) of RML PrPS° with mouse (central panel) or hamster (right
panel) PrP®. All samples (except for the control samples in the left panel la-

- beled "nonamplified”) were subjected to 96 PMCA cycles, andPrP“sigml

mdmﬁaﬂarﬁ(digwﬂmbywasbmbhtmme&“arﬂbody

{C) The sarhe samples as those in the right panel ufﬂmdmlopedwmthe
3F4 antibody.
m}mmmnuﬂam*mmmhmmm
homogenate by a series of 1:10 dilution followed by 48 PMCA cycles. “R" in-
dicates the number of rounds of PMCA; w..RSmprasantthesanuesa:lh .
five serial rounds of PMCAL

(E) For the assessment of spontaneous generation of PrPS° by PMCA, samples
from brain of ten different hamsters were subjected to the same process of se-
rial PMCA as in (D). PrP®* formation was analyzed by western blot after PK

- treatment in each PMCA round. The figure shows the results obtained after

20 rounds of PMCA. hMWMnmﬁgﬁmanmm
Weh’a@edwuﬂ'nPK.excaﬁwmemted

with our standard conditions for amplification of mouse RML
prions showed no detectable formation of PrPS® when hamster
PrPC was used as a substrate (Figure 1A). Conversely, a robust -

PrPS¢ generation was obsefved with mouse PrP® substrate.
For this experiment, we mixed a 1000-fold dilution of RML PrPS®




into 10% brain homogenates of healthy hamsters and mice, re-
spectively. We reasoned that if in vivo it takes longer for prions to
replicate across species bamiers, then in PMCA we should also
encounter mote difficulties to convert PrP® when using PrPS¢
from a different species. To attempt forcing the in vitro conver-

sion, we added a higher proportion of PrPS°-containing mouse
brain homogenate into the hamster substrate. A range of dilu-
tions from 50- to 800-fold were tested, but the problem with

~these experiments is that the large concentration of RML PrPS°
used as inoculum makes it difficult to estimate convincingly
whether new PrPS° generation was obtained (Figure 1B). Fortu-
nately, the 3F4 monoclonal antibody can recognize hamster but
not mouse PrP (Lund et al., 2007). Using this antibody for west-
e blot, we could clearly observe that protease-resistant ham-
ster PrPS® was being produced when the reaction was done
with low dilutions (from 1:50 to 1:200) of mouse RML PrPSe
{Figure: 1C). When_the amplification was attempted with 800-
fold diluted PrPS°-containing mouse brain homogenate, only
a very faint sighal was observed, confirming the results obtained
in Figure 1A and the idea that the combination of PrP® and PrPs"
from different species impairs PMCA efﬁcuency .

Newly generated hamster PrpSe starting from RML prions was
propagated miany times in vitro by serial PMCA in order to re-
move by dilution the initial amount of mouse scrapie braii mate-
rial added to begin prion replication (Frgure 1D). As described
before, using this procedure, we can completely remove all mol-'
.ecules of brain-derived PrP>® from the sample (Castilia et al.,

.1-.2008): Hamster..PrP% .of, RML. origin . efficiently propagates |

invitro:at the expense of hamster PrPC. Interestingly, in the first -
iround ‘the-glycoform distribution pattern of the in' vitro-
itec 'PrPS® was ‘¢omparable to the RML profile”
‘glycoform bands (Figire 1D). After furthef

o 'PMCA ‘rounds, this pattem changed to become undistinguish-.

.able from PrP®® associated to the typical hamster strains, such
as 263K :(Figure 1D)'or Hyper.(HY), in which:the diglycosylated
band is highly predominant. This result suggests that the charac-

,teristncs of the newly generated PrP®¢ are being adapted to the

. new species dunng successive PMCA cycling, reminiscent of

the adaptation process occurrlng in'vivo upon ‘sériat passage
of the infectious material. After 20 serial rounds of PMCA. repre-
Senting a dilution equivalent to 1022 with respect to the brain

" (since the first round contains a 100-fold diilution f the material),

our estrmatlon is that no molecules of i mouse brain PrPs" should

_be present in the sample. This in'vitro-generated material was -

termed RML-Ha PrP* to emphasize the RML origin of this’
_ new hamster misfolded pnon protem To make sure that newly
- formed PrPS® was indeed" comirig from conversion of hamster

PP induced by mouse PrP>* and ot just spontaneous “de’
"~ novo” formation of PrPS¢ ii hamsters {Deleautt et al., 2007), we

, didz a large experiment to analyze in detail the possibllity of spon—
" taneous generation of PrPs" and infectivity urider our experimeri- -
“tal conditions. Samples of healthy brain homogenate from ten”

» *different hamsters wers subjected to serial rounds of PMCA am-
" plfication in the absenice of PP seed. After'tip to 20 serial

" rounds of PMCA, we did not observe de novo for‘matron of PrPs"

e in‘any of the samples (Figure 1€).

. Inoculation of wild-type hamsters with RML:Ha PrPS® (pro-
_ duced after a 10~2 dilution of RML serapre brain. homogenate)
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produced disease in 100% of the animals by both intracerebral

* (i.c.) and intraperitoneal (i.p.) routes (Figure 2). The disease ex-

hibits the clinical characteristics typical of hamster scrapie, in-
cluding hyperactivity, motor impairment, head wobbling, muscle
weakness, and weight loss. The incubation time in the first pas-
sage was 165 + 6 days by i.c. inoculation (Figures 2A and 2C).
This is longer than the incubation time obtained with hamster -
scrapie strains, such as 263K and HY, in which a similar quantity
of PrPSe produces disease at around 100 days by this route (Fig- .
ures 2A and 2C). However, in agreement with our previously re-
ported data (Castilla et al., 2005), when hamster 263K prions
were replicated in vitro by PMCA, the newly generated PrP>° pro-
duced disease with a delay similar to that observed with the RML-
Ha material (Figures 2A and 2C). The delay in our previous study
was eliminated upon a second passage in vivo, in which the
new infectious material was stabilized to acquire properties un-
dushngulshable from in vivo-derived 263K (Figures 2B and 2C).
Interestingly, in’the HY hamster prionstrain, PMCA-generated
material did not show any staﬁstlcally significant difference
compared toin vivo-produced prions (Figures-2A and 2C). These
results suggest that in vitro replication of prions by PMCA main-
tains the strain characteristlcs, atleastinrespecttotheincubation
periods. To assess the stablllty of RML-Ha and estimate the sta- .

‘bilized incubation period, we performed a second passage. As
“shown in Figure 28, the inciibation ime of RML-Ha 1prions was de-

creased to around 90 days. which is very similar to that obtained

_ the first passage asin vwo-produced mfectlous materlal As ex-
pected, hamsters inoculated with RML prions did notdevelop dis--

" easeduring the time ofthe expenment (>400 days). Animalsinoc- .
" ulated with hamster brain homogenate subjected to 20 rounds of -

PMCA in the absence of PrP** (control for the de novo generation
of PrP) did not develop disease more than 400 days after inoc-
ulation (Figures 2A:and 20) Intraperitoneal moculahons ofthe in-
fectious material showed a clear difference: between the three |
prlon strains'used as reference; with 263K beirig the fastest and
DY not producmg disedse by this route’ (F'gure 20): The lncuba- .
tion period produoed by L.p. inoculation 6f RML-Ha pnons was
longer than that of the 263K and HY. strains; with an |
‘254 days in thé first passage; Thisis also loriger than 263K prions” .
amplified in vitro by PMCA, which produced dlsease after 199

“days postmoculatlon in the first passage (Figures 2D and 2F). A

second in vivo passage again stabilized PMCA-generated 263K
pnons to produce disease at a time mdlstmgu:sh
of brain-dérived. 263K mfectxous material. The ‘second passage .

" of RML-Ha prions showed that the stabilized incubation ‘period
forthe Lp. route was ofi average around 140 days, whlch.ls'stgnlf- '

icantly higher than 263K or 263K-PMGA material butghorter than
HY prions (Figures 2€ drid 2F). The differerices remained stablein
a thlrd passage (data. not shown). These resulls lndicate that in

" some aspects, RML-Ha prions are similar to the agent in the

263K 'strain but in other faatures are intermediate between 263K

“ Cell 134. 757-768, Septemiber 5, 2008 62008 Elsevier inc. 758
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Flgu'e 2. lnfectivnty of Newly Generated RML-Ha PrPs° after Crossing the Species Barrier .

- RML-Ha PrPS° samples amplified by 20 sérial PMCA rounds were inoéulated i.c. orip. mtos:xwild-typehamsters For controls; wemeulatettsimi é‘nanbbes:
B ofPrP"fromRMLormreedishnothanstersﬁakBQ&K.HYPef and Drowsy). Wealsosfowﬁledateobtmnedbymﬂaﬁonofhmo-gmpﬁmsm
. 'msendwundsdPMCAbymbaﬂondwﬁsaK-PMCA)orHypero-W-PMCA)PrP“wrthheaMyhamsterbramhomogenateanerepﬁeatedatex‘

.. penses of mouse PrP® (RML-PMCA). TheﬁguealsoshowthewﬂsobtamedbymoqﬂahonofmematenalproduoedaﬂerZOm)dsofPMCAWiﬂlmseeded ’

) nomtalhamsterbramhomogenate(PMCArNoPrPsﬁ (A)md(D)showthesqualuxvesob‘tamedaﬂenc mdlp moculaoon.respectlvely,
eratedRML-HaafterzormmdsofPMCA.(ﬂaM(E)eMwmesrmvalwvesofmeseoondpeseage(i e,mma!sweremculatedwrhmtedatobtamedfmrnme
’braiddsbkammalsmmeexpmmemdepimdmwmn)nanerlcandlpmowhbon respectively. (C)and(F)showtheaveragelncubaﬁonpenodsofme

‘ experiments done by i.c. and i.p. inoculation of various samples. 'Ihevaluescmespondtomeaveragetstandarderror medaiawasanalyzedbyANOVAand' :

theI:bunneltnu.llttplecom;:uaﬂsonpost-te&Eacl'asetofdatawascomparedtoﬂ\eresmsobwnedwrmmeRML—Hastram'andsogniﬁozntdifferenoesarehogh~
lightedwrthastensks(‘ p<005 "—p<001 and"'=p<0001).ND not.done. _

and HY prions, provndmg a ﬁrst indication that the matenal ob-

tained by crossing of the mouse—hamster specues barrier repre-
~ sents a unique hamsterprion strain.. .~ )
. _Tofurther assess the characteristccs of the dtsease pfoduced-

by in vitro-generated RML-Ha' pnons, we_studied in detail the
neuropathological and biochémical features of. the brain dam-

. .- age. Histopathological studies showed that aniimals inoculated

_ with RML-Ha prions exhibit the typlcal brasn lesions of scrapie,

: mclud‘ng sponguform degenerat;on astroglyosns, and PrPs" de-

_position (Frgures 3A-3C). Quantutative studies of the vacuolatlon
proﬁle in dtfferent brain areas showed that RML-Ha-mfected
hamsters showed ‘the largest extent of spongiosis in’ medulia
and webellum ‘and less damage in hippocampus, cortex. and
colliculm'n (Flgure 3D) This pattem of brain damage was. similar

" - to that observed in 263K-inoculated animals and ‘statistically
" different from that obtained in. hamsters m,ected ‘with HY and

- DY (Figure 3D). However the extent of both astroglyosis’

' (Figure 3B) and PrPS® accumulation (Figure 3C) in the medulta

of RML-Ha-infected animals was lower than that in 263K-sick’
ammals and similar to that observed n HY-mjected hamsters

760 Celi 134, 757-768, September 5, 2008 ©2008 Elsevier Inc.
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‘PrPs" obtained from the, brain.of sick animals’
‘with RML-Ha, 263K, HY, and DY were done by S ¢
: electrophoreﬁcal pattern of the protem, its sueoeptlbi rty

_teolytx: degradation, and_ its resistance to denal .

‘of PtPS< from the new RML-Ha prions and PrPS® obtained from

(Figures 38 and 3C) These data suggest agam ‘that the ‘AML-
‘Ha prions are a unique strain with properties inten'nedlate be-

tween the previously known 263K and HY hamster
Comparative studies of the bioehemlc'al" chara

comparison of the proteasa resnstance proﬁle. simil

the brain of sick hamsters' inoculated. ‘with the prlon strains
263K, HY, and DY were treated for 60 min with various concen-

" trations of protemase K (PK) (Figure 4A). RML-Ha PrPS* was

hlghly reslstant 10 large PK concentrations. The misfolded pro-
tein. assomated tothe newly generated straun was more fesistant

than HY or DY and similarly. {but still sugmﬁoanﬂy more) suscep--

tible to PK digestion than 263K PrPSe (Figure 4A). The PK con-
centration in which 50% of the protem was degraded (PKSO)v
was highest for PrPS° associated 'to RML-Ha, followed by
263K. HY, DY, and RML (Table S1 available online).
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Figure 3. Histopathological Features of the
Disease Induced by Inoculation of Hamsters
with PMCA-Generated RML-Ha Prp><
Brain from sick animals in which disease was pro-
duced by inoculation with the in vitro-generated
RML-Ha PrP® (first passage) or the known ham-
ster strains 263K, Hyper, and Drowsy were ana-
lyzed by histological studies. As a control, we
used the brain of a hamster inoculated with PBS
and sacrificed without disease at 350 days after in-
oculation.
(A) Spongiform degeneration was evaluated after
hematoxilin-eosin staining of medulla and occipi-
tal cortex sections and visualized by microscopy
at a 40x magnification.
{B) Reactive astroglyosls was evaluated by histo-
'loginaistalnhgwiu'lglialﬁbrmaryacidicproteinan-
tibody.
(C) PrP accumulation in these animals was evalu-
ated by staining of the tissue with the 3F4 anti-
.PrP monoclonial antibody.
(D) The vacuolation profile in each brain area was
estimated with a semiquantitative scale, as de-
scribed in the Experimental Procedures. The brain
areas used were the following: occipital cortex,
mbﬂummmsﬂymmmma{w
Sruclsua,intetpoiarparl] inferjor-colliculum, and
hippownpm{CMandCMmgm).Waalmm-
cludedhmemalymsbralnmfmmmmafs
inoculated with the other hamster “prion strains.
mmmmwgmmdm
- of the extent of vacuolation from the five animals
.-analyzed ineach set. Statisticalanalysis by
Mymawmhrainmmprbnm-

: ginasﬂmvmaﬂeshdicetaﬂhatd‘rﬂmnceswueh@lydgﬂm{p:ﬂﬂou Toamsﬂws@ﬁﬁmmdhdﬁmmmmmms&aln

WRMb-Ha.weusedtermneunmlﬁpleeomparbonposﬂssnnndmepwhesfweammbumﬁmmm
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Another characteristic we studied was the electrophoretic mo-
bility and glycosylation pattern of PrPS¢ associated to distinct
strains. The predominant glycoform for the hamster strains (in-
cluding the newly generated RML-Ha) is the diglycosylated
band, whereas mouse RML PrPS° shows a more even distribution’
of the three bands with the main one being the monoglycosylated

. form. To assess the size of the protein after PK cleavage, we per-

formed endoglycosidase treatment to remove the glycosylated
chains (Figure 4B). Whereas PrPS° associated to the DY strain -

" has a higher electrophoretical mobility, no significant differences

were observed among the other proteins. Another biochemical
property of misfolded PrP often used to differentiate prion strains '
is its resistance to chemical denaturation (Safar et al.; 1998).

Clear differences were observed in the guanidine concentrations
réquired to denature PrPS° associated to different strains
{Flgure 4C). The concentration of the chaotropic agent needed
‘to denature 50% of PrPS® RML-Ha was 1.11 M, substantially
~ ‘different from the1.69, 1.56, and 1 .72 M required for the proteins

: awoclated toHY, DY, anid RML, respectively (Table S1).

crossing the Hamster-Mouse Species Barrier

to Generate and Stabilize New Mouse Prions

Tostudy the barrier between these rodent speciesin the opposite
* direction, we mixed 263K hamster prions with mouse healthy
brain homogenate. As before, when a standard, PMCA assay

265

was done by dilution of 263K brain homogenate 1000-fold into
mouse healthy brain material, we'did not see detectable genera-
tion of mouse PrP®° (data not shown). However, when a higher
quantity of hamster PrPS° was added, we were able to generate
new mouse PrPS® (termed 263K-Mo) that could be propagated by

‘'serial rounds of PMCA to reach a dilution of the hamster brain ho-

mogenate equivalent to 10~7 (Figure 5A). Since there are not

‘available antibodies capable of recognizing mouse PrP but not

hamster PrP, we could not compare the electrophoretical pattern
of PrPS® generated in the first rounds of PMCA with the profile of

' PrPS“ typically observed in mouse and hamster strains. However,

the western blot pattern of 263K-Mo after 15 rounds of PMCA
(when no more molecules of 263K PrPS¢ are present) is similar
to the one observed for RML and other ovine-derived mouse
strains, despite a slightly faster migration (Figure S1A) that will
be investigated in more detail later. To assess whether newly gen-

erated PrP° was indeed coming from conversion of mouse Pre¢
induced by 263K hamster PrP>° and not just spontaneous “de
novo" formation of PrPS® in mice, we did an experiment to ana-
lyze the possibility of spontaneous generation of PrPS° and infec-
tivity under our experimental conditions. Samples crfhealthy brain
homogenate from ten different mice were subjected to serial
rounds of PMCA amplification in the absence of PrPS° seed. After
up to 20 serial rounds of PMCA, we did not observe de novo for-

~mation of PrPS® in any of the samples (Figure S1B).
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Figure 4. Biochemical Characterization of
RML-Ha Prpse

Samples from brains of animals inoculated with
RML-Ha PrP®° (first passage in vivo) were used
to study the PK resistance profile (4), the relative
mobility after deglycosylation and PK treatment
(B), and the susceptibility to guanidine denatur-
ation (C). For controls; we used samples from
RML or three distinct hamster ‘strains (263K,
Hyper, and Drowsy). The resuits in (A) and (C)
correspond to the quantitative evaluation of west-
em blots by densitometric analysis from three in-
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To assess whether mouse PrP®¢ generated in vitro from ham-

ster 263K is infectious to wild-type mice and to determine |
~ comesponds to the control e_xpenmant for the de novo genera-:

whether the infectious properties are being adapted upon serlai
. PMCA passages, we inoculated several rounds of in vitro-gener-

ated material into mice (Figure 5A). Despite the fact that the same -

amount of PrPS was inoculated (as determined by westemn blot),
striking differences in the infectious properties were seen among
in vitro-generated prions in distinct rounds of PMCA (Figure 5B).
Only two of the six mice inoculated with material produced in the

first round of PMCA showed disease symptoms, which appearat’

a very long time after inoculation (around 500 days) (Figures 5B
and 5C). A complete attack rate was observed when animals
were inoculated with material produced after three serial rounds
of PMCA. However, the incubation period was long (around 310

days on average), and there was a large dispersion among ani- -

mals (Figures 5B and 5C). The incubation period became stable,
_short (around 165 days), and there was little dispersion after the
six serial rounds of PMCA. These findings indicate that upon
successive rounds. of PMCA, the newly ganoralad prion, after
crosstng the species barrier, is becoming adapted and stabilized
to the new host, a process varys[rniartowhatisseenaﬂarsev—

eral passages in vivo. The large dispersion of incubation times |
- observed in'the third round of PMCA suggests that miore than. .

one strain has been generated upon crossing of the species bar-
rier and that successive in vitro amplification leads to the selec-

tion and cloning of the most efficient of these strains. The incu-

bation time for 263K-Mo after 15 rounds of PMCA (equivalent
to a 107 dilution of the 263K inoculum) was around 165 days,
similar to the one produced by scrapje-adapted mouse strains,
such as RML, but different from that of the bovine strain 301C
(Figure 5D). In vitro replication of the mouse strains RML and
301C at expense of mouse PrPcproducad PrPS¢ with identical
. properties as the brain-derived material, reflected as an indistin-
guishable incubation period (Figure 5D). As expected, mice inoc-
ulated with hamster 263K prions did not develop disease during
the time of the experiment (>500 days). No disease was also
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‘dependent animals. The. data represent the
average + standard error. The data were analyzed -
by ANOVA and the Dunnett multiple comparison
post-test. Each set of data was compared to the
results obtained with the RML-Ha strain, and
significant  differences are highlighted ‘with
asterisks (" = p < 0.05, "-p<001 and ** =
p<0.001).

3F4 6H4

.obsérved in animals inoculated with mouse brain homogenate

subjected to 20 rounds of PMCA in the absence of PrPSe, which

tion of PrP° (Figure 5D). .

To anatyze wheihar the ne\\dy generated 263K-Mo inféctious
material oomesponded to-a new strain of mouse prions, we stud-
ied the histopathological and biochemical features of the brain
damage. Animals affected with the disease produced by inocu-
lation of 263K-Mo showed extansiva vacuolation in the medulla
and hypocampus and moderate but clearly detectable damage
in the cerebellum (Figures 6A and 6D). The pattern of spongiform

" degeneration does not correspond with any of the previously °

known mouse strains studied and indeed is statistically signifi-
cantly different. to the vacuolation profile produced by RML
and 301C prions (Figure 6D). Differences were also detected in
the extent of brain inflammation produced by 263K-Mo, since -

. the degree of astroglyosis was less prominent than the one ob-

served in animals. inoculated with RML or 301C. prions
(Figure 6B). The profile of PrP%® accumulation consisted mostly
of diffuse deposition and was.not clearly different from the one
observed in the other strains (Figure 6C). Thanwestudiedme
biochemical characteristics of PrPS° obtained from the brain of

-animals, infected  with 263K-Mo: Electrophoretical mlgrauon-

was assesaed after PK digestion and endoglycosidase. treat-
ment to remove glycosylation chains. The PK—remstant core of
PrP>° migrated slightly faster than RML but slightly slower than
801C, with an estimated molecular weight of 20 Kﬁa (Figures
7A and 7B). These results indicate that the cleavage site after
PK digestion is different from all of the currently known mouse
strains. This is important because it is thought that differences
in the PK cleavage site reflect disparities in the folding or aggre-
gation of the protein (Chen et al., 2000; Collinge et al., 1996). To
further search for biochemical differences, we subjected the pro-
tein to proteolytic degradation by using various concentrations
of PK. 263K-Mo PrPS® was much more resistant to PK than to
RML (Figure 7C), with a PKsq (the PK concentration needed to
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(RML-PMCA) or 301C (301C-PMCA) PrP* with healthy mouse brﬂnhaﬁogmat&ﬂwﬂmabushwﬂnmsﬂuubﬁhad&ﬁrmdaﬁmdﬂmnﬂaﬁﬂm
duced after 20 rounds of PMCA with unseeded normal mouse brain homogenate (PMCA-No PrP9), which correspond to'the control for de novo generation of
prions. For all of these experiments, the material was inoculated i.c. as described in the Experimental Procedures. .

degrade half of the protein) of 1450 pg/mi (Figure 7D), much
larger thani the values obtained for RML (240 ug/mi) and 301C

(430 ug/mi) (Table S2). Interestingly, the high resistance of PrPSe
is typical of the hamster prions (Table S1), and indeed, 263K, the

*** parental strain of the newly generated mouse prions, has a PKsg
‘of around 1700 pg/ml. Y

DISCUSSION

The phenomenon of the species barrier, by which the ‘agent

* coming from one ‘species can infect only a limited number of

other species, is a typical feature of prion diseases: The molec-
ularbasis of this process is not well-undérstood, but it is thought
to be controlled by the structure and folding of the prion protein

(Moore et al., 2005; Vanik et al., 2004). As with the related phie-
‘nomenon of prion strains, it is difficult to imagine how an infec-
‘tious agent lacking genetic material and composed by a single
‘protein can encode the structural diversity and specificity re-

quired to control strains variability and species selectivity (Soto

- and Castilla, 2004).
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In addition to the intriguing molecular mechanism behind the
species barrier, understanding this phenomenon has profound
implications for public health. Indeed, one of the scariest medical
problems of the last decades has been the emergence of a new
and fatal human prion disease (variant CJD) originated by cross-
species transmission of BSE from cattle (Will et al., 1996). BSE
has not only been transmitted to humans. The éxtensive tise of
cow-derived material for feeding other animalls led to the gener-
ation of new diseases in exotic felines, nonhuman primates, and
domestic cats (Doherr, 2003). Worrisomely, the transmission of
BSE into these different species could create new prion strains
with unique biological and biochemical characteristics and

* thus a potentially new hazard for human health. More frightening

is perhaps the possibility that BSE has been passed into sheep
and goats. Studies have already shown that this transmission
is possible and actually relatively easy (Foster et-al., 1993). The .

‘disease produced is clinically similar to scrapie, but since it

comes from BSE it has the potential to be infectious to humans.
Another concern is CWD, a disorder affecting farm and wild spe-
cies of cervids (Sigurdson and Aguzzi, 2006; Williams, 2005). The
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ongln of CWD and its potentlal to transmit to humans are cur-

rently unknawn. This.is worrisome, considering that CWD has

became endemic in some parts of the USA and that the number

of cases continues to increase (Williams, 2005), CWD transmis-

._sibility studies have been performed in many species.in order to

predict how this disease could be spread by the consumption of

CWD meat (Sigurdson and Aguzzi, 2006). Transmission of CWD

to humans cannot be ruled out at present, and a similar infective

. episode to BSE involving CWD could -result in catastrophic

consequences.

. The exciting scientific problem ooupled with the relevant public-

health issue prompted us to develop strategies to reproduce the _
species-barier phenomenon in the test tube. We reported previ-.
ouslyﬂ'ragmemtonofmfactimspﬁmslnvmobycychc replica-

tion of the protein misfolding process featuring the pathogenesis

of prion diseases (Castilla et al., 2005). These results were repro-.

duced and extended by other groups to better dissect the ele- -
ments required for prior replication (Deleault et al., 2007; Weber
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Figure 6. Histopathological Features of the Disease
Induced by Inoculation of Mice with PMCA-Generated
263K-Mo Prp®c
Brains from sick mice in which disease was produced by inoc-
ulation with the newly generated 263K-Mo prions after 15
rounds of PMCA (first passage) or the known mouse strains
RML and 301C were analyzed by histological studies. As
a control, we used brain of a mouse inoculated with PBS
and sacrificed without disease at 350 days after inocutation.
{A) Spongiform degeneration was evaluated after hematoxilin-
eosin (HE) staining of three different brain areas (cerebelium,
medulla, and hippocampus) and was visualized ata 40x mag-
nification.
(B) Reactive astroglyosis was evaluafed in the inferior cullicu-
lus by staining with gfial fibrillary acidic protein antibody.
{C) PrP accumulation in these animals was evaluated in the
occipital cortex and cerebellum by staining of the tissue with
the 6H4 antibody.
(D) The vacuolation profile in each brain area was estimated
with a semiquantitative scale, as described in the Experimental
cortex, cerebellum (mostly white matter), medulla (spinal 5 nu-
cleus, interpolar part), inferior colficulum, and hippocampus
(CA1 and CA2 regions). We also included in the analysis brain
sections from animals inoculated with RNMIL and 301C. The
values represent the average = standard emror of the extent
of vacuolation from the five animals analyzed in each set. Sta-
tistical analysis by two-way ANOVA with brain regions and
_ prion origin as the variables indicated that differences were
highly significant (p < 0.001). To assess the significance of
the differences between each known prion strain and 263K-
‘Mo, we used the D tt multiple comp post-test, and
the p values for each combination are shown.

et al., 2007). The PMCA teghnplogy has been adap-
ted to replicate prions from various species (Deleault
etal., 2005; Jones et al., 2007; Kurt et al., 2007; Mur-
‘ayama et al., 2007; Sarafoff et al., 2005; Soto et al.,
2005) and even to use bacterially produced re-
combinant PrP as substrate (Atarashi et al., 2007).
The conclusion drawn from these studies together
with the findings reported in this manuscript is that -
propagation of the PrPS® misfolding resuits in formation of infec-
tious material, which maintains the strains and species-barrier
properties of the original prions. Qualitatively similar conclusions
have been obtained for yeast prions, which are a group of “infec-
tious proteins” that behave as a non-Mendelian genetic element
and transmit biological information in the absence of nucleic
acid(Wickner et al., 1995). Recent studies showed that bacterially
produced N-terminal fragments of the yeast prions Sup35p and
Ure2p when transformed into amyloid fibrils were able to propa-
gate the prion phenotype to yeast cells (Brachmann et al., 2005;
King and Diaz-Avalos, 2004; Tanaka et al., 2004). Infection of yeast

~ with different conformers led to generation of distinct prion strains

in vivo, (Brachmann et al., 2005; Tanaka et al., 2004). Remarkably,
yeast prions also show the species-barrier phenomenon, and re-.
cent data indicate that strain conformation is the critical determi-
nant of cross-species prion transmission (Tanaka et al., 2005).

In the current study, we demonstrate the generation of new in-
fectious prions across the species barrier. For this purpose, we

-
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Flgum 7. Biochemical Characteristics of 263K-Mo PrP®®

WSanuﬂesfmmh-alnsuimlmhowfated\UMMKMo RML, or 301C were used to study the electrophoretical rnigraﬂonafberdeg?ycowlaﬁonandFme
(B) For assessment of the electrophoretical differences among distinct strains, the blot in (A) was scanned and analyzed bysoﬂware hdudadhmeUVPimage

analysis system to locate the exact position of the bands.

(C) The PK resistance profile of 263K-Mo PrP** was studied and compared with RML. ' B
(D) The results of the experiment shown in (B) were quantitated by densitometric analysis. Thedatahﬂaﬁg.mmwmmewmétstmdardwm
mmmamameWmmwbyons—wayANWA{p<001}.

. mixed PrPs" from one species with PrPC from a different animal
- species and subjected the mixture to serial rounds of PMCA to

generate, propagate, and stabilize new prion strains. Hamster -

PrP%° ‘generated from mouse RML prions was infectious to
wild-type hamsters. Detailed analysis of the disease characteris-
tics and comparison with the illness produced by several known
hamster prion strains indicate that the in vitro-generated infec-
tious material across the species barrier corresponds to a new

' prion strain in hamsters (termed RML-Ha). The main differences _

of the RML-Ha were on the incubation times after i.p. inoculation,
the extremely high resistance to PK deg:adalion. and the pattemn
of brain damage (Table S1). Similarly, PrP%° generated by con-
version of mouse PrP® with hamster PrPS° from the 263K strain
- was shownto be infectious to wild-type mice, with an incubation’
period comparable to that obtained after inoculation with some
of the mouse-adapted scrapie strains, such as RML. Again, the
disease produced by the new prions (termed 263K-Mo) was
clearly distinguishable from the one produced by some of the
_currently known mouse " prion strains. The major differences
were seen in the electrophoretical migration, extremely high re-
sistance to proteolytic degradation, and pattern of brain spongi-
form.degeneration (Table S2). To rule out that newly generated
PrPS° in these experiments was coming from “de novo™ sponta-
neous conversion of PrP€ into PrPS¢ during PMCA, we used
samples of healthy brain homogenate from ten different mice
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and hamsters that were subjected to serial rounds of PMCA am-
plification in the absence of PrPS¢ seed. After up to 20 serial
rounds of PMCA, we did not gbserve de riovo formation of PrPSe
in any of the samples. This material was inoculated into wild-type
animals, and no disease was observed more than 400 days after
inoculation. These results strongly indicate that the generation of
PrP° reported in the present study was due to interspecies prion
conversion. Nevertheless, we would like to highlight that recently
we have been able to generate in vitro PrP®° de novo without ad-
dition of PrPS° seed (data not shown). However, to reach this
aim, the PMCA conditions need to be modified. The modifica-
tions include changes on the PMCA parameters (length of incu-
bation and potency of sonication), preincubation, or pretreat-
ment of the normal brain homogenate to induce/stabilize PrP
misfolding prior to PMCA. These findings suggest that de novo
formation of PrPS® can be experimentally distinguished from
replication of preformed PrPS<, indicating that the biochemical,
conformational, or stability properues of the PrP structures in-
volved in both processes are probably different. Standard
PMCA conditions, as those used in the current study, do not re-
sult in spontaneous-PrP®e formation.

Interestingly, in our serial PMCA amplifications of RML PrPSe
into hamster PrP°, we observed.a progressive change on the
westemn blot profile of the newly generated RML-Ha PrP®°. In-
deed, in the first round of PMCA, the glycoform distribution
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pattern was reminiscent of RML and later switched to a profile
typical of the hamster strains, characterized by the predomina-
tion of the diglycosylated form (Figure 1D). Our interpretation of
this result was that consecutive rounds of PMCA may enable
the new prion strain to adapt and stabilize. To further study
this possibility in our experiments in which mouse prions were
- generated from 263K hamster prions, we inoculated the material
generated after various rounds of PMCA. Strikingly, similar
amounts of PrP5® generated after one and three rounds of
PMCA produced disease with incomplete attack rates and/or
very long incubation periods (Figures 5B and 5C). Incubation
time stabilized after six rounds of serial PMCA, suggesting that
at this point the new strain is fully adapted. These findings sug-
gest that PMCA is not only able to reproduce.the interspecies
transmission of prions but is also able to mimic the strain adap-
tation process observed in vivo. In vivo adaptation and stabliliza-
tion of prions generated after crossing the species barrier takes
at least four consecutive passages, which requires several years
of work (Race et al., 2001, 2002). Conversely, strain adaptation

by PMCA takes only 2 or 3 weeks. Importantly, the kinetics of ad--
aptation in vitro and in vivo, as well as the characteristics of the
stabilized material, are very similar. Indeed, it has been reported -

that three serial passages of 263K in mice produce disease in all
animals, with an incubation time of around 300 days (Race et al.,
2002). This result is very similar to the data obtained with the ma-
terial generated in vitro after three successive rounds on PMCA
replication (Figures 5B and 5C). Moreover, less than three in vivo
passages produced an incomplete attack rate, and more than
three passages are needed to obtain a stable and low incubation
period (Race et al., 2002), which is in the same range of our 263K-
Mo infectious material: Finally, similar to our in vitro data, the
in vivo cross-species transmission between hamsters and
mice also led to the generation of unique prion strains (Race
et al., 2001, 2002). Although we are tempted to speculate that
_ each PMCA round has the same effect on strain adaptation as

did each in vivo passage, more experiments with other species _

combinations are needed to reach this conclusion.

In summary, our results shéw that all elements controlling in-
terspecies transmission of prions are contained in a cell-free sys-
temandmatnewprimstrmnscanbegermated.adapted and
stabilized upon crossing the species barrier in vitro by PMCA.

Thasaﬂndhgspmvideaddiﬁmajamponkxmepdmhypmhe-_'

sis, suggesting that Spacras-bamartransmsssnon and strain gen-
eration are determined by the propagation of PrP mlsfolding
Furthermore, the data demonstrate that PMCA is a valuable
tool for the investigation of the strength of the barrier between
diverse species, its molecular determinants, and the expected

features of the new infectious material produced. Finally, our-

findings suggest that the universe of possible prions is not re-
stricted to those currently known but that likely many-unique in-

fecﬁousfo!dlngsofmamonpmtemmaybeproducadandthat_

one of the sources for this is cross-species transmission.

EXPERIMENTAL PROCEDURES

Praparﬂion ul‘l'usua Hotiiogana‘lu

ﬁmswmmmmumﬁcmd{mmmmmmm-
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vested. Ten percent brain homogenates (w/v) were prepared in conversion
buffer (PBS containing 150 mM NaCl, 1.0% Triton X-100, and the complete
cocktail of protease inhibitors from Boehringer Mannheim, Mannheim, Ger-
many). The samples were clarified by a brief, low-speed centrifugation (1500
mmforSDs]withmEppendafmﬂriﬁ:ge{HanM.Gamanﬂ.moddSﬁﬂ.

Serial Replication of Prions In Vitro by PMCA

Niquotsotw%brﬂnhomogumaﬁnmcﬁmcanymkmcemfacwdmm >

amtcmmmmmm or DY prions were diluted into
10% hamster or mouse healthy brain homogenate. Samples were loaded onto
0.2 m! PCR tubes and positioned on an adaptor placed on the plate holder of
a microsonicator (Misonix Model 3000, Farmingdale, NY). Each PMCA cycle
consisted of 30 min incubation at 37°C followed by a 20 s pulse of sonication
set at potency of 7. Samples were incubated without being shaken immersed
in the water of the sonicator bath. After a round of PMCA cycles, a 10 ul aliquot
ofmemmednmﬁalmcﬁutedmmmdmnmalbminme-
nate, and a new round of PMCA cycles was performed. This procedure was
repeated several times to reach the final dilutions indicated in the text. The de-
mmhmmmwmwm
has been published eisewhere (Castilla et al., 2006; Saa et al., 2005).

Proteinase K Degradation Assay

: The standard procedure for digestion of PrPS* consists of subjecting the sam-

mw'hmmmmmofpx(sowmnrorsummarc The di-
gesﬁonwasstoppedbyaddiﬂmofeiactoprm[smplam and the
protease-resistant PrP was revealed by western blotting. So that the profile
of PK sensitivity for in vitro- and in vivo-generated PrPS* could be studied,
the samples were incubated for 60 min at 37°C with different concentrations
dPKmﬁmmomzmwmmmmwn&um

tion of PK needed to digest half of the protein, andmewvﬂuesmwﬁmamd

’ mﬂ\ebasisdthedmilomeh!camlydsofmmpﬁcamdmbbu

mnlﬁdlmbenanraﬁoum :

WMMWWMWQFMMM
ride for 2 hr at room temperature with shaking. ‘Thereafter, samples were
incubated in the presence of 10% sarkosyl for 30 min at 4°C and centrifuged
at 100,000 x g for 1 hr in a Biosafe Optima MAX ultracentrifuge (Beckman
Coulter, Fullerton, wmmdmmmmmm
mmammmmuwmwm
of pellet were analyzed by western blot. The Gdns, value comresponds to

the concentration of guanidine hydrochloride required to denaturate 50%-

of the protein, andﬁmvaluesmostmatedonmhasboftm
mmmdmwmm

d Protein Dqucnqlaﬁonw

Pﬁ“nmhsmﬁaﬁgmdmﬂ(mdmbem After addition of
10% sarkosyl, ampbsmmﬁgedaﬂﬂﬂﬂﬂﬂnguﬂhufc super-
m«asmmmmmlniwmdmdnd&
naturing buffer (New England Biolabs, Beverly, MA) and incubated for 10 min

- at100°C. Thereafter, 26 ! of 50 mM sodium phosphate (pH 7.5) containing 1%
nonidet P-40 and 3 yl of peptide N-glycosidase F (New England Biolabs, Bev-

erly, MA) were added. Samples were incubated for'2 hr at 37°C, and the reac-

tion was stopped by the addition of electrophoresis buffer and samples were

analyzed by western blot.

Western Blot s

Proteins were fractionated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions, electroblotted into ni-
trocellulose membrane, and probed with 6H4 (for mouse samples) and 3F4 (for
mum)mmnatmmmmmm
mmaﬁadwmmdmdmmmm
away, NJ) with an UVp image analysis system. So that the quantity of PrP®®
in the westem blot would be assessed, densitometric analyses were done
by triplicate.
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PrP® Quantification ’ a company focused on the development of a diagnosis for prion diseases
‘TosrnectthesamequantdyofPrP“fromeachprepammweoomparedme through the use of the PMCA technology.
samples by westem blotting after PK digestion. To cbtair a refiable and robust
quantification, weranseveraldnfferemdiluﬁonsofﬂ\esampiemﬂ\esamegel. Received: September 18, 2007
toavoudamfactsduetosatmabonofmesngnalortotooweakofamgnal Revised: May 8, 2008
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. lnvwomfecuwtystudiesweredoneinWBISfeMemceorGoldenSynanfe~ :

* male hamsters, purchased from Charles river. Avimals were 4 to6 weeks oldat  REFERENCES

-the time of inoculation. Anesﬂmizedanmlswerelmectedstemotaxﬁcallyinto

theright hippocampus with 2 or 4 iof the mouse or hamster infectious material,  Atarashi, R., Moore, RA., Sim, V.L., HUQhSOﬂ AG Dorward, DW., Onwu-
respectively. For the i.p. infectivity studies, 100 ul of the sample were injected < ko, HA., Priola, S.A., and Caughey, B. (2007). Ultrasensitive detection of
into the peritoneal cavity. The quantity of infectious material injected corre-; . scrapie prion protein using seeded conversion of recombinant prion protein.
sponds to the plateau portion of the incubation period; therefore; small differ- . Nat. Methods 4, 645-650. .
enoesmtheamountofmfechwtyshmﬂdnotchange&mbaﬁonpemdwﬂas Brachmann, A., Baxa, U., and Wickner, R.&(ZOOS) Prbngenevaﬁonmvnro
merearestramdifhrences.Theonsetofcﬁmcaldseasewasmasuedby amylocdofUreZptsmfechous.EMBOJ24,3082-«3092.

scoring of the animals twice a week. For mice, the following scale was used: Bruce, M.E. (2003). TSEstrmnvanahon.BrMedBuﬁesss-ws

1, normal animal; 2, roughcoat on limbs; &exta\swemughcoat.hundd)aclc
and visible motor abnormalities; 4, urogenital lesions; and §, terminal stage of - - -=USChmann, A., and Groschup, M.H. (2005). TSE eradication in small rumi-
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