
Transmissible spongiform encephalopaties (TSEs), also known 

as prion diseases, are a group of fatal neurodegenerative disor

ders affecting several mammalian species [1]. The main features 

of these diseases include the spongiform degeneration of the brain 

and the accumulation of an abnormal isoform of the prion protein, 

termed PrPSc [2]. PrPSc appear to be the main (or sole) component 

of the infectious agent [2,3]. Although prion diseases are rare in 

humans, the established link between the new variant form of  

Creutzfeldt–Jakob disease (vCJD) and the consumption of cattle 

meat contaminated by bovine spongiform encephalopathy (BSE) 

have raised concern about a possible outbreak of a large epidemic 

in the human population. Over the past few years, BSE has become 

a significant health and economic problem affecting many coun

tries, principally in Europe. In addition to BSE epidemics, the inci

dence of other prionopaties in economically relevant species such 

as sheep, goats, and cervids presents an alarming scenario to the 

animal farming industry. Moreover, the possible spread of BSE in 

other species (i.e., sheep, goats, and porcine) has raised a concern 

about the emergence of multiple new sources of prions that may 

possibly affect human population [4].

The identification of PrPSc and infectivity in blood opens a 

new source of public health concern [5–9]. This alarming infor

mation urge the development of methodologies able to remove 

prions from organs and fluids designated for transplant or trans

fusion. Exacerbating this state of affairs is the lack of a reliable 

test to identify individuals incubating the disease during the long 

and silent period from the infection to the appearance of clinical 

symptoms [10]. Recent studies had demonstrated that vCJD can 

be iatrogenically transmitted from human to human by blood 

transfusion [11,12]. Transmission of prion disease through blood 

transfusion has also been described in sheep and experimental 

rodents [8,9]. Since blood used for transfusion was taken from 

animals and humans months or years before the onset of clinical 

disease, and because millions of people have been exposed to BSE 

infected material, there is a large concern that a portion of donated 

blood units might be contaminated with prions. The lack of rou

tine methodologies approved to detect infectious prions in blood 

creates a need for prion elimination devices, which must be suit

able for high throughput and effectiveness without affecting the 

quality of blood components.

The dynamic and distribution of PrPSc and infectivity in differ

ent blood fractions is unknown, but recent studies suggest that 

at pre-symptomatic stages of the disease PrPSc may be mostly 

attached to white blood cells (WBCs) originating from early 

peripheral prion replication in lymphoid tissues [6]. Later in the 

disease, a substantial amount of PrPSc is present in plasma and 

red blood cells (RBCs) where it seems to be mostly not cell associ

ated and coming from brain leakage [6,13] (Marcelo Barria and CS, 

unpublished data). These findings suggest that there are two pools 

of infectious PrPSc in blood; one that is cell associated that can be 

mostly eliminated by efficient leukoreduction and a second pool 

freely circulating in plasma and contaminating RBC preparations. 

Indeed, it was reported that leucofiltration removed 42% of the 
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total TSE infectivity in endogenously infected blood [14]. Leucore

duction is efficient for the removal of WBC-associated TSE infectiv

ity from blood; however, it is not, by itself, suffi cient to remove all 

blood-borne TSE infectivity [14].

Every year, about 75 million units of blood are collected world

wide [15]. RBC transfusion is one of the treatments most exten

sively used in clinical practice. To reduce the risk for infection, RBCs 

can be filtered, washed, frozen, or irradiated for specific indications 

[15]. It has been suggested that PrPSc in RBCs can be depleted with 

specific adsorptive ligand resins. Indeed, a recent study reported 

that PrP-binding resins were able to reduce infectivity titer by 3 

to more than 4 ID50 units [16]. We hypothesize that PrPSc in RBCs 

preparations can be removed by a simple washing of this fraction, 

since the infectious agent appears not to be tightly bound to RBCs. 

Various procedures to wash RBC preparations are currently being 

used to purify the cells before use for blood transfusion [15]. In 

order to assess PrPSc removal from the final pRBC fraction we used 

a hamster experimental model of prion diseases. We assessed the 

removal of prions by infectivity bioassays as well as by studying 

the levels of PrPSc using Western blot and protein misfolding cyclic 

amplification (PMCA) technology.

Materials and methods

Preparation of PrPSc samples. Symptomatic 263K infected 

hamsters were sacrificed by CO2 inhalation and brains were 

collected. Ten percent brain homogenates (w/v) were prepared 

in phosphate-buffered saline (PBS) plus Complete™ cocktail 

of protease inhibitors (PI) (Boehringer Mannheim, Mannheim, 

Germany). The samples were clarified by a brief, low-speed cen

trifugation (1500 rpm for 30 s). Brain homogenates were mixed 

with 1 volume of 20% sarkosyl and the mixture was homoge

nized and sonicated using a Bandelin Sonoplus sonicator. This 

sample was centrifuged at 100,000g for 1 h at 4 °C. Supernatant 

was discarded and 2 volumes of PBS plus PI were added to pel

lets. Ultracentrifugation step was repeated. Supernatants were 

discarded and pellets were resuspended in 1 volume of PBS by 

pipetting and sonication. The sample was stored at ¡80 °C until 

use.

Treatment of spiked blood samples with the prototype cell sepa

ration and washing device. The cell separation and washing device 

was capable of processing two partial units of whole blood at 

one time. Three units of whole blood from Interstate Blood Bank 

(in Tennessee) were used in this study. Each unit was leukore

duced using a Pall™ Leukotrap Filter. Two hundred and thirty-five 

milliliters of each unit was transferred into a centrifugation bag. 

Five milliliters of the remaining whole blood from each unit was 

transferred into a 15 mL conical tube to serve as a negative control. 

Each of the three centrifugation bags was spiked with 5 £ 106 LD50/

mL of PrPSc. Five milliliters of the mixture were removed from each 

bag and transferred to a 15 mL conical tube to serve as a positive 

control. Two units of prion spiked whole blood were loaded into 

the centrifuge (Fig. 1). Plasma was expressed by centrifugation 

of the whole blood for approximately 15 min at 3000 rpm bring

ing the pRBC hematocrit to 795%. Each pRBC unit was washed 

with 120 mL of normal saline solution. Saline was expressed by 

centrifugation of the RBCs for approximately 15 min at 3000 rpm 

bringing the pRBC hematocrit to 795%. Five milliliters of pRBCs 

final fraction were removed from each bag and transferred to a 

15 mL conical tube to serve as a post-treatment sample (Fig. 1). 

The entire process can be performed in approximately 30 min.

Analysis of the quality of packed red blood cells. To assess RBC 

quality after washing, whole blood was washed as previously 

described without a PrPSc spike. After, the saline was expressed 

and discarded, and a full volume bag of AS-3 (GNI AS-3 Storage 

Solution, Larne, UK), approximately 107 mL, was added for storage 

at 4 °C. Stored RBCs were monitored on days 35 and 42 of storage to 

assess blood gases (pO2, pCO2), CBC (Becton–Dickinson Coulter AcT 

Diff, Fullerton, CA), and biochemistry; pH with Accumet research 

AR20 meter, lactate, glucose, Na+, K+, methemoglobin, plasma free 

hemoglobin, and hemolysis (calculated: % Hemolysis = [(hemoglo

binfree mg/dL) £ (1 ¡ Hct)/(hemoglobinTotal g/dL)] £ 100).

PrPSc concentration by sarkosyl precipitation. For detection of 

PrPSc in blood fractions, it was first necessary to concentrate diluted 

samples, which cannot be loaded directly into a gel or that interfere 

with electrophoresis and blotting. The concentration procedure 

consists in adding 1 volume of 20% sarkosyl, incubate the mixture 

for 10 min at room temperature and centrifuge it at 100,000g for 

Fig. 1. Schematic representation of the RBC washing procedure. Different units of human whole blood were spiked with partially purified 263K PrPSc and samples were 

treated using the prototype device to separate and wash RBCs. From this purification protocol complete spiked blood (positive control), expressed plasma, saline wash, and 

pRBCs suspensions were obtained. PrPSc levels in each fraction were evaluated by Western blot, PMCA, and/or infectivity studies. Determinations were done by triplicate in 

independent experiments.



	 	

1 h at 4 °C. Supernatants are discarded and pellets are resuspended 

into 2 volumes of 10% sarkosyl. Centrifugation process is repeated 

in order to assure the complete removal of blood components. 

Supernatants are discarded and pellets are resuspended in PBS by 

sonication. Following this protocol, PrPSc is recovered in the pellet 

fraction with a yield higher than 90%.

PrPSc detection. Samples are first digested with 12.5 lg/mL of 

proteinase K (PK) at 37 °C for 1 h and the reaction was stopped by 

adding NuPAGE LDS sample buffer. Proteins were then fractionated 

by electrophoresis using 4–12% sodium dodecyl sulphate–poly

acrylamide gels (SDS–PAGE) under reducing conditions, electro

blotted into Hybond-ECL nitrocellulose membrane and probed 

with the 3F4 antibody (Covance, Emeryville, CA) (dilution 1:5000). 

The immunoreactive bands were visualized by ECL Plus Western 

blotting detection system and quantified by densitometry using a 

UVP Bioimaging system EC3 apparatus (UVP, Upland, CA).

PMCA procedure. The detailed PMCA protocol, including trou

bleshooting, has been published elsewhere [17]. Briefly, sam

ples were mixed with 10% normal brain homogenate prepared in 

conversion buffer and loaded onto 0.2-mL PCR tubes. Tubes were 

positioned on an adaptor placed on the plate holder of a microso

nicator (Misonix Model 3000, Farmingdale, NY) and programmed 

Table 1

Red blood cells quality after storage in AS-3. Biochemical parameters of packed red blood cells 35 and 42 days after treatment with the washing procedure. Values represent 

average ± standard deviation.

Storage Lactate (mmol/L) Glucose (mmol/L) pH pO2 (mmHg) pCO2 (mmHg) Plasma Hb (mg/dL) % Hemolysis

Day 35 (mean ± SD) 143 ± 1.9 18.0 ± 5.1 6.3 ± 0.1 54.4 ± 12.8 51.9 ± 8.5 187.9 ± 96.1 0.4 ± 0.2

Day 42 (mean ± SD) 16.6 ± 2.4 16.2 ± 3.8 6.2 ± 0.1 58.1 ± 13.2 53.2 ± 8.3 244.1 ± 157.0 0.6 ± 0.3

Na+ (mmol/L) K+ (mmol/L) WBC (106/mL) Hb (g/dL) % Hct MCV (fL) MCH (pg) MCHC (g/dL)

Day 35  

(mean ± SD)

106.2 ± 11.9 41.5 ± 3.4 0.1 ± 0.0 18.5 ± 0.9 57.1 ± 2.4 88.1 ± 7.8 28.7 ± 3.1 32.4 ± 1.0

Day 42 

(mean ± SD)

101.2 ± 4.1 45.9 ± 3.6 0.1 ± 0.0 18.4 ± 0.9 57.1 ± 2.0 88.1 ± 7.1 28.3 ± 3.0 32.3 ± 1.1

Total
Blood

Supernatant 1
Expressed Plasma

Supernatant 2
Saline Wash

Final Pellet
Red cells

All fractions spiked 
at 5x106 LD50

30

Spiked 
Blood

Supernatant 1
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Supernatant 2
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Final Pellet
Red cells

5x106 5x105 5x104 5x103LD50
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Fig. 2. Levels of PrPSc in different fractions of spiked blood obtained by the fractionation and washing procedure. (A) Control experiment to evaluate the yield of PrPSc recovery 

by the sarkosyl precipitation procedure. Blood samples were subjected to the protocol to separate and wash RBCs and all the fractions in the procedure were collected and 

spiked with PrPSc amount equivalent to 5 £ 106 LD50. Thereafter samples were precipitated with sarkosyl and equal amounts of the pellet were analyzed by Western blot. (B) 

Representative Western blot showing PrPSc levels in different fractions after treatment with the prototype cell separation and washing procedure. (C) Detection of PrPSc by 

Western blot at different dilutions. The first lane represents the quantity of PrPSc added to the blood samples, which contains the equivalent to 5 £ 106 LD50. This concentra

tion was serially diluted by 10-fold to assess the limit of detection of Western blot assay.



	

to perform cycles of 30 min incubation at 37 °C followed by a 20 s 

pulse of sonication set at 60% potency.

In vivo infectivity studies. Four to six-week-old female Syrian 

Golden hamsters were anesthesized and stereotaxically injected 

in the right hippocampus with 4 lL of the sample. The onset of 

clinical disease was measured by scoring the animals three times 

a week as described [3]. Brains were extracted and the right cere

bral hemisphere was frozen and stored at ¡70 °C for biochemi

cal examination of PrPSc using Western blot analysis and the left 

hemisphere was fixed in 10% formaldehyde solution, sectioned 

and embedded in paraffi n. Serial sections (6 lm thick) from each 

block were stained with hematoxylin–eosin, using standard proto

cols or incubated with an antibody recognizing the glial fibrillary 

acidic protein (GFAP) (DakoCytomation, Carpinteria, CA). Immu

noreactions were developed using the peroxidase–antiperoxidase 

method, following the manufacturer’s specifications.

Results

The experimental procedure consisted of spiking two groups of 

entire blood units with partially purified hamster PrPSc equivalent 

to a 5 £ 106 LD50. One group was washed by the prototype wash

ing device and the other was left untreated (Fig. 1). The final RBC 

pellets were resuspended in PBS and aliquots used for Western 

blot, PMCA, and to infect wild-type hamsters. Washed, packed 

human RBCs produced by this procedure were able to be stored 

in standard additive solutions (AS-3) for at least 42 days while still 

meeting all in vitro blood bank standards for acceptable RBC qual

ity (Table 1).

We first evaluated the amount of PrPSc present in different 

fractions by Western blot analysis. Blood components interfere 

with electrophoresis and blotting. To overcome this problem we 

implemented a procedure to clean and concentrate PrPSc. To make 

sure that this procedure does not result in any loss of PrPSc, we 

performed a control experiment in which the different blood frac

tions obtained during the washing procedure were first prepared 

and then spiked with the same quantity of PrPSc. Each of these frac

tions was subjected to the sarkosyl precipitation procedure and 

the pellet was analyzed by Western blot. As shown in Fig. 2A, all 

samples have similar quantity of PrPSc, which was equivalent to the 

amount added, indicating that the sarkosyl precipitation method 

recovered >95% of PrPSc and no differences were observed in the 

distinct blood fractions in which the protocol was tested. Using 

this procedure we were able to assess the presence and quantity of 

PrPSc in each of the steps of the washing procedure including the 

whole spiked blood, expressed plasma, saline wash, and pRBCs. 

The results indicate that the majority of PrPSc was eliminated in 

Table 3

Incubation time in animals infected with diverse blood preparations. Each group 

represents the data of three replicates that were combined to obtain the aver

age ± standard error. The experiment was terminated at 350 days after inoculation. 

Attack rate represent the percentage of animals developing characteristic prion 

clinical signs.

Group Attack rate (%) Incubation time—days 

(mean ± SE)

Non-spiked blood 0/15 (0%) —

Spiked whole blood 13/13 (100%) 99.7 ± 1.84

Spiked RBC washed 6/15 (40%) 135.8 ± 6.67

Negative
Control

Sample 
1

Sample 
2

Sample 
3

Non 
spiked

Positive
Control

1       2 1       2 1       2 1       2 1       2 1       2

NBH
No PK

Red Cells

PMCA
Round 1

PMCA
Round 2

30 KDa

21 KDa

30 KDa

21 KDa

Fig. 3. Detection of PrPSc by PMCA in pRBCs samples obtained by the fractionation and washing procedure. RBC suspensions obtained from three independent experiments 

were subjected to two rounds of serial PMCA. Each PMCA reaction was performed in duplicate (numbers 1 and 2). For the negative control, we used normal Brain Homog

enate (NBH) where no PrPSc is present and pRBCs obtained from non-spiked blood was used. For the positive control, whole blood spiked with 5 £ 106 LD50 PrPSc was used. 

HaNBH represents control PrPC without proteinase K (PK) digestion.

Table 2

Densitometric analysis of PrPSc removal by Western blot analysis. Percentage of 

remaining PrPSc in each fraction, obtained by densitometric analysis of three inde

pendent Western blots, as the one shown in Fig. 2. Values represent the mean ± stan

dard deviation.

Fraction % PrPsc remaining

Spiked blood 100%

Expressed plasma 87% ± 7.6

Saline wash 5.8% ± 3.5

pRBC 0% ± 0
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dilution 1/50    1/250 1/50     1/250 1/50     1/250

NBH
No PK

30 KDa
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washed pRBC

(non-sick animal)

Spiked 
Washed pRBC

(non-sick animal)

1/50     1/250

Spiked 
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(non-sick animal)

1/50     1/250

Fig. 4. Histological and biochemical characteristics of the brain of animals. Spongiform degeneration was assessed after staining with hematoxylin–eosin (A), astrogliosis 

was evaluated by immunohistochemistry with anti-GFAP antibodies (B) and Western blot showing the PrP27–30 (C). The figure includes representative pictures of animals 

inoculated with: non-spiked pRBCs (negative control), spiked blood not washed (positive control), and spiked washed pRBCs (three different animals from this group are 

shown to illustrate sick animals, non-clinically sick animals that developed brain pathology and non-sick animals that did not exhibited brain damage).

the plasma, whereas only a faint signal was found on the saline 

wash and no signal was observed in the RBC fraction (Fig. 2B). 

Densitometric evaluation of three replicates, indicate that 87.8% of 

PrPSc was present in plasma, whereas only 5.8% was detected in the 

saline washing (Table 2). The later amount is probably less reliable 

than the first, because of the weak signal observed. Assuming that 

both centrifugation and washing steps removed a similar amount 

of PrPSc (around 88%), our estimation from the Western blot stud

ies would be that the RBC pellet contain around 1.5% of PrPSc. In 

other words the conclusion is that the prototype cell separation 

and washing device removes around 98.5% of PrPSc from the RBC 

preparation. This estimation is further supported by an experi

ment in which different dilutions of PrPSc were directly loaded into 

the gel to assess the limit of detection of the Western blot with 

the concentrations of PrPSc used in this study. As shown in Fig. 2C, 

a 100-fold dilution (or 1%) of a sample containing 5 £ 106 LD50 of 

PrPSc is no longer detectable by Western blot.

In order to experimentally estimate the quantity of PrPSc pres

ent in the RBC fraction, we subjected the samples to serial PMCA 

[3,5,18]. A first round of 144 cycles did not show signal in any of 

the three pRBCs fractions subjected to the prototype cell separa

tion and washing device (Fig. 3A). However, when a second round 

of PMCA was performed (Fig. 3B), we observed signal in all of the 

samples, indicating that PrPSc was indeed present in RBCs, albeit in 

very low quantity. As we previously reported [18], one round of 144 

PMCA cycles enable to detect hamster PrPSc up to a brain dilution 

of 1 £ 10¡6, which for this material corresponds to around 5 £ 103 

LD50. Therefore, we conclude that pRBCs fraction contains less than 

5 £ 103 LD50 or <0.1% of PrPSc spiked into the blood. In other words, 

the PMCA results indicate that the blood processing by the proto

type cell separation and washing device enable to remove >99.9% 

(»3 logs) of infectious prions.

Lastly, we assessed the reduction of infectivity from washed 

pRBC fractions by bioassay in experimental hamsters. Three 

groups of hamsters were injected intracerebrally with samples 

from three replicates of washed pRBCs. We also inoculated ham

sters with blood spiked with 5 £ 106 LD50 (three independent 

spiking experiments) and as negative controls we injected ani

mals with non-spiked blood from three different donors (Fig. 1). 

We monitored the time that took for the animals in each group to 

exhibit typical clinical signs of scrapie. Brains from these animals 

were extracted for histological and biochemical analysis to confirm 

the disease. As expected, none of the negative control hamsters 

(animals inoculated with non-spiked blood) showed signs of scra

pie up to 350 days after inoculation (Table 3). The disease onset 

in animals inoculated with an aliquot of whole blood spiked with 

5 £ 106 LD50, the positive control was in average 100 days, which 

is well within the expected for this quantity of prions. The attack 



	

rate (percentage of animals showing the disease) was 100%. The 

animals inoculated with pRBCs prepared by the washing proce

dure, showed a much longer incubation period (136 days in aver

age) (Table 3). Strikingly of the 15 animals inoculated with washed 

spiked pRBCs only six developed clinical disease, representing an 

attack rate of 40%. These results indicate that the process of pRBCs 

preparation significantly removed infectious prions from the blood. 

Histopathological studies of the brain of all clinically sick animals 

showed the typical damage observed in scrapie animals, includ

ing spongiform degeneration (Fig. 4A) and astroglyosis (Fig. 4B). 

It is important to mention that from the nine animals inoculated 

with washed pRBCs that did not developed clinical signs of the dis

ease, some (two of the nine) showed spongiform degeneration and 

astroglyosis when they were sacrificed at 350 days post-inocula

tion (Fig. 4A and B, lower panels). This result suggests that these 

correspond to subclinical animals. The other seven non-clinical 

animals did not show pathology at the time when they were sac

rificed. The presence of PrPSc in the brain of infected animals was 

assessed by the detection of the PK resistant fragment of the prion 

protein (PrP27–30) by Western blot. As shown in Fig. 4C, PrP27–30 

was detected in all hamsters inoculated with 5 £ 106 LD50 spiked 

blood. Misfolded protein was also detected in clinically affected 

washed pRBC inoculated hamsters. As before two of the nine sub

clinical animals have PrP27–30 in their brains (Fig. 4C).

To estimate the extent of prion removal we compared the 

number of days in which hamsters developed clinical signs of scra

pie after inoculation with known quantities of infectious material 

(Supplementary Figure 1). From this comparison it is possible to 

appreciate that administration of 5 £ 106 LD50 should produce dis

ease around 95 days, validating the results obtained in our experi

ment with 5 £ 106 LD50 spiked blood. Extrapolation from this curve 

allows estimating that an incubation period of 135 days is produced 

when the equivalent to 3 £ 103 LD50 is inoculated into hamsters. This 

result indicates that pRBCs prepared according to the cell separation 

and washing procedure, contains approximately 0.06% of infectivity 

spiked into the blood. Therefore, the in vivo results indicate that the 

cell separation and washing procedure removed 99.94% of infectious 

prions, which represents more than three orders of magnitude (logs 

of infectivity). This estimation only considers the incubation period 

and not the reduced attack rate, thus it is most likely that the rate of 

reduction of infectivity is even larger.

Discussion

Infectivity studies have shown that blood carries prions both 

in the symptomatic and pre-symptomatic stages of the disease in 

several animal species both in experimentally infected and natu

rally-produced disease [5–9]. Recently, four cases of vCJD have been 

associated with blood transfusion from asymptomatic donors who 

subsequently died from vCJD [11,19]. Because the incubation period 

of human prion diseases may be several decades, it is currently 

unknown how many people may be in an asymptomatic phase of 

vCJD infection. In addition, it is possible that some infected patients 

may never develop clinical symptoms but will remain asymptomatic 

carriers who can potentially transmit the disease to other individu

als. All these considerations emphasize the importance of develop

ing technologies capable to detect prions in blood and to remove the 

infectious protein from the blood supply.

In the current study, we analyzed whether a simple cell sepa

ration and washing procedure to prepare RBCs was suffi cient to 

reduce PrPSc and infectivity from pRBCs used for transfusion. Simi

lar washing procedures are currently being used to wash RBCs from 

other microbial agents and thus it would be very useful if simulta

neously they can remove infectious prions. The results obtained on 

the biochemical estimation of PrPSc removal by Western blot and 

PMCA indicated that the washing procedure removed >98.5% and 

>99.9% of the infectious protein spiked into the blood. The in vivo 

results were even more encouraging, estimating that the proce

dure eliminated 99.94% of infectious material. Therefore, the over

all conclusion of this study corroborated by the three different and 

independent techniques employed is that simple washing of blood 

fractions removed around or more than 3 logs of infectious mate

rial. This removal is highly significant and may well be enough to 

protect completely the blood supply, since the estimated quantities 

of prions in blood are close to the minimum required to transmit the 

disease. However, it remains to be shown that this procedure will 

perform similar removal with endogenously infected blood. A bet

ter understanding of this phenomenon will help to develop effective 

blood purification procedures that can efficiently reduce the risk of 

further spreading the disease through blood transfusion.
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