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Reduction in infectivity of endogenous transmissible 

spongiform encephalopathies present in blood by 

adsorption to selective affi  nity resins 

Luisa Gregori, Patrick V Gurgel, Julia T Lathrop, Peter Edwardson, Brian C Lambert, Ruben G Carbonell, Steven J Burton, David J Hammond, 

Robert G Rohwer

Summary
Background Transmissible spongiform encephalopathies (TSE) can be contracted through blood transfusion. Selective 
adsorption of the causative agent from donated blood might be one of the best ways of managing this risk. In our 
study, affi  nity resin L13, which reduces brain-derived infectivity spiked into human red blood cell concentrate by 
around 4 log10ID50, and its equivalent, L13A, produced on a manufacturing scale, were assessed for their ability to 
remove TSE infectivity endogenously present in blood. 

Methods 500 mL of scrapie-infected hamster whole blood was leucoreduced at full scale before passage through the 
affi  nity resins. Infectivity of whole blood, leucoreduced whole blood (challenge), and the recovered blood from each 
fl ow-through was measured by limiting dilution titration.

Findings Leucoreduction removed 72% of input infectivity. 15 of 99 animals were infected by the challenge, whereas 
none of the 96 or 100 animals inoculated with the fi nal fl ow-throughs from either resin developed the disease after 
540 days. The limit of detection of the bioassay was 0∙2 infectious doses per mL. The overall reduction of the challenge 
infectivity was more than 1∙22 log10ID. The results showed removal of endogenous TSE infectivity from leucoreduced 
whole blood by affi  nity ligands. The same resins adsorb normal and abnormal prion protein from human infections 
with variant, sporadic, and familial Creutzfeldt-Jakob disease, in the presence of blood components.

Interpretation TSE affi  nity ligands, when incorporated into appropriate devices, can be used to mitigate the risks from 
TSE-infected blood, blood products, and other materials exposed to TSE infectivity.

Introduction
Experimental and natural transmissible spongiform 
encephalopathy (TSE) diseases can be contracted via 
blood transfusion (Rohwer Laboratory, ongoing re-
search).1–6 There have been three known transfusion 
transmissions of variant Creutzfeldt-Jakob disease 
(vCJD) in humans from a small group of known 
pre-symptomatic donors, indicating high infection 
effi  ciency. A survey of surgically removed tissues 
estimated the number of individuals infected with vCJD 
in the UK population to be around 4000, assuming 100% 
ascertainment. This prevalence is greater than that 
estimated from the 199 symptomatic cases recognised to 
date and forewarns that blood donations from 
presymptomatic individuals present a serious threat of 
human to human trans mission.3–5,7,8 To reduce this risk, 
deferral of potentially exposed donors has been imple-
mented in many countries.9 However, this option is not 
available for highly exposed populations, such as in the 
UK. Although testing individual donations is desirable, 
the technical challenges for such a test remain for-
midable.10,11 Most of these obstacles can be circumvented 
by appropriately designed and validated removal 
strategies, which in the end might also provide greater 
protection from these low-titre, long incubating agents 
than is even theoretically possible by diagnostic 
strategies. 

To obtain highly specifi c ligands that bind the prion 
protein (PrP), we screened millions of ligands from 
combinatorial libraries12,13 and other materials for selective 
binding to both normal (PrPc) and abnormal (PrPres) prion 
proteins from humans, hamsters, and other species14,15 in 
the presence of blood and blood components. Ligands 
and their resin supports were further selected for lack of 
negative eff ects on red blood cells and plasma proteins. 
Strong binding to human PrP was confi rmed using 
tissue from people with sporadic CJD (sCJD) and vCJD, 
as well as mouse-adapted familial CJD (fCJD). 

The best resins were further assessed in column format 
for binding normal human PrPc prepared from human 
platelets, abnormal human PrPres from sCJD brain 
homogenates spiked into human red blood cell con-
centrates, and PrP from normal and scrapie-infected 
hamster brain homogenates spiked into human red 
blood cells. From this analysis seven resins were chosen 
for infectivity studies. Each was challenged in column 
format with a unit of human red blood cells spiked with 
hamster brain homogenate infected with 263K scrapie. 
Three resins reduced the spiked infectivity by around 
4 log10ID50. More than 109 infectious doses of spiked 
infectivity were bound, which is at least six orders of 
magnitude greater than the infectivity expected for a unit 
of leucoreduced red blood cell concentrate from an 
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infected donor.16 Nevertheless, a small fraction (1:10 000) 
of the brain infectivity could not be removed,16 raising the 
question of whether the endogenous TSE infectivity 
present in blood might be in this capture-resistant form. 
To address this question and to satisfy other reservations 
about the relevance of brain-derived infectivity spikes for 
blood studies, the resin that proved most eff ective in the 
spiking study, L13, was tested for its ability to remove 
TSE infectivity from leucoreduced, scrapie-infected 
blood. 

Methods 
We obtained blood from around 130 symptomatic 
hamsters infected by the intracranial route with a low 
dose of the 263K strain of scrapie as previously described.17 
The blood was pooled to produce a human-size unit 
(505 mL) and kept at ambient temperature throughout 
the study. A sample (15 mL) of whole blood was removed 
for titration. The remaining blood was leucoreduced with 
a commercial Pall WBF2 fi lter (Pall Corporation, Port 
Washington, NY, USA) following the manufacturer’s 
instructions. The reduction in hamster white blood cell 
concentration was confi rmed to be around 3 log10 (to 
25 cells per μL).17 A 15 mL sample of leucoreduced blood 
(challenge) was removed for titration.

Two ligands immobilised on the same type of chromato-
graphic resin support were tested: L13, previously des-
cribed,16 and L13A, a version of the same resin produced 
at manufacturing scale. Roughly 50 mL of the leuco-
reduced hamster infected blood was applied to 1 mL of 
each resin packed in disposable columns (PIKSI kit, 
ProMetic Biosciences, Cambridge, UK). The column fl ow 
rate was controlled with a peristaltic pump (Rainin 
Instrument, Woburn, MA, USA) at 0∙5 mL/min. Each 
resin was divided between two chromatography columns, 
which were challenged in series by a common pool of 
leucoreduced, scrapie-infected hamster whole blood. For 
each resin, the fl ow-through from column 1 (fl ow-through 
1) was used to challenge column 2 (fl ow-through 2). The 
column-in-series strategy was used, as in the brain spike 
study,16 with two objectives: to confi rm the volume of 
resin needed to clear the infectivity and to assess the 
intrinsic susceptibility of the infectivity to removal. When 
infectivity is present in fl ow-through 1 but not in fl ow-
through 2, all of the infectivity can be adsorbed but two 
column volumes are needed. If the infectivity that 
escaped column 1 also escaped column 2, we could 
conclude that there is a form of infectivity that is not 
captured by the resin. 

Samples of the blood before and after leucoreduction 
and samples of the fl ow-throughs 1 and 2 of both resins 
were titred.  For each resin, the fi rst fl ow-through was 
collected in a single fraction, mixed thoroughly, and 
12 mL removed for titration.  The remainder was applied 
to an identical second column and the fl ow-through 2 
again collected in a single fraction, mixed thoroughly, 
and stored for titration. 

Titrations were by the limiting dilution method.17 This 
method is a precise and sensitive way to measure TSE 
infectivity in low-titre samples such as blood. About 10 mL 
of each sample was ultrasonicated at 40% full power in 
four 15 s pulses on ice (Sonics and Material, Vibra cell, 
VCX 750 and stepped microprobe, Newtown, CT, USA), 
before inoculation of weanling golden Syrian hamsters 
with 50 μL per animal. The titre was calculated as 
previously described.17 

Whole blood was inoculated into about 50 animals, 
whereas all other samples were inoculated into roughly 
100 animals. Animals that died at the time of inoculation 
or before 21 days’ incubation were removed from the total 
count, since the short incubation time was not consistent 
with scrapie infections. Altogether, this loss represented 
about 10% of the total animals inoculated and is due to 
toxic consequences of the intracranial inoculation of 
blood. Animals were isolated when they showed the fi rst 
symptoms of scrapie and were subsequently observed 
daily. The brains of all animals that contracted scrapie or 
died intercurrently or were terminated for unrelated 
causes were collected. At 544–45 days after inoculation, all 
animals still alive were killed and the brain of each animal 
was removed. 

Every brain was tested for the presence of the proteinase 
K-resistant protein, PrPres. Individual brains were 
homogenised in phosphate buff ered saline pH 7∙2 to 10% 
weight per volume with a MediFASTH homogeniser 
(Consul AR, Villeneuve, Switzerland). The assay was done 
according to a previously described protocol16 with the 
following modifi cations: in one 100 μL sample, protein-
ase K was added at 0∙1 mg/mL fi nal concentration, and in 
another 100 μL sample the enzyme was replaced with 
phenylmethylsulphonyl fl uoride at 1∙7 mg/mL fi nal con-
centration. Both reaction mixtures contained 2% sodium 
dodecyl sulphate (SDS). The reaction mixtures were 
incubated at 37oC for 20 min followed by 100oC for 10 min 
to stop the digestion and denature the PrPres. The samples 
were diluted 100-fold in DELFIA (Dissociation Enhanced 
Lanthanide Fluor escence Immuno Assay)18 assay buff er 
(PerkinElmer,  Wellesley, MA, USA) before testing for the 
presence of PrPres with purifi ed 3F4 (Signet,  Dedham, 
MA, USA) as the capture antibody, and purifi ed 7D9 
(Signet) labelled with Europium as the detection antibody. 
Antibody labelling was done according to the manu-
facturer’s instructions (PerkinElmer) and the molar ratio 
of Europium:7D9 antibody was 7∙4:1. Animals that died 
intercurrently and all animals with inconclusive DELFIA 
results were assayed for the presence of PrPres by western 
blot with 3F4 monoclonal antibody.16 

Role of the funding source
This work was funded by Pathogen Removal and 
Diagnostic Technology (PRDT) Inc and by MacoPharma, 
a worldwide manufacturer of in-line blood fi lters and 
blood collection sets. PRDT is a joint venture of the 
American National Red Cross and ProMetic BioSciences. 
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PRDT was involved at all levels of this study: in the design 
and execution of the study, the interpretation of data, the 
decision to submit the paper for publication, and in the 
writing of the manuscript. MacoPharma supported this 
study fi nancially. The corresponding author had full 
access to all data in the study and had fi nal responsibility 
for the decision to submit for publication. 

Results 
The incubation times of each infection in this study are 
shown in the fi gure. The total volume and number of 
animals inoculated for each sample, and the number of 
animals that contracted scrapie, are reported in the table 
along with the calculated titres and standard deviations 
of each sample. The brains of all animals in the study 
were analysed for PrPres to confi rm the clinical scoring 
and to discover incubating infections at the time of 
termination. Only one animal (challenge group), which 
died of intercurrent causes at 530 days after inoculation, 
was detected by western blot to be incubating scrapie. All 
other animals that were clinically normal were negative 
for PrPres by DELFIA or western blot, while all 
symptomatic animals had PrPres in their brains. 

In this study, leucoreduction removed 72% of the 
infectivity present in whole blood compared with an 
earlier study, in which only 42% infectivity was 
removed.17 Two of 99 animals inoculated with fl ow-
through 1 of L13 resin were infected, as were three of 
99 animals inoculated with fl ow-through 1 of L13A resin. 
This result corres ponded to a decrease in titre from 3∙3 
(SD 0∙8) ID/mL (leucoreduced whole blood) to 0∙4 (0∙3) 
and 0∙6 (0∙4) ID/mL for L13 and L13A, respectively 
(table). By contrast, none of the 100 and 96 animals 
inoculated with fl ow-through 2 of either resin developed 
the disease during 540 days of incubation. Thus, there 
was complete removal of the 16 ID present in the 4∙95 mL 
of challenge inoculated. For the entire processed volume 
(table), infectivity was reduced to below the limit of 
detection of the assay, which is one infection in 5 mL 
inoculated or 0∙2 (0∙2) ID/mL. 

The log10 of infectivity reduction calculated for each 
fi ltration step individually and cumulatively are reported 
in the right-hand columns of the table. The fi rst passage 
reduced the infectivity in the challenge by 0·91 log10ID 
and 0·73 log10ID for L13 and L13A, respectively. The 
infectivity that passed the fi rst column was captured by 
the second column. Residual infectivity, if any, was 
below the limit of detection. The cumulative infec-
tivity reduction for the two columns was greater than 
1·22 log10ID. 

Discussion
Blood-associated TSE infectivity presents unique 
challenges to risk management absent from other 
blood-borne pathogens. The low concentration of 
infectivity, although diffi  cult to detect, has nevertheless 
been suffi  cient for effi  cient transfusion transmission of 
these fatal diseases. People with certain genotypes could 
harbour the infection in a transmissible but undetectable 
form for decades. The form that the infectivity takes in 
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Figure: Distribution of incubation times for all infections in the study

598 animals were inoculated. Animals that died from complications during inoculation or before 21 days following 

inoculation were excluded from the calculations (around 10%).  Only animals that became infected with scrapie 

or died intercurrently of unrelated causes are plotted (58 of 540 that survived past 21 days).  89% of the 

540 experimental animals survived without infection to the end of the experiment at 540 days.

Whole blood before leucoreduction (black circles), leucoreduced whole blood (white circles), L13 fl ow-through 1 

(down triangles) and L13A fl ow-through 1 (up triangles), intercurrent losses unrelated to scrapie (x). 

Volume 

processed (mL)

Total volume 

inoculated (mL)

Total animals 

assayed

Total animals 

infected

Calculated titre Total measured infectivity Reduction factor*

Titre†

(ID/mL)

SD‡

(ID/mL)

Challenge (ID) Unbound (ID) Removed (ID) Stepwise 

(log10ID)

Cumulative 

(log10ID)

Whole blood 490 2·35 47 21§ 11·8 2·2

Leucoreduced blood 490 4·95 99 15 3·3 0·8 59 16 42 0·56

Challenge 4·95 99 15 3·3 0·8

L13 fl ow-through 1 51 4·95 99 2 0·4 0·3 16 2 14 0·91

L13 fl ow-through 2 40 4·80 96 0 <0·2¶ 0·2 2 0 >2 0·31 >1·22

L13A fl ow-through 1 50 4·95 99 3 0·6 0·4 16 3 13 0·73

L13A fl ow-through 2 38 5·00 100 0 <0·2¶ 0·2 3 0 >3 >0·49 >1·22

*Reduction factors are calculated as log10(challenge titre)–log10titre remaining after reduction step or when there is no remaining infectivity, the titre at the limit of detection). †Titre(ID/mL)= [–ln ([total animals 

assayed–total animal infected]/[total animals assayed])]×[(1 ID/50uL)×(1000 uL/mL)]. ‡SD(ID/mL)=[(titre(ID/mL))/(total volume inoculated(mLs) )]1/2. §Less than half as much volume was inoculated for this sample as 

the others. ¶Limit of detection in a limiting dilution titration is a single infection in the cohort inoculated. For a cohort, c, the probability of infection by a single inoculation at the limit of detection titre is 

1/c. Probability of no infections, P (0), at that titre is (1–1/c). Probability of no infections in an entire cohort inoculated at the limit of detection titre is Pc(0)=[P(0)]c. Probability of observing at least one infection 

at a given P (0) is Pc(≥1)=1–P c(0). For no infections in 100 inoculations of 50 uL, there is a minimum probability of 0·63 that the concentration of infectivity is ≤0·20 ID/mL, the limit of detection, and a minimum 

probability of 0·90 that it is ≤0·46 ID/mL. Since the actual titre is unknown and could be far less than the limit of detection, these values represent upper limits on the actual titre. 

Table: Distribution of infectivity in whole blood, challenge, and resin fl ow-through
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blood is unknown but might be diff erent from that 
associated with brain. No pathogen-specifi c antibodies 
have been identifi ed for diagnosis, and infection-associated 
forms of the prion protein constitute only a minuscule 
proportion of the total prion protein present in blood, 
thereby presenting a formidable challenge to detection. 

Selective adsorption of TSE infectivity from donated 
blood might be one of the best ways of managing this risk. 
Ligands that bind all forms of the prion protein with high 
affi  nity can still remove trace amounts of infection-
associated forms in the presence of much higher 
concentrations of normal forms. Binding will take place 
even at the earliest times in the infection when the 
concentration of infectivity is below the limit of detection 
of diagnostic assays. Finally, if every donation is treated, 
the protection might be more comprehensive than from a 
diagnostic test. 

In this study, powerful affi  nity ligands, selected from 
libraries of millions of compounds and materials, were 
tested for their ability to remove the low amounts of TSE 
infectivity that are naturally present in the blood of infected 
individuals. After increasingly stringent screening, resin 
L13 was selected for assessment with endogenous blood 
infectivity. Optimisation to facilitate manufacturing of this 
resin produced L13A. The two resins are identical in terms 
of ligand chemistry and matrix, and are functionally 
equivalent. 

Universal leucoreduction has been implemented in 
several countries, including the UK, in part to remove 
white cell-associated TSE infectivity. However, we 
previously showed that leucoreduction removed less than 
half of blood-borne TSE infectivity.17 Other evidence 
suggests that the remaining infectivity is in plasma.17 To 
further manage TSE risk, the UK no longer fractionates its 
domestic plasma. That leaves the bulk of the residual risk 
with red blood cell concentrate, which is by far the most 
frequently used blood component, but one for which there 
is no alternative to domestic sourcing. Red blood cells are 
for this reason in most urgent need of risk mitigation and 
have been the fi rst objective for TSE removal. However, 
because of the low and variable amounts of plasma in 
leucoreduced red blood cell concentrates, the infectivity in 
a red blood cell preparation from hamsters might be 
insuffi  cient to show a meaningful level of removal. Instead, 
leucoreduced whole blood from hamsters infected with 
263K scrapie was used to challenge resins L13 and L13A. 
Hamster 263K scrapie has con sistently produced blood 
infectivity titers of 10 (SD 2) ID/mL during symptomatic 
disease (Rohwer Laboratory, unpublished).19 Since 
leucoreduced whole blood retains its full complement of 
plasma and red blood cells, and since removal was to the 
limit of detection, the same resins would probably also 
remove endogenous infectivity from plasma, plasma 
derivatives, and red blood cell concentrates. 

The main objectives of this study were to confi rm that 
the volume of resin needed to capture all measurable 
blood-borne infectivity, as deduced from earlier experi-

ments, was correct, and to make sure that the infectivity in 
blood was in a form that could be adsorbed by the resins. 
In an earlier study, one part per 10 000 of the infectivity in a 
brain spike was not removable by any resin tested.16 In this 
study, resins in the proportion of 2 mL to 50 mL 
leucoreduced blood removed the endogenous, blood-
associated infectivity to below the limit of detection 
(0·2 ID/mL). With a challenge of 3∙3 ID/mL of 
leucoreduced whole blood, we were able to show a greater 
than 1∙22 log10ID reduction. All of the infectivity in the 
roughly 5 mL volume inoculated was removed before the 
fi nal fl ow-through of both resins. Because there were no 
infections, we can calculate from the Poisson distribution 
that there is a 63% minimum probability that the con-
centration of infectivity is 0·20 ID/mL or less, ie, the limit 
of detection, and a 90% minimum probability that it is 
0·46 ID/mL or less. Since the actual titre is unknown and 
could be far less than the limit of detection, these values 
represent upper limits on the actual titre. In this 
experiment, the endogenous infectivity in a full unit of 
leucoreduced whole blood (450 mL) would be 1485 ID. 
Passage through the resin would reduce the infectivity to, 
at maximum, 90 remaining infectious doses. This 
corresponds to, at minimum, 1395 infectious doses 
removed. 

The reduction effi  ciency of the resin diff ered for 
endogenous blood-associated infectivity and spiked 
brain-derived infectivity. Between 1 and 2 mL of resin were 
needed to capture the 165 ID from 50 mL of leucoreduced 
hamster blood versus 20–30 mL of the same resin to 
capture several million infectious doses from brain spiked 
in a 330 mL unit of human red blood cell concentrate.16 
Important diff erences between the studies include the 
source of infectivity—blood versus brain; the protein 
environment—human red blood cell concentrates versus 
hamster whole blood; and the fl ow rate—gravity versus 
pump. Both approaches provided valuable information 
and our experience emphasises the value of experiments 
that use both methods. 

The fi gure shows that symptomatic disease in limiting 
dilution titration assays occurs randomly from 120 days 
to more than 500 days, and only rarely after 500 days 
incubation.17 Titre cannot be deduced from incubation 
times, and premature termination would lead to over-
estimates of removal capabilities and underestimates of 
titre. However, extending the endpoint beyond 540 days is 
not benefi cial, since new infections are rare, whereas 
age-related mortality increases greatly (Rohwer Laboratory, 
unpublished). 

In a previous study, leucoreduction removed around 
42% of the infectivity in hamster whole blood17 compared 
with 72% in this study following the same protocol. Both 
fi ltrations used human-sized units of whole hamster blood 
and both fi lters worked to specifi cation for removal of 
white blood cells. The diff erences in infectivity removal 
could indicate natural variability between blood pools, 
fi lters, stability of white blood cell associations, or subtle 
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diff erences in execution. Diff erences we are aware of 
include: the collection interval—7 h in the fi rst experiment 
and 4 h in the second; and the fi ltration time—about 
20 min in the fi rst fi ltration and around 11 min in the 
second.17 Neither fi ltration removed suffi  cient infectivity to 
eliminate the risk. Thus, a strong TSE blood safety 
programme cannot rely only on leucoreduction. We note 
also that the 30% diff erence between these two results 
could not have been detected by any other means than 
limiting dilution titration. 

Resins L13 and L13A, which were indistinguishable in 
these studies, adsorb endogenous TSE infectivity from 
leucoreduced whole blood. Both resins capture PrPres from 
infected human and hamster brain diluted into human 
whole blood and plasma, and PrPc from human whole 
blood and plasma (data not shown). These protein-based 
data from people and hamsters, together with this study 
showing removal of endogenous infectivity from hamster 
blood, makes adsorption of TSE infectivity from human 
blood, plasma, and red blood cell concentrates by these 
resins highly probable. Resin L13A has been incorporated 
into a fi lter device format, P-CAPT (MacoPharma, Lille, 
France), for reduction of human endogenous TSE 
infectivity in leucoreduced red blood cell concentrates. 
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