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ABSTRACT

Estimates for the risk of transmitting variant Creutzfeldt-Jakob disease (vCJD) via blood transfusion have relied largely on data
from rodent experiments, but the relationship between dose (amount of infected blood) and response (vCJD infection) has never
been well quantified. The goal of this study was to develop a dose-response model based on nonhuman primate data to better
estimate the likelihood of transfusion-transmitted vCJD (TTvCJD) in humans. Our model used dose-response data from nonhu-
man primates inoculated intracerebrally (i.c.) with brain tissues of patients with sporadic and familial CJD. We analyzed the
data statistically by using a beta-Poisson dose-response model. We further adjusted model parameters to account for the differ-
ences in infectivity between blood and brain tissue and in transmission efficiency between intravenous (i.v.) and i.c. routes to
estimate dose-dependent TTvC]D infection. The model estimates a mean infection rate of 76% among recipients who receive one
unit of whole blood collected from an infected donor near the end of the incubation period. The nonhuman primate model pro-
vides estimates that are more consistent with those derived from a risk analysis of transfused nonleukoreduced red blood cells in
the United Kingdom than prior estimates based on rodent models.

IMPORTANCE

TTvC]D was recently identified as one of three emerging infectious diseases posing the greatest immediate threat to the safety of
the blood supply. Cases of TTvC]JD were reported in recipients of nonleukoreduced red blood cells and coagulation factor VIIT
manufactured from blood of United Kingdom donors. As the quantity of abnormal prions (the causative agent of TTvCJD) var-
ies significantly in different blood components and products, it is necessary to quantify the dose-response relationship for a wide
range of doses for the vCJD agent in transfused blood and plasma derivatives. In this paper, we suggest the first mechanistic
dose-response model for TTvC]D infection based on data from experiments with nonhuman primates. This new model may im-

prove estimates of the possible risk to humans.

Variant Creutzfeldt-Jakob disease (vCJD) is a human transmis-
sible spongiform encephalopathy (TSE) first reported in the
United Kingdom in 1996 (1). TSEs are slow neurodegenerative
diseases affecting humans and animals with long asymptomatic
incubation periods (IPs). TSEs are most reliably diagnosed post-
mortem based on typical histopathological changes and the detec-
tion, usually in the brain, of the abnormal, protease-resistant form
of the prion protein (PrP*F) generated during this disease. Exper-
imental and epidemiological evidence indicates that dietary expo-
sure to the bovine spongiform encephalopathy (BSE) agent was
responsible for most cases of vCJD in humans. Although food-
borne vCJD cases are in decline, secondary transmissions of vCJD
through blood transfusions, first reported in 2003, still pose a
potential risk to public health. A better understanding of the rela-
tionship between the dose of the infectious agent that a person
may receive and resulting infection is crucial to estimate the risk of
vCJD transmission through blood transfusion.

The greatest challenge for studying the dose-response (DR)
relationship for transfusion-transmitted vCJD (TTvCJD) is the
scarcity of experimental data. Epidemiological studies typically
provide limited information on the infectious doses. The United
Kingdom Transfusion Medicine Epidemiology Review (TMER), a
survey of human TTvC]D cases (2), reported information on the
infection rate in recipients transfused with one unit of infected
blood products, but no DR relationship could be derived from
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such data with a single data point or a narrow range of doses.
Ideally, DR studies for intravenous (i.v.) exposure, the route of
exposure for TTvCJD, should be based on well-controlled exper-
iments with animals, possibly nonhuman primates, challenged
intravenously with a range of doses of infected blood. However,
such studies have not been reported. Nonhuman primates are
preferred animal models because of their close phylogenetic rela-
tionship to humans and similar clinical signs, histopathological
lesions, and PrP™E profiles following infections with either BSE or
vCJD agents. Therefore, we considered data from a previously
published review of TSE transmission studies conducted at the
U.S. National Institutes of Health (NIH) over a number of years
with nonhuman primates inoculated intracerebrally (i.c.) with
TSE-infected brain tissues (3). We used mechanistic nonlinear DR
models to characterize the animal response to different doses of
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TABLE 1 Dose-response data for 83 nonhuman primates exposed via
the i.c. route to graded doses of brain tissues from patients with sCJD
and fCJD*

No. of No. of

infected uninfected Total no. of
Dose (g brain tissue) primates primates primates
1X107? 25 0 25
1x107? 6 0 6
1x107* 15 5 20
1x107° 4 8 12
1X10°¢ 3 5 8
1X1077 0 6 6
1x107° 0 3 3
1X107° 0 3 3

@ See reference 3.

infectious CJD agents. We further adjusted the model parameters
using scaling factors to account for the differences in infectivity
between blood and brain tissue and transmission efficiency be-
tween the i.v. and i.c. routes. The DR model developed in this
study estimates the risk of vCJD infection by blood transfusion as
a function of the volume transfused.

MATERIALS AND METHODS

Dose-response data. We searched PubMed and ISI Web of Science for
available dose-response data for nonhuman primates exposed to TSE
agents (prions) via the i.v. and i.c. routes (English-language original re-
search articles published before March 2014; the search terms were
“dose,” “prion,” “vCJD,” “TSE,” “primate,” “intravenous,” “intracere-
bral,” and synonyms). We found a review article that summarized dose-
response data from the NIH series of experiments with nonhuman pri-
mates infected with prions via the i.c. route (3). This large data set
included eight graded doses causing infection rates ranging from 0 to
100% with intermediate responses, which presented a desirable pattern
for dose-response modeling.

In these nonhuman primate experiments, diluted brain tissues from
27 patients with CJD and other human TSEs were inoculated into the
animals via the i.c. route. Of the 27 patients, 22 were infected with CJD (21
with sporadic CJD [sCJD] and 1 with familial CJD [fC]D]) and 5 other
individuals had Gerstmann-Straussler-Scheinker syndrome (GSS) or kuru.
Only data from nonhuman primates (total number = 83) inoculated with
CJD-infected brains were used in our analysis to maintain homogeneity of
the type of TSE inoculum. Most of the nonhuman primates were squirrel
monkeys, with small numbers of chimpanzees, capuchin monkeys, and
spider monkeys. The specific numbers of each species of primates were
not reported. Linkage between CJD donors and recipient primates was
also not described. TSE infection was diagnosed by postmortem neuro-
histopathological examinations of the brains of the animals. Table 1 shows
the extracted data, including doses and numbers of infected/uninfected
animals.

Dose-response modeling. Both exponential and beta-Poisson models
have been widely used for DR analyses of infectious agents. Both models
depend on a mechanistic DR relationship describing an estimated prob-
ability of a quantity of infectious agent surviving in the host and success-
fully initiating infection (4). The statistical programming language “R”
(http://www.r-project.org/) was used to program the maximum likeli-
hood estimation (MLE) computations for fitting models to DR data. Bi-
nomial MLEs were used to optimize the fit of the likelihood function by
selecting the parameters with the best fit that minimized the deviances of
the estimated function from the observed data. Confidence intervals (Cls)
for best-fit models were determined by using bootstrap analyses with
5,000 bootstrap samples drawn from the DR data sets. To test the good-
ness-of-fit for a model’s ability to predict the data outcomes, we compared
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the optimal minimum deviance of the model to the critical value of the
chi-squared distribution at a 95% confidence level (x? o5,qp Where df is
the degree of freedom, calculated by the number of dose levels minus the
number of model parameters). The data in Table 1 were used to generate
the DR model for i.c. inoculations of infected brains into primates. Be-
cause the goal of this study was to use the model to generate a DR curve for
TTvCJD infection, we adjusted it by using a scaling factor that con-
verted i.c. to i.v. transmissions based on the difference of their trans-
mission efficiencies. In addition, as the infectious dose in thei.c. model
was measured as grams of infected brain tissue, the model was adjusted
to the infectious dose for the i.v. route and converted to milliliters of

blood.

RESULTS

Dose-response models for i.c. exposure. DR models were fit to
the primate data in Table 1. The beta-Poisson model (see the
equation below) provided a statistically acceptable fit based on the
goodness-of-fit test, while the exponential model did not (data not
shown). In the equation below, d represents the infectious dose
(grams of infected brain tissue or milliliters of infected blood) and
P(d) represents the probability of acquiring TSE infection at dose
d. Optimized values for the parameters o and Ny, were 0.456 and
9.6 X 107° (representing a 50% infective dose [IDs,] of 9.6 pg
brain tissue), respectively, for brain inoculation i.c.; 0.456 and
13.7 (representing an 1D, of 13.7 ml blood), respectively, for
blood inoculation i.c. (after adjustment with a factor accounting
for the difference in infectivity between brain tissue and blood);
and 0.456 and 75 (representing an IDs, of 75 ml blood), respec-
tively, for blood transfusion (after adjustment with a factor ac-
counting for the difference in efficiencies between the i.c. and i.v.
routes of exposure). For brain inoculation, the parameter N, can
be interpreted as the amount (in grams) of brain tissue inoculum
needed to cause a 50% chance of infection (equal to the ID5,). In
this case, an Ny, value equal to 9.6 X 10~ ° means that 9.6 ug of
infected brain tissue will cause a 50% chance of infection. a is the
slope parameter describing the host-pathogen interaction. The
experimental data and the beta-Poisson model (mean and 90th
percentile values) are presented in Fig. 1.

Pd)=1- [1 + <1\ZO) - (278 ~ 1)}&

Adjustment for infectivity in blood versus brain tissue. We
needed to convert the infectivity dose present in a gram of brain
tissue to the equivalent infectivity dose in a volume of blood. To
estimate this conversion, we analyzed data from studies using dif-
ferent methodologies and approaches and obtained a triangular
distribution of scaling factors with the upper bound and most
likely value from a transmission study by Douet et al. (5) and the
lower bound based on other relevant studies.

Douet et al. (5) inoculated transgenic mice expressing bovine
prion protein via the i.c. route using brain tissue and blood frac-
tions (erythrocytes, plasma, and leukocytes) from a patient with
confirmed vCJD. By comparing the infection rates, those re-
searchers estimated that the quantity of infectivity present in 1 ml
of whole blood was approximately equivalent to that present in 1.4
X 10~ ° g of vCJD brain. To the best of our knowledge, this was the
only study that quantified the difference in transmission efficien-
cies between vCJD-infected brain- and blood-derived inocula. In
addition to transmission experiments, researchers have also devel-
oped laboratory techniques to measure the concentration of
PrP™E in tissue samples directly. Wadsworth et al. (6) estimated
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FIG 1 Beta-Poisson model fit to data from Table 1 for i.c. challenge of non-
human primates (3) with confidence bounds around the optimized model
(o = 0.456; N5, = 9.6 X 10~ ° [representing an IDs5, of 9.6 jug brain tissue]).

PrP™E concentrations in different human tissues from patients
with vCJD in the terminal stages of disease by using high-sensitiv-
ity Western blot analysis. Their data suggested that the amount of
PrP™*E in 1 ml blood was less than that in 10~7 g of human vCJD
brain tissue. Both Gregori et al. (7), using a highly sensitive en-
zyme-linked immunosorbent assay (ELISA)-based assay, and
Chen et al. (8), using protein misfolding cyclic amplification, es-
timated the concentration of PrP™F in plasma from scrapie-in-
fected hamsters to be approximately 1 X 10™"*to 3 X 10 '* g per
ml of plasma, and the PrP™F concentration in infected brain was
estimated tobe 2 X 10 °to 6 X 107 g per g of brain tissue, which
indicated that for hamsters, the amount of PrP™>E in 1 ml of blood
was equivalent to the amount present in ~10~° g of brain. These
biochemical studies measured PrP™" present as mixtures with
different levels of aggregation, but they did not distinguish be-
tween the PrP™*¥ monomer and multimeric forms that might be
more infectious (9).

To account for all these different values from the literature, we
assumed that a reasonable scaling factor between the infectivities
of 1 mlblood and 1 g brain tissue follows a triangular distribution,
and we used 10~ ° (from the transmission study using human tis-
sues by Douet et al. [5]) as the upper bound as well as the most
likely value of the distribution. While other biochemical studies
reported lower ratios (<<10~7 for human by Wadsworth et al. [6]
and 107 for hamster by Gregori et al. [7] and Chen et al. [8]) for
the PrP™F concentrations in blood and brain tissues, the correla-
tion between the reported concentrations and infectivity cannot
be verified. Therefore, we used the lowest ratio (10~ °) from those
studies to define the lower bound of the triangular distribution,
which contributed much less to the final estimates than the most
likely value (10~ °) from the study by Douet et al. The median of
the triangular distribution (representing the center of the distri-
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FIG 2 Beta-Poisson dose-response model for risk of transfusion-transmitted
vCID (a = 0.456; N5, = 75 [representing an D, of 75 ml blood]). The
estimated infection rate for one unit of transfused whole blood (450 ml) is 76%
(90% CI, 48% to 90%).

bution) was used to convert the Ny, from 9.6 X 107¢ (g of brain)
to 13.7 (ml of blood). The parameter Nj, for the adjusted model
can be interpreted to mean that 13.7 ml of infected blood inocu-
lated through the i.c. route has a 50% chance of transmitting in-
fection.

Adjustment for efficiency of disease transmission by the i.v.
versus the i.c. route. The DR model for blood inoculated by the
i.c. route was further converted into a DR for the i.v. route by
multiplying the parameter N, with a scaling factor, which con-
ceptually accounts for the difference in transmission efficiency
between the two routes. Experiments with mice exposed to infec-
tivity by the i.v. and i.c. routes suggested an i.c./i.v. ratio of 5 to 7
(10). Based on those experiments, in a previously reported vCJD
risk assessment for blood clotting factors, the FDA suggested a
uniform distribution, with 1 and 10 being the lower and upper
bounds, respectively, for the ratio between the efficiencies of vCJD
transmission via the i.c. and i.v. routes (11), which we adopted as
the scaling factor for i.c.-to-i.v. conversion in the current study.
Multiplied by the median of this uniform distribution, the param-
eter N5, (IDs,) was converted from 13.7 for the i.c. route to 75 for
the i.v. route (see above).

Hence, the beta-Poisson DR model for blood transfusion has
been derived with ml blood as the dose unit and with the opti-
mized parameters of an Ny, value of 75 and an o value of 0.456 (see
above). The Ny, value represents an 1D, equal to 75 ml blood.
This model estimates a 76% infection rate (90% CI, 48% to 90%
[CI generated by Monte Carlo simulation with 5,000 iterations])
for individuals receiving one unit (450 ml) of blood from a person
with clinical vCJD (Fig. 2).

DISCUSSION

Linear DR models were previously adopted for vCJD and BSE risk
assessments, (11-13), assuming a linear relationship between the
exposure dose of the TSE agent and the probability of infection for
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the entire range of doses. However, this linear relationship is cer-
tainly a simplification of the true dose-response interaction and
does not account for the interactions between the agent and the
host in the infection process, which may affect the final outcome.
Nonlinear DR models were previously applied by Gravenor et al.
(14) and by Huang (15) to data for hamsters orally exposed to
scrapie agent (16), but no adjustments were made for the scenario
of human transfusion-transmitted TSEs. In this study, we used a
beta-Poisson DR model developed based on data for nonhuman
primates to estimate the probability of vCJD infection, or TTvCJD
risk, as a function of the volume of blood transfused. We believe
this to be the first mechanistic DR model for TTvC]D generated by
using data from experimental animal dosing studies.

Gregori et al. (17) analyzed TTvCJD data from the TMER
study (2) and estimated that transfusion of a unit of infected non-
leukoreduced red blood cells had a 75% infection rate (90% CI,
56% to 96%). The intervals between donation and clinical onset of
vCJD in the implicated donors ranged from 1.4 years to 3.5 years.
Given that the estimated median IP of food-borne vCJD is about
12 years, it seems that those donors whose blood transmitted the
disease donated blood during the last one-third of the IP (17).
Thus, the infection rate per unit transfused suggested previously
by Gregori et al. represented the risk from blood of clinically nor-
mal donors during the later stage of the IP. Our model predicts an
infection rate of 76% (90% CI, 48% to 90%) associated with one
unit of whole blood transfused. If adjusted for a unit of nonleu-
koreduced red blood cells (equivalent to 24% to 30% of the infec-
tious dose of whole blood [18, 19]), the rate would be 58% (90%
CI, 20% to 78%). The DR model predictions based on nonhuman
primate experiments and the results previously reported based on the
human epidemiological study appear to be consistent. On the other
hand, the ID5, (75 ml infected blood or equivalent blood products)
given by this primate model is significantly higher than that based on
rodent data (0.5 ml infected blood) (10, 11, 18). This implies that
although studies of BSE and vCJD in rodents have provided impor-
tant insights into host susceptibility, efficiency of transmission for
different routes, and distribution of tissue infectivity, extrapolation of
a dose-response model for humans from rodent data may overesti-
mate the risk. A DR study using species more closely related to hu-
mans, e.g., a primate model, may be more relevant.

Nevertheless, due to the limited data available, our analysis
necessarily incorporated the following assumptions. (i) The inoc-
ula used in the primate experiments were primarily infected brain
tissues of sCJD patients, and we assumed that those inocula are a
relevant surrogate model for vCJD-infected brains. Rubenstein
and Chang (20) compared the tissue distributions and levels of
PrP™E in patients with sCJD and vCJD; they reported no signifi-
cant differences between the two TSEs in levels of PrP™F in both
brain and other tissues (spleens, lymph nodes, and tonsils). While
those findings support our assumption, uncertainties remain
about whether infectivity titers in tissues and blood of patients
with sCJD and vCJD are also similar. (ii) Different species of pri-
mates were used in the experiments. While we assumed all primate
species tested followed the same dose-response pattern and could
therefore be pooled into one model, such an assumption could not
be validated. (iii) Extrapolation of the conversion rate of the i.c.
versus the i.v. transmission route was based on imperfect and
limited data and may not be precise. (iv) We assumed the ratio
between PrP™E and infectivity in blood to be the same as that in
brain. (v) Calculations to convert infectivity from weight of tissue
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to volume of blood were based on different studies, each with its own
uncertainties. (vi) The current model ignores the impact of individual
genotypes on susceptibility to vCJD. (vii) Early diagnosis, before
symptoms of vCJD appear, is not yet possible because of the difficulty
in identifying small quantities of abnormal prion protein in blood.
While our model based on infected tissues from persons with overt
disease is likely to apply to clinically healthy persons during the late IP
of asymptomatic vCJD, the risk of TTvC]D from donors in an earlier
stage of the disease will be lower.

Keeping these limitations in mind, this analysis establishes, for
the first time, a plausible DR curve needed to quantify the risk of
TTvCJD as a function of the volume of blood transfused. Based on
these data, future vCJD risk assessment models for blood transfu-
sion need no longer rely on a single-point estimate of infectivity
titers. This dose-response curve can be used to better estimate the
magnitude of risk, and the associated uncertainty, from exposures
to low doses of a vCJD agent in transfused blood and plasma
derivatives. This development should assist regulators to make
better-informed science-based policy decisions to protect public
health.
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