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Summary

Cumrently, chronic fatigue syndrome {CFS) is diagnosed based on clinical symptoms. Although various information on
psychological, endocrinological, and immunological abnormalities in CFS patients has been reported, there is no clear
consensus, possibly due to the absence of an objective diagnostic method. One experimental approach is the use of
instfrumentation for diagnosis. Recently, our research group has shown the potential of visible and near-infrared (Vis-

NIR} spectroscopy for the diagnosis of CFS using serum samples. This review will introduce the method and the future
perspectives made possible by it.

Keywords:
Chronic fatigue syndrome; myalgia encephalomyelitis; visible and near-infrared spectroscopy; diagnosis

Introduction

Chronic fatigue syndrome (CFS) is a debilitating disorder
involving persistent fatigue lasting for more than six months [1].
However, the difference between CFS and CFS-like diseases
such as myalgia encephalomyelitis {ME}, postviral fatigue
syndrome (PVFS), chronic fatigue/immune dysfunction
syndrome (CFIDS), and 'Yuppie flu' remains unclear. The
symptoms of CFS include fatigue, pain, breathing problems,
depression leading to digestive disturbances, low grade fever,
difficulty in concentrating, and weakness of the immune
system and muscles [1]. The symptoms are not resolved by -
sufficient rest [1].

The incidence of CFS is 0.4% in the United States and other
countries {2] and 0.26% in Japan [3]. Economic losses caused
by the disease are estimated at as high as 9.1 billion dollars
per year in the United States [4] and 408 billion yen per year in
Japan [3]. However, research conducted by the Centers for
Disease Control and Prevention (CDC) estimates that less than
20% of CFS patients in the United States have been
successfully diagnosed [2, 5], indicating that the number of el L5 ;

patients will increase if more reliable diagnostic methods are Fig. 1. Our research group
established. The main bamiers to identifying CFS patients are

an absence of biophysical and biochemical signs that identify  Medical spectroscopy group at Department of

the disease and lack of diagnostic laboratory tests [6]. This Virology. Research Institute for Microbial Diseases,
may be at least in part due to the heterogeneity of the Osaka University was composed of a virologist
symptoms of CFS patients {6]. At present, CFS diagnosed [Kazuyoshi lkuta), spectroscopist (Akikazu

based on the presentation of symptoms and exclusion of other  sakudo), physician (Yukiko Hakariya), and clinical
medical entities. laboratory technologist (Takanori Kobayashi).
Therefore, it relies on symptometology. Most published studies Researchers with different backgrounds are

have diagnosed CFS on the basis of CDC criteria [1]. As studying CFS.

psychiatric diseases and other treatable conditions are
sometimes difficult to distinguish from CFS, the patient's
’ (continued on page 9}
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symptoms should carefully be examined. Physicians
should, through a careful investigation of the patient's
medical history and appropriate testing, rule out other
diseases including mononucleosis, Lyme disease, thyroid
conditions, diabetes, multiple sclerosis, various cancers,
depression and bipolar disorder.

We feel that the main problems in CFS studies can be
attributed to the objectivity of diagnosis and absence of
biomarkers. Our research group, composed of a
virologist, spectroscopist, physician, and clinical
laboratory technologist, has been studying visible and
near-infrared (Vis-NIR} spectroscopy (Fig. 1). We
decided to apply Vis-NIR spectroscopy to the study of
CFS. In this review, we intfroduce the method and its
possible uses for CFS research.

Vis-NIR spectroscopy and mulfivariate analysis

The short wavelength (SW)-NIR region and the red
region, the so called “optical window" from 600 to 1,100
nm, are together the most useful region for mecsunng
biological samples [7].

The absorption of hemoglobin and water is extensive in
the region below 600 nm and above 1,100 nm,
respectively, which limits spectroscopic and
microscopic studies [8]. Absorption in the SW-NIR region
is due to combinations and overtones of vibration such
as the stretching and bending of hydrogen-bearing
functional groups including —~CH, -OH and —NH [9].
Water, melanin, and bilirubin in animals were absorbed
by the radiation of this region [8]. In addition,
oxyhemoglobin, deoxyhemoglobin, and oxidized
cytochrome c oxidase have characteristic absorption
spectra in the SW-NIR region [10]. Recently, biologically
important molecules such as albumin [11-13],
cholesterol [14, 15], globulin [11-13], glucose [13, 16-24],
protein [12, 15, 25-28], urea [12, 13, 27], lipid {15], linoleic
acid [15], collagen [15], DNA [15], and a-elastin [15]
have also been investigated by Vis-NIR spectroscopy.
However, there has been considerable debate as to
whether the accuracy and stability of Vis-NIR calibration
models for non-invasive transcutaneous monitoring of
blood glucose levels in patients with diabetes met
criteria for clinical diagnosis (18, 29, 30]. Creatine [27].
lactate [22, 31}, triacetin [20], triglyceride [13], B-
lipoprotein [25], Vibrio cholerae [32], Escherichia coli (33,
34], Yeast [35, 34], Ethanol [36, 37). RNA [28], Acetate
[34]. Ammonia [22, 34], Glycerol {34], and Glutamine
[22] have also been quantitatively determined by Vis-
NIR spectroscopy. Representative biomolecules studied
by Vis-NIR spectroscopy are listed in Table 1.

Vis-NIR spectroscopy has been recognized as having
diagnostic potential ever since JObsis first used it to
demonstrate oxygenation in cats {38]. Vis-NIR
spectroscopy has also been applied in the clinical
setting to aging [39. 40]. Alzheimer's disease [41],
cancer {42-50], chronic fatigue syndrome [51-54],
dermatological conditions [43], dicbetes [18, 21, 55].
epilepsy [56}, human immunodeficiency virus (HIV})
infection [57], seizure types [58], migraine [59], cervical

dysplasia [60], atherosclerotic ploques [61]. heumatoid
arthritis [62], hemodynamics [63], glioma [64]. intraocular
pressure [65], hemomrhagic shock [66]. skin moisture (67},
brain edema [68], optic neuritis {69]), and maternal
hypotension [70] (Table 2). The number of diseases studied
by Vis-NIR spectroscopy has been increasing, aithough most
studies have focused on the monitoring of oxyhemoglobin
and deoxyhemogiobin. At present, the diagnostic
application of this method in the medical field is rare.

The development of laboratory instrumentation for Vis-NIR
spectroscopy has been well reviewed [71). Manufacturers
and commercially available instrumentation has also been
listed [72]. and the number of manufacturers has shown
further dramatic increase. The range of wavelengths and
modes of measurement available must be paid greater
attention to select a suitable instrument for analysis.
Cuvettes are sometimes used for measurements. Quartz and
polystyrene cuvettes are preferable because much Vis-NIR
spectral information on quartz and polystyrene has been
reported.

The methods of measurement are divided into four types:
transmission, reflection, transflection, and interactance in
spectroscopy [73]. In transmission spectroscopy, radiation
transmitted through sample is measured. Inreflection
spectroscopy, radiation reflected on the surface is
measured. In fransflection spectroscopy, which is a
combination of the transmission and reflection methods,
radiation is fransmitted through the sample and scattered
back from a reflector on the opposite side. In interactance
spectroscopy. radiation transmitted through the sample is
collected in contact with the surface of the sample with the
end of a fibre optic probe, which has both a radiator and a
detector [74]. The availability of fibre optic probes is one
advantage of Vis-NIR speciroscopy. Vis-NIR spectroscopy
enables the rapid, non-destructive, accurate, and
simultaneous determination of multiple components in both
liquid and solid samples [75]. However, it also has
disadvantages.

(continued on page 10}

SWANIR
~and red region _

Fig. 2. Characteristics of near-infrared radiation.
Uitraviolet (UV), visible (Vis). and infrared (IR) radiation is
highly absorbed, whereas near-infrared [NIR} radiation is
relatively litHe absorbed. by water and haemoglobin.
Notably, 600-1,100 nm including the red region and
short wavelength region of near-infrared {SW-NIR)
radiation is called the "optical window", because this
region is suitable for biological analysis. Modified from
Fig. 1 in Sakudo et al. [103] with permission from Nippon
Rinsho Co.
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Table.1 Representative biomolecules studied by Vis-NIR spectiroscopy
Biomolecule Wavelength [1un] Algoritlun Reference
Albumin 1300-1850 PLS - f11]
Albumin 400-2500 PLSMLR {12]
Albumin 400-2500 PLS.MLR [13]
Cholesterol 1200-2400 NLR [14]
Creatine 400-2500 PLS, MLR [27]
Cytoclhromne ¢ oxidase 605, 620, 760. 830 None [87]

-Cytochrome ¢ oxidase 700. 730, 750. 805 None [s&]
Cytochrome ¢ oxidase GOS. G20. 780. 830 None [89]
Cytoclhhome ¢ oxidase 700-8G5 None [38]
Globulin “400-2500 PLS.MLR f12]
Globulin 400-2500 PLS.NLR [13]
Globulin 1300-1850 PLS [11]
Glucose 400-2500 PLS.MLR [13]
Glucose S33-2500 PLS [16]
Glucose 2000-2500 PLS [17)
Glucose 400-1700 PLS [18&]
Glucose 2000-2500 PLS [19]
Ghicose 2000-2500 PLS 20]
Glhucose 750-1300 PLS,. PCRA [21]
Hemoglobin 700. 730, 750 None [20]
Hemoglobin 4G0-76G0 Least squares method {91]
Hemoglobin 700-865 None [38%]
HIV G00-1000 PLS [(57]
Lactate 1000-2500 PLS [31]
Nitric oxide 470-760 Least squares method {o1]
Prion protein “400-2500 PCA., STNICA [92]
Prorein 400-2500 PLSANLR [12]
Protein 1000-2500 MLR. PCRAPLS [25]
Protein 1440-2350 NLR.PCRA.PLS [26]
Protein -400-2500 PLS. MLR [27]
RNase A 1250-2500 None [93]
Triacetin ) 2000-2500 PLS [20]
Triglyceride 400-2500 PLSNLR [13]
Uirea 400-2500 PLSNMNIR [12]
Uren 400-2500 PLS NILR [13]
Urea -400-2500 PLS.MLR [27]
3-lipoprotein 1000-2500 NLR.PCRA.PLS [25]

Table 1. Representative biomolecules studied by Vis-NIR spectroscopy

HIV: human immunodeficiency virus MLR:
PCA: principal component analysis
PLS: partial least squares regression analysis

multiple linear regression analysis
PCRA: principal component regression analysis
SIMCA: software-independent modeling by class analogy

Vis-NIR spectroscopy is not very sensitive: the limit is only
about 0.15% (w/w) for most constituents, and the signal to
noise ratio of the instrument is low [less than 10+ optical
density (OD)] [76]. but is dependent on several factors
such as the measurement accessory, spectrometer
including detectors, and acquisition time. A large amount
of sample is needed for Vis-NIR spectroscopy compared
to other methods of chemical analysis {76]. The direct
interpretation of spectral absorbance is very difficult for
complex mixtures because of broad overlapping and
interacting absorption bands [76]. Vis-NIR spectroscopy
thus relies on a multivariate analysis to quantify properties
or constituents of interest.

A multivariate analysis is an analysis of data with many
variables based on statistics and mathematics. It can
simplify complicated data and uncover hidden
information. The analysis can be quadalitative or
quantitative. It is based on chemometrics algorithms.
Methods of quantitative analysis include the partial least

squares regression analysis (PLS) and the principal
component regression analysis (PCRA}, which are used
to develop the regression model for the prediction of
the reference value [77, 78). Methods of qualitative
analysis include the principal component analysis (PCA)
[79] and the software-independent modeling by class
analogy (SIMCA) [80]. PCA is a method for transforming
an original variable such as absorbance at various
wavelengths into new variables called principal
components (PCs). By plotting the data defined by PCs,
important relationships in the data (e.q., similarities and
differences among objects) can be clearly identified.
SIMCA is a recently developed method based on PCA
[81). PCA reduces the amount of data, and SIMCA
further extracts discriminant rules among different
groups. PCRA is a method for performing PCA on x
variables such as wavelength and then regressing y
variables on the principal components, whereas PLS
(continved on page 11)
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Table.2 Reprezantativa clinteal applicadon: of \i2-NIK :pecuczcopy

Clizical applicanon ] 3 aﬁ:ple_ . Biomolesuls  Wavelengiz [nxd Alzorithe Raderence
Aginz Forezead Ho02. Hb "7 §25,850.9C3  ome [397
Alzhsimar; dizeaze Folezead H02. Hb 775,823,850, 9C4  Mome [413
Athazossleratic occlusive diseaze Fouterclazetal calf H20L Ht 70C, 7SC. 830 Wone [24}
Biiiary anesia Fece: Bilirubin. Fat  60C.25C0 Laast cquares tezresston anaiveis [253
Breas: cance: Breaz: tizzus Notidentifed $623-1050 PCA [42]
Chyonice fatigus s3ndreme Cazzesnamins muscle H502. Hb 76C, 85C Ione [£1]
Chronic fat:zue s3ndrems Forezead H»02. Hb 78c, 805,830 Mone [32]
Chyonic fatizue syndicme Leg H>02. H5% T6C. 85C Wone [$3. 547
Epilep:y Fojezead H502, 3t 786, S3C None [36]
Friadsich's atazia Gazresnemiu: muscie  H502. Hb 766, 85C Wene {#6]
ETV infectioz Plazma Notidentifried 60C-10C0 FLS [57]
Lung &icaaze Forezead H»0 Hb TT581C. 850, 910 Yiome [>T
Metabolic mycpathies Gaztecnamius muscie HoOl Hb TAG, SEC None [2S]
MELAS and MERRT syudiome Gainecuzmiuz muscie  Ha0l, Ht 765, 85 one [#%1
Figmenrad zxd non-pigmented skin Skin Notideatfied 4002500 FCA [iocy
Szhizophrenia Forezead H»02, Ht T8¢, 803, 83C Nomne [i01]
Saimwre typer Foreead H>0L Tt 73¢C.81C Iione 4 [5S]
Skin cacer Skin Notidentfed 402500 o e oeee, [43. 547
Typei-diadete: Finger Not:dentified 60C-13C0 FLS. PCRA {21}
Typei-diabete: Thumb Notidentfred 40C.17C0 FLS {iti
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Table 2. Representative clinical applications of Vis-NIR spectroscopy

Hb:
HIV:

deoxyhemoglobin
Human immunodeficiency virus
MELAS: myopathy, encephalopathy, lactic acidosis,

HbO2:
LDA: A
MERRF: myoclonic epilepsy with ragged red fibers

and stroke-like episodes

PCA:
PLS:

principal component analysis
partial least squares regression analysis

gives extra weight to variables that show a high

correlation with y variables.

Therefore, PLS is usually more effective for predictions than
PCR. Further detailed illustrations and mathematical
formulas of algorithms are available in many reports about

chemometrics {82, 83].

in a multivariate analysis, the number of PCs is important,
because too few or too many PCs distort signals or
diminish the signal-to-noise ratio, respectively. To choose
the comrect number of PCs, a validation step is usually
included in the process of modeling [9]. For validation

steps, internal validation or external validation is used.
Most chemometrics software programs include internal
cross validation. In internal cross validation, the sample set
is repeatedly divided into two groups. One group is

reserved for validation and the other, for calibration. This
process is repeated until all groups have been used for
validation once. In external validation, sample sets are first
separated into calibration samples and test samples,
which are subjected to validation and used for
assessment of the calibration modet. By finding the
number of PCs when the model shows a minimum
standard error of validation (SECV), the number of PCs
can be used to describe the signal in the data.

PCRA:

oxyhemoglobin
linear discriminant analysis

principal component regression analysis

These results suggest that combining Vis-NIR
spectroscopy with chemometrics is a
promising way to objectively diagnose CFS.
They also suggest that an unknown factor or

" factors present in the serum of all CFS
patients could provide important clues as to
the agent causing this debilitating disease.

Recently, commercially available chemometrics software
programs such as Pirouette (Infometrics, Woodinville,
Washington, USA) and Unscrambler (CAMO Inc.,
Woodbridge, New Jersey, USA) have been used for Vis-NIR
analyse. The number of manufacturers of these software
programs is increasing. The programs and their
manufacturers are listed in Table 3. The software programs
are designed to analyze spectral data, and because pre-
processing such as standard normal variate (SNV) [84] and
smoothing {85], which minimize differences between
specira caused by baseline shifts and noise, is carried out
during the analysis, pre-processing handling, which is time-

(continued on page 12)
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Table 3. Representative chemometrics software and seatistical analysis used in Vis-NIR spectroscopy studies
Name Manufacturer Statistical alzonitum
Regr _es_smn Classidcanon methods
analvsis
Unsecrambler CAMO Inc. MLR, PCR. PLS PCa SINMCA
Pirouette Infomerrics PCR.PLS.CLS Sg?cim:& KNS,
Cham:Works Process Analysis and Autonzatice Led.  PLS PCA.SIMCA
Exmact Exact iInformaticn AB PLS PCA
SDMCA-P Umetnzs SIMCA
PLS Tzoltex E:genvector Reszarch inc. PLS.PCR SIMCA KNN
Sirtas Patrern Recognition Sysiems PCR.PLS PCA
Chemometsics The MataWorks PCR,PLS PCA
Toolbox

Table 3. Reprentative chemometrics software and statistical analysis used in Vis-NIR spectroscopy studies

MLR:  Mutilinear regression PCR:
PLS: Partial least squares regression

PCA: Principal component analysis HCA:
KNN:  K-nearest neighbors’ CLs:

consuming, is not required. Furthermore, cross validation
steps are also included, and these reduce the overall
handling and risk of emror during analysis.

Application of Vis-NIR spectroscopy for CFS research
Several biochemical changes are reported in CFS patients,
but there is no clear consensus for any of them. Therefore,
the diagnosis of CFS is curently based on clinica!l symptoms.
As this approach relies on experience and skill, CFS can be
diagnosed only by limited numbers of medical doctors. To
overcome these problems, an additional method using
instrumentation to achieve an objective diagnosis is
needed. We reasoned that Vis-NIR spectroscopy might
provide new insights if patients could be compared with
individuals without the disorder. Here, we describe the results
obtained when sera from CFS patients as well as healthy
volunteers were subjected to Vis-NIR spectroscopy [86]. At
the Medical Hospital of Osaka City University, serum samples
from 77 CFS patients (33.0 = 8.8 years old; Male/Female:
29/48}, diagnosed on the basis of clinical criteria proposed
by CDC were examined [1]. Samples from 71healthy
volunteers (41.7 £ 10.4 years old; Male/Female: 33/38) were
also used. The sera of the 77 CFS patients and 71 healthy
volunteers served as test samples to develop calibration
models for PCA and SIMCA. Another 99 determinations [54
in the healthy group (35.9 £ 9.1 years old; Male/Female:
11/7) and 45 in CFS patients {34.9 £ 7.0 years old;
Male/Female: 8/7}] were masked and used for predictions.
All samples were diluted 10-fold with phosphate-buffered
saline and adjusted to a constant volume (2 ml} in a
polystyrene cuvette before the Vis-NIR spectroscopic
measurements. Three consecutive Vis-NIR spectra were
measured at a resolution of 2 nm with an NIRGUN (Japan
Fantec Research Institute, Shizuoka, Japan) at 37°C. The
spectral data were collected as absorbance values
[log{1/T}]. where T= transmittance in the wavelength range
from 600 to 1,100 nm. Pirouette software (ver. 3.11;

Principal component regression

SIMCA: Soft independent modeling of class analogy
Hierarchical cluster analysis

Class least squares

Infometrics) was employed for all data processing. To
minimize differences between spectra caused by
baseline shifts and noise, prior to calibration, spectral
data were mean-centered and transformed by SNV
[84] and smoothing based on the Savitsky-Golay
algorithm [85]. To identify the predominant
absorbance peaks in the spectra, PCA and SIMCA
methods were further applied to develop PCA and
SIMCA models for CFS diagnosis. A clear difference in
the sera of CFS patients from those of healthy donors
was seen in PCA scores using the first principal

- component (PC1) and second principal component

(PC2) (Fig. 3A, B). The SIMCA model allowed comrect
separation of the Vis-NIR spectra of 209 of 213 (98.1%)
healthy volunteers and 220 of 231 {95.2%) CFS
patients. SIMCA using Coomans plots demonstrated
that classes of sera from the volunteers and patients

" did not share multivariate space, providing validation

for the separation (Fig. 4A, C). Furthermore, masked
samples were subjected to Vis-NIR spectroscopy, and
predictions made with the PCA and SIMCA models.
PCA clearly distinguished the masked samples of the
healthy volunteers from those of the CFS patients (Fig.
3C). SIMCA comrectly predicted 54 of 54 (100%)
volunteers and 42 of 45 (93.3%) patients (Fig. 4B, D).

These results suggest that combining Vis-NIR

spectroscopy with chemometrics is a promising way

to objectively diagnose CFS. They also suggest that an

unknown factor or factors present in the serum of all

CFS patients could provide important clues as to the

agent causing this debilitating disease.

We concede that statistically, the results are not

robust enough for clinical use at this time. The PCA

and SIMCA model was developed from Vis-NIR
(continued on page 13}
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Fig. 3. PCA of Vis-NIR spectra of serum samples for CFS diagnosis

{A-B) Vis-NIR spectra of serum samples from healthy donors {Blue) and CFS patients (Red) were subjected to
PCA and the results plotted as PC1 versus PC2 to establish a PCA model (A). Loadings show the importance of
each wavelength for the PCs indicated by peaks (B). {C) Masked samples, which were not used for
development of the model, were subjected to PCA and the results plotted as PC1 versus PC2.

Modified from Fig. 1 in Sakudo et al. [86] with permission from Elsevier.

spectra of 148 individuals including 77 CFS patients and
71 healthy donors, not a sufficient number for practical
use in the clinic. The influences of sex and race, etc. on
the results of this diagnostic method remain unclear. To
obtain more Vis-NIR spectra, samples for the calibration
set should be obtained in a similar way to those that will
be analyzed for diagnosis. Furthermore, uniformity of the
solvent among samples is very important. For example,
in blood samples, identical methods of preparation of
serum are necessary.

Stable humidity and temperature should be maintained
during the scanning event, because humidity and
temperature may affect water absorption in the NIR
region. In this study, we used serum samples for Vis-NiR
spectroscopy. Therefore, the method is invasive but non-
destructive. Vis-NIR speciroscopy can also be applied to
non-invasive analyse and we are now approaching the

non- invasive diagnosis of CFS (Fig. 5}.Hopefully, after
these issues are addressed, this diagnostic method
might be adopted in the clinic (Fig 6).

The next step in terms of research into the disease, as
opposed to diagnosis, is to use this approach together
with other evidence to try and identify specific
biochemical markers common to CFS. This is the best
way to understand the cause of CFS. Our experimental
system coupling Vis-NIR spectroscopy with
chemometrics may also contribute to this issue.

Finally, we would ke to emphasize that international
collaboration is important in the development of this
method, because CFS is heterogeneous and diagnostic
criteria differ slightly among countries. Differences ond
similarities between CFS and CFS-like diseases such as
ME, PVFS, CFIDS, and 'Yuppie flu' would also be made
clear by this method.

(continued on page 14)
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Fig. 4. SIMCA analysis of Vis-NIR spectra of serum sampiles for CES diagnosis

(A-B) Vis-NIR spectra of serum samples from healthy donors (Blue} and CFS patients (Red} were subjected to
SIMCA. Coomans plots show distances to model of healthy donors versus CFS patients to establish a SIMCA model
(A). Discriminating power shows the importance of each wavelength for distinguishing healthy donors from CFS
patients (B). (C) Masked samples, which were not used for development of the model, were subjected to SIMCA.
Coomans plots show distances to modet of healthy donors versus CFS patients. Modified from Fig. 2 in Sakudo et al.

[86] with permission from Elsevier.
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Fig. 6. Comparison of current CFS diagnosis and future Vis-NIR CFS diagnosis

Currently, CFS can only be diagnosed by skilled doctors. The diagnosis requires experience and sophisticated
techniques. Furthermore, even with a skilled doctor, it takes long time to reach a final clinical diagnosis. Vis-NIR
spectroscopy would enable an objective and rapid diagnosis. Moreover, it would not require experience and
skill. Modified from Fig. 2 in Sakudo et al. [103] with permission from Nippon Rinsho Co.
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Abstract: Prion diseases are zoonotic infectious diseases commonly transmissible among animals via prion
infections with an accompanying deficiency of cellular prion protein (PrP°) and accumulation of an
abnormal isoform of prion protein (PrP%), which are observed in neurons in the event of injury and dis-
ease. To understand the role of PrP° in the neuron in health and diseases, we have established an immor-
talized neuronal cell line HpL3-4 from primary hippocampal cells of prion protein (PrP) gene-deficient
mice by using a retroviral vector encoding Simian Virus 40 Large T antigen (§V40 LTag). The HpL3-4
cells exhibit cell-type-specific proteins for the neuronal precursor lineage. Recently, this group and other
groups have established PrP-deficient cell lines from many kinds of cell types including glia, fibroblasts and
neuronal cells, which will have a broad range of applications in prion biology. In this review, we focus on
recently obtained information about PrP functions and possible studies on prion infections using the PrP-

deficient cell lines.

Key words: Prion disease, Apoptosis, Oxidative stress, Prion protein, BSE, Cell line

Introduction

Transmissible spongiform encephalopathy (TSE) is
a zoonotic infectious disease which can be spread by
intracerebral, intraperitoneal, and oral infections (40).
Forms of TSE include scrapie, transmissible mink
encephalopathy (TME), chronic wasting disease
(CWD), feline spongiform encephalopathy (FSE), exot-
ic ruminants encephalopathy and bovine spongiform
encephalopathy (BSE) (5, 45). Humans are also sus-
ceptible to several types of TSE: Creutzfeldt-Jakob dis-
ease (CJD), Gerstmann-Striussler-Scheinker Syndrome
(GSS), fatal familial insomnia (FFI), and Kuru (45).
Prusiner et al. proposed the prion hypothesis that the
agent causing TSE consists exclusively of a protein,
termed prion (proteineous infectious particles) (Fig. 1)

*Address correspondence to Dr. Akikazu Sakudo, Department
of Virology, Research Institute for Microbial Diseases, Osaka
University, 3~1 Yamadaoka, Suita, Osaka 565-0871, Japan.
Fax: +81-6-6879-8310. E-mail: sakudo@biken.osaka-u.ac.jp

(44). The hypothesis states that interaction between an
exogenously introduced abnormal isoform of prion pro-
tein (PrP*) and the endogenous cellular isoform of
prion protein (PrP), which is further converted into
PrP*, is essential (45). With the conversion, an accu-
mulation of PrP* and deficiency of PrP° occurs, i.e. a

Abbreviations: BSE, bovine spongiform encephalopathy;
CID, Creutzfeldt Jakob disease; CNS, central nervous system;
CWD, chronic wasting disease; DAPI, 4',6'-diamino-2-phenynl-
indole dihydrochloride; Dpl, Doppel; ELISA, enzyme-linked
immunosorbent assay; ERK, extracellular signal-regulated
kinase; ES, embryonic stem; FFI, fatal familial insomnia; FSE,
feline spongiform encephalopathy; GSS, Gerstmann-Straussler-
Scheinker Syndrome; HR, hydrophobic region; LDH, lactate
dehydrogenase; MAPK, mitogen-activated protein kinases; OR,
octapeptide repeat region; PI, phosphatidylinositol; PKA, pro-
tein kinase A; Prnp, prion protein gene; PrP, prion protein; PrP°,
cellular isoform of prion protein; PrP¥, abnormal isoform of
prion protein; SIN-1, 3-morpholinosydnonimine; SOD, super-
oxide dismutase; STAT, signal transducer and activator of tran-
scription; STI1, stress-inducible protein 1; SV40 LTag, Simian
Virus 40 Large T antigen; TME, transmissible mink
encephalopathy; TSE, transmissible spongiform encephalopathy.
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“gain-of-function” of PrP* and “loss-of-function” of
PrP¢, respectively, thought to be important etiological
events in prion diseases (83). Therefore, it is important
to characterize the functions of PrP® and the mecha-
nisms converting PrP° to PrP* in order to understand
the infectious etiology of this disease. In vivo studies
using prion protein (PrP)-knockout mice are usually
performed to better understand PrP functions and the
prion infection mechanism. PrP°-deficient mice with
brain homogenate from scrapie-infected mice are resis-
tant to prion diseases (7) and do not show any replica-
tion of the agent (52). In contrast, some minor pheno-
typic defects in PrP-knockout mice have been observed,
some of which may be related not to PrP function but to
destruction of the splicing acceptor of the PrP gene
(Prnp) in some Prnp™~ mouse lines (38, 58, 81). Fur-
thermore, large numbers of animals are required for in
vivo analyses of prion infection, while detailed in vitro
analyses using culture systems are suitable for the study
of PrP* functions and prion infections, thus replacing
the need for a large number of animals.

Primary cultured neurons have certain limitations,
such as small culture size, short life span during cultiva-
tion, and the potential for contamination by other cells,
whereas cell lines can be ultimately cultured providing
large and pure populations of specific cell types. There-
fore, if a detailed analysis is necessary, the use of cell

PrP¢
deficiency

lines is the most appropriate approach. PrP¢ is highly
expressed in neurons, and after a prion infection, PrP* is
accumulated in neurons, most of which can be cultured
for only several weeks. Furthermore, the effective
transfection of genes, which is required for a detailed
functional analysis, is difficult especially in primary
cultured neurons. Although PrP¢ is highly expressed in
most neurons and glia, PrP* accumulates in specific
regions of the brain depending on the strain of prion
(20). Therefore, it is clear that a detailed analysis using
many kinds of cells from many regions is needed to
fully understand prion biology.

Cultured cell lines have made a great contribution to
the recent progress involving research in basic and
applied cell biology. For instance, several cell lines
have been established for studying for prion infection
mechanisms (3, 8, 11, 29, 47, 51, 68). These include
several prion-susceptible cell lines such as neurohypo-
thalamic GT1 cells and sub-lines of neuroblastoma N2a
cells (4, 37, 63). Studies from in vivo and in vitro have
shown that PrP° is strictly required for prion infections,
indicating that it would be a great advance if we could
develop PrP-deficient cell lines for use in wider investi-
gations in the field of prion biology. PrP-deficient cell
lines have been established from PrP-deficient mice by
several independent groups (58). Although these cell
lines have been used mainly for studies on PrP func-

PrpS .
accumulation -

Fig. 1. Prion hypothesis. Interaction between an exogenously introduced abnormal isoform of prion protein (PrP*) and
the endogenous cellular isoform of prion protein (PrP), which is further converted into PrP%, is essential for the prion
hypothesis. With the conversion, PrP* accumulation and PrP© deficiency occur, i.e. a “gain-of-function” of PrP* and
“loss-of-function” of PrP<, respectively, thought to be important etiological events in prion diseases.
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tions so far, it should be noted that they also have sever-
al advantages over preexisting cell lines when it comes
to studying prion infections.

In this review, we shall focus on recent findings
about prion biology made possible by the availability
of Prmp-deficient cell lines, which have improved our
understanding of PrP functions, and also introduce
potential contributions to the study of prion infection
mechanisms.

Prnp-Deficient Cell Line for Studying the Functions
of PrP°¢

In recent years, efforts have been made to understand
the functions of PrP¢. PrP-deficient cell lines have been
used in some of these analyses. .PrP-deficient cell lines
include neuronal precursor cells, neuronal cells, skin
fibroblasts and glial cells, whose characterization has
been determined by the expression of marker proteins
specific for cell types (58). Methods used for the pro-
duction of cell lines have varied and include retrovirus-
mediated method, lipofection of oncogenes, and fusion
of primary cultured cells with carcinoma cells (58).
These cell lines have been instrumental in elucidating
several of the signal transduction pathways leading to
anti-apoptotic and anti-oxidative functions (58). Espe-
cially, the neuroprotective function of PrP was strongly
suggested by the PrP-deficient cell lines or other cell
lines. For example, we have reported that PrP¢ pre-
vents cell death in Prnp™ neuronal cell line Hpl.3-4
(28) (Fig. 2) and further found decreased expression of
the anti-apoptotic proteins Bcl-2 and Bel-xL in HpL.3-4
cells during apoptosis induced by serum deprivation
and suppression of the apoptosis on overexpression of
Bcl-2 and Bcel-xL (55). Moreover, a greater increase in
caspase-3/9 activation after serum deprivation was
observed in HpL3-4 cells compared to HpL3-4 cells
transfected with Prnp (56). These results suggest that
the cell death in this model system is apoptotic, and the
mitochondrial pathway plays an important role in the
apoptosis of HpL.3-4 cells (55, 56).

The general observation that an increase in reactive
oxygen species induced by serum deprivation was
observed before the onset of apoptosis (62) prompted
our investigation into the importance of oxidative stress
for PrP functions. From experiments using flow cytom-
etry with a fluorescent dye reacting with superoxide
anion and hydrogen peroxide, it was concluded that PrP
activates cellular superoxide dismutase (SOD) activity
and decreases superoxide anion and simultaneously
shows transient increases of hydrogen peroxide (56).
Therefore, the SOD activation suggests a contribution
by PrP-expressing cells to resistance to serum depriva-

tion.

Cellular prion protein PrP* contains two evolutionari-
ly conserved domains among mammals: namely, the
octapeptide repeat region (OR; amino acid residue
51-90 in mouse PrP) and the hydrophobic region (HR;
amino acid residue 112-145 in mouse PrP), while Dop-
pel (Dpl) structurally resembles an N-terminally trun-
cated PrP. Therefore, to further investigate the mecha-
nisms by which PrP¢ prevents apoptosis, the apoptosis
of Prnp™™ cells and Prnp™~ cells expressing the wild-
type PrP¢, PrP¢ lacking OR and HR, or Dpl fused with
OR and/or HR under serum-free conditions was exam-
ined (32, 54). The anti-apoptotic function of PrP dele-
tion constructs, PrP-Dpl fusion constructs, and the con-
trol constructs were tested following stable transfection
into Prnp-deficient neuronal HpL3-4 cells {HpL3-4
cells expressing wild-type PrP  (HpL3-4-PrP),
PrP(A53-94, Q52H) (HpL3-4-A#1), PrP(A95-132)
(HpL3-4-A#2), PrP(A124-146) (HpL3-4-A#3), Dpl
(HpL3-4-Dpl), Dpl fused with PrP(1-95) [HpL3-4-
PrP(1-95)/Dpl]l, and Dpl fused with PrP(1-124)
[HpL3-4-PrP(1-124)/Dpl]} or the empty vector per se
(HpL3-4-EM)}. In the absence of serum, HpL.3-4,
HpL3-4-EM, HpL3-4-A#1, HpL3-4-A#2, HpL.3-4-Dpl,
and HpL3-4-PrP(1-95)/Dpl cells undergo cell death
with features of apoptosis, whereas Hpl.3-4-PrP, HpL.3-

 4-A#3 and HpL3-4-PrP(1-124)/Dpl cells are resistant

to serum deprivation (32, 54, 56). This tendency was
revealed by a lactate dehydrogenase (LDH) assay, 4',6-
diamido-2-phenylindole hydrochloride (DAPI) staining,
measurements of DNA content with flowcytometry,
measurements of histone-associated DNA fragments
(mono- and oligonucleosomes) in cytosolic fractions of
the cells with an enzyme-linked immunosorbent assay
(ELISA), and a DNA ladder assay. To further examine
whether the susceptibility of each deletion mutant to
serum deprivation was correlated with the activity of
SOD, SOD activity in the presence and absence of
serum was analyzed in each deletion mutant. The
results supported our hypothesis that susceptibility to
serum deprivation is correlated with SOD activity (Fig.
3). In fact, HpL3-4-A#1 cells demonstrated significant-

‘ly lower levels of SOD activity than HpL.3-4-EM cells,

whereas HpL.3-4-PrP and HpL3-4-A#3 cells showed
significantly higher levels than HpL3-4-EM cells under
serum deprivation for 6 hr. In contrast, HpL.3-4-A#2
cells showed a level of SOD activity comparable with
that of Hpl.3-4-EM cells. Taken together, the data pre-
sented here suggest that the anti-apoptotic function of
PrP¢ can be regulated by not only the OR but also the
N-terminal half of HR, and this quantitative difference
in the anti-apoptotic function of PrP deletion mutants
correlates with the level of SOD activity in transfectants
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HWS HpL3-4

HWS8  HpL3-4 HpL3-4TR

D

Prap-deficient cell

HpL3-4

Prnp
Prnp-deficient cell PrPC-e‘( pressmg cell

Fig. 2. Prion protein (PrP) prevents cell death in PrP gene (Prnp)-deficient neuronal cell lines. (A-B) The morphology of
HWS (Prnp*"*) (A) and HpL3-4 (Prnp™") (B) cells under serum deprivation was observed by phase-contrast microscopy. (C)
HW8, HpL3-4, and HpL3-4TR (Prnp™" cells transfected with the PrP-expression vector) cells serum-deprived for the indi-
cated hours were analyzed by DNA ladder assay. HpL.3-4 cells exhibited a longer DNA ladder than HpL3-4TR cells, sug-
gesting that PrP expression prevents the induction of apoptosis of Prnp™ cells. (D) Schematic presentation of the above
results. After serum deprivation, HpL3-4 cells show apoptosis, whereas HpL3-4-TR cells are resistant to serum deprivation.
These results suggest that PrP plays important roles in cell survival. Modified from Fig. 1 in Kuwahara et al. (28) and Fig. 3 in
Onodera et al. (38) with permission from Nature Publishing Group and Center for Academic Publications Japan, respectively.
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expressing the mutants (Fig. 3). The data are consistent
with the notion that both the OR and N-terminal half of
HR are necessary for activation of cellular SOD.

Next, we performed an investigation of whether
stress-inducible proteinl (STI1) and copper are impor-
tant for the biological activities displayed by PrP°. The
effect of the inhibitory peptides against PrP°-STI1 bind-
ing and cellular copper concentrations in Pranp™ cells
was compared to that in PrP-expressing Prnp™~ cells
under serum-free conditions (53, 57). STI1 and copper
are reported to bind HR and OR (6, 33, 84), respective-
ly, which are required for the anti-apoptotic and anti-
oxidative functions of PrP in our experimental systems.
The inhibitory peptides have a toxic effect on PrP-
expressing cells by inhibiting the SOD activity,
although this is not the case for Pranp™" cells (53). Fur-
thermore, immunoprecipitation indicated that STI1

interacted with the PrP° in PrP°-expressing cells (53).
Moreover, the cellular copper concentration was
decreased in Prnp™ cells but not in PrP-expressing
cells under oxidative conditions (57). Therefore, we
concluded that PrP© cooperates with STI1 and copper to
activate SOD via OR and HR (Fig. 4). We also have
reported that increased production of viruses such as
coxsackievirus B3 and poliovirus in HpL3-4 cells sug-
gests that PrP may be involved in the inhibition of viral
replication as well as functions against virus-induced
apoptosis (1, 36). In addition, we have recently estab-
lished an NpL1 and NpL2 PrP-deficient cell line
derived from Zrchl PrP-deficient mice (T. Nishimura, A
Sakudo and T. Onodera, unpublished results). The
truncated PrP (23-230 PrP) accumulated in the nucleus
via interaction with chromatin and was not toxic to
NpL1 cells (12). The truncated form of PrP corre-

EM

—————

PrP

A#1

A#2

A#3

124 146

SOD Cell
activity | death
1
| ++ ++
+++ +
+ +++
++ ++
+++ +

Fig. 3. Octapeptide region (OR) and N-terminal half of hydrophobic region (HR) are required for prion protein
(PrP)-dependent superoxide dismutase (SOD) activation and anti-apoptotic function of PrP. Schematic representations
of deletion mutants of mouse PrP are shown on the left. Locations of the deletions of mutants of mouse PrP [PrP:
wild-type PrP; A#1: PrP(A53-94, Q52H); A#2: PrP(A95-132); A#3: PrP(A124-146)] as compared with the wild-type
protein are shown by a space within the bar next to the indicated protein. Numbers refer to the amino acid residues in
the mouse PrP sequence. The OR, HR, signal peptide sequence (SP) and o-helix 1-3 (H1-H3) are shown. PrP has a
glycosylphosphatidylinositol (GPI) anchor attached to its C terminus. HpL3-4 cells expressing PrP, A#1, A#2 and A#3
or the empty vector per se (EM) were serum deprived for 24 hr, when maximum apoptosis occurs, and the SOD activ-
ity of the cells after serum deprivation for 6 hr, when reactive oxygen species start to be generated, is shown on the
right. The number of pluses (+) indicates the degree of apoptosis or SOD activity. Modified from Fig. 4 in Sakudo et
al. (58) and Fig. 1 in Sakudo et al. (54) with permission from Bentham Science Publishers, Ltd. and Elsevier, Lid.,

respectively.
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sponding to amino acid residues 23-230 had anti-
oxidative-activity similar to wild-type PrP and showed
nuclear localization in N2a and NpL1 cells.

Other groups have also studied PrP functions using
HplL.3-4 cells and other cells. A Korean group con-
firmed our results and further found greater alteration
of calcium ion, transmembrane potential and
cytochrome c levels in mitochondria of HpL3-4 cells
than those of HWS cells after serum deprivation (25).
They also recently independently established neuronal
cell lines from hippocampal neurons of Zrchl PrP-defi-
cient mice by lipofection of Simian Virus 40 Large T
antigen (SV40 LTag)-expressing vector and found
greater proliferation in neuronal cell lines from PrP-
deficient mice (Zpl) than those of wild-type mice (ZW)
(24). A French group also confirmed an increase in cell
viability on the reintroduction of Prnp in HpL3-4 cells
under serum deprivation (34). An Italian group investi-
gated the signal cascade of apoptosis induced by serum

SP OR

deprivation and 3-morpholinosydnonimine (SIN-1), and
showed that recruitment of phosphatidylinositol (PT) 3-
kinase by PrP® contributes to cellular survival toward
oxidative stress by SIN-1 and serum deprivation in
HpL3-4 cells (74). A Japanese group established SFK-
B and SFK-C skin fibroblast cell lines derived from
continuous cultures of abdominal skin explants of Ngsk
PrP-deficient mice. The SFK-B and SFK-C cells
demonstrated decreased expression of Ras- and Rac-
related proteins compared to wild-type skin fibroblast
cell lines (60, 61). A British group established the neu-
ronal cell line F14 by the fusion of PrP-knockout cere-
bellar cells and mouse neuroblastoma cells. The effect
of PrP mutations on PrP membrane orientation was
investigated using the F14 cells (21). They further have.
reported that the OR of PrP decreases copper toxicity
independent of oxidative stress (18).

In summary, the STI1 and copper signaling pathways
to SOD activation involved in the anti-apoptotic and

0,-"
elimination
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Fig. 4. Model of prion protein (PrP)-dependent superoxide dismutase (SOD) activation. After stress-inducible protein
1 (STI1) binds to the hydrophobic region (HR) in the cellular isoform of prion protein (PrP®), STI1 may be activated
by the octapeptide repeat region (OR), because both the OR and HR are indispensable for maximal-activation of cel-
lular SOD. PrP€ is localized to the membrane, and STI1, to the membrane and cytosol (53, 84). Therefore, STI1 may
be activated by PrP° in the membrane. The activated STI1 may shift to the cytosol and activate Cu/Zn SOD. The
hypothesis is consistent with the report that inhibition of binding between PrP¢ and STII by inhibitory peptides
decreases cellular SOD activity (53). The mechanisms of activation of STI1 by PrP¢ or those of Cu/Zn SOD by STII
remain unknown. Copper might play an important role in thé mechanisms of PrP°-dependent activation of Cu/Zn SOD
because: (i) Deletion of OR decreases PrP -dependent activation of SOD, (ii) Activity of Cw/Zn SOD is regulated by
copper incorporation (82), and (iii) Copper enhances endocytosis of PrP® (41). The OR, HR, disulfides (S-S), two Asn-
linked glycosylation sites (CHO), signal peptide sequence (SP) and o-helix 1-3 (H1-H3) are shown. PrP has a gly-
cosylphosphatidylinositol (GPI) anchor attached to its C terminus.
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anti-oxidative functions of PrP via OR and HR have
been uncovered using PrP-deficient cells. These cells
also provide information on the signaling cascade for
the PrP-dependent pathway and important regions for
the cellular distribution of PrP. Many questions, how-
ever, remain. To what extent the concentration of cop-
per is involved in STI1-PrP¢ or PrP¢ signaling and what
the other cellular effectors are still need to be elucidated.
STI1 has to be present in both the cell membrane and

cytosol, because PrP¢ is localized mainly to the cell -

membrane, and Cu/Zn SOD to the cytosol. However,
taking into consideration our results, potential coopera-
tion between PrP, STI1, copper and Cu/Zn SOD is con-
ceivable. Therefore, the role of the OR and N-terminal
half of HR in the cooperation needs further study.
Also, the contribution of other pathways such as
cAMP/protein kinase A (PKA) (10, 33) and mitogen-
activated protein kinases (MAPK) (33), the Fyn Src
family of tyrosine kinases (35, 59), the extracellular sig-
nal-regulated kinase (ERK) pathway (10, 27, 39, 64),
the anti-apoptotic phosphatidylinositol 3-kinase/Akt
pathway (29, 69, 80), and signal transducer and activa-
tor of transcription (STAT)-1 (69) discovered using
other experimental systems should be reconfirmed with
experiments using PrP-deficient cell lines. In this
regard, PrP-deficient cells can play a useful role. Ulti-
mately though, it has to be confirmed which of these
pathways regulates PrP-dependent anti-apoptotic and
anti-oxidative functions. Finally, findings on the neuro-
protective functions of PrP revealed using HpL3-4
cells, which are immortalized by SV40 LTag (28), will
also stimulate interest to determine whether intercrosses
of the “SV40 LTag transgenic mouse” (17) and Prnp ™~
mouse result in modulated oncogenesis.

Potential of Prup-Deficient Cells for Studying Prion
Infections

A PrP-deficient cell line is useful not only for study-
ing PrP functions but also for the analysis of prion
infection.

Transgenic technology in mice is usually used to
analyze specific amino acid residues and domains of
PrP¢ for prion infections and PrP* accumulation (2, 9,
14, 15, 42, 66, 67, 73). From these studies, the inci-
dence of natural sheep scrapie is associated with poly-
morphisms of the PrP gene, at codons 136, 154, and
171 (13). Furthermore, PrP-knockout mice overex-
pressing mouse PrP with a deletion or modification of
OR show a decrease of prion infectivity (15, 67, 70,
71).

Although the results obtained from these experi-
ments provide important information on prion biology,

the production of transgenic mice is time-consuming
and expensive, and thus not suited to a detailed analysis
of PrP domains and amino acid residues using many
kinds of PrP mutants. Additionally, the etiology
induced by prion infections in vivo remains unclear: a
cell-autonomous event in an independent cell or, rather,
a systemic process involving a heterogeneous cell popu-
lation in the brain. Cell culture models for prion infec-
tion will greatly help us to understand the molecular
mechanisms of PrP* formation and the role of the
amino acid sequence and the structural domains of PrP
in the conversion of PrP® to PrP* (22, 23, 76). So far,
such experiments have employed persistently infected
cell cultures such as ScN2a, ScHB and SMB (43, 50,
T7). De novo infections of cell cultures with prions are
restricted by relatively low infection efficiencies (46).
Cell lines sometimes become susceptible to prions
when co-expressed with endogenous PrP during infec-
tion experiments (46, 69, 75, 79). However, interfer-
ence of endogenous PrP with the pathogenicity of TSE
agents from other species has been reported (48, 49, 65,
72). Moreover, concomitant expression of heteroge-
nous species of PrP seems to inhibit prion infections
(Fig. 5), even if cell lines expressing undetectable levels
such as rabbit kidney epithelial RK13 cells are used
(75). Hence, the transfection of various deletion
mutants into Prap™" cell lines lacking endogenous PrP
will help us to analyze the real domain of PrP¢required
for prion pathogenicity without interference with the
endogenous PrP if followed with prion infection (Fig.
5). Therefore, we recently have focused on prion infec-
tion experiments using HpL.3-4 cells expressing mouse
PrP or hamster PrP (Sakudo, Wu, Onodera, Ikuta,
unpublished results). After incubation with brain
homogenates of chandler prion-infected mice or cell
lysate of chandler prion-persistently infected ScN2a
cells for 1 or 2 days, the cell cultures were passaged for
2 weeks, then PrP* detection was performed by Western
blotting with anti-PrP antibody SAF83. After chandler
prion infection, the amount of PrP* transiently
increased in HpL3-4 cells expressing mouse PrP.or
hamster PrP for the first several passages then gradually
decreased. PrP* finally was undetectable by 2 weeks
later. Further, our preliminary observations have found
that HpL.3-4-PrP and HpL3-4-A#2 showed a transient
increase in the amount of PrP* after infection of chan-
dler prion from brain homogenates of infected mice or
cell lysate of ScN2a, whereas HpL3-4-A#1 did not.
These results are consistent with in vivo results using
transgenic mice expressing mouse PrP with a deletion of
OR (67) or hamster PrP chimera in OR (70, 71), and de
novo generation of protease-resistant PrP from OR-defi-
cient PrP in cell-free experiments (30, 31) showing



