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ABSTRACT. The erythrocyte-exchanged chimera mouse model has become to be a significant tool for studying animal and human (hu) pro-
tozoan haemoparasites, though the usefulness of this model varies depending primarily on the acceptability of xenogeneic red blood cells
(RBC). To find a superior recipient in comparison with C.B-17/Jcl mouse with severe combined immuno-deficiency (scid) mutation,
we examined in this report the non-obese diabetes (NOD)/shi-scid mouse, a recently available strain of SCID. When 2.5 x 10% of flu-
orescent dye-labeled hu-RBCs were transfused, C.B-17scid mouse eliminated them logarithmically by a simple linear regression, while
NOD-scid mouse eradicated hu-RBCs by a unique two-step fashion, i.e., a potent but only briefly functioning RBC eradication followed
by a weak steadily functioning step. The means of regression line constance + their standard deviations (SD) of 205 C.B-17scid and of
213 NOD-scid mice for their short- and long-lasting steps were —0.73 £ 0.63, —0.53 £ 0.25 and —0.16 £ 0.10, respectively. Hu-RBC
half-lives determined from these means of C.B-17scid mice and of NOD-scid mice for the short- and long-living steps were 3.6, 4.9 and
16.3 hr, respectively. Higher hu-RBC acceptability of NOD-scid mouse, especially at their long-lasting step, was also demonstrated
under at an activated state of mouse innate immunity. Treatment with 1.0 mg heat-killed Candida cells caused an acceleration of hu-
RBC elimination in both mouse strains but the magnitudes for the short- and long-living steps of NOD-scid mice evaluated by “stimu-

lation index” were only 1/2.6 and 1/7.6 of C.B-17scid mice, respectively.
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Most of protozoan erythro-parasites of man and domestic
animals are known to rarely be cultivable in vitro, and not
infect into any small laboratory animals because of their
strict host specificity. Using the severe combined immuno-
deficiency mice with T and B lymphocyte-deficiency muta-
tion (Prkdc*“ [4] hereafter called scid), a unique animal
model of which circulating red blood cells (RBC) were
replaced almost completely with mature xenogeneic RBCs
has been developed recently [2, 5, 27, 28, 40-43]. Many of
the parasites in bovine Babesia, bovine Theileria and canine
Babesia groups have been shown to proliferate successfully
in the mouse model, however, some, such as human malaria
parasites, show poor growth probably because of rapid erad-
ication of hu-RBCs from their blood circulation [2, 5, 27,
28, 40-43]. Indeed, the period maintained in circulation of
hu-RBC has been described as only about 1/25-fold to the
bovine’s [19].

Ways to extend hu-RBC life time in SCID mouse’s blood
circulation have been investigated, including a priming
method by which hu-RBCs are transfused frequently at
beginning of the replacement to saturate the reticulo-endot-
herial system [5], a method to eliminate mouse RBCs selec-
tively by introducing intravenously with an anti-mouse
RBC rat monoclonal antibody 2E-11 [28], or to inhibit hu-
RBC eradication system competitively by treating mice
with possible sugar ligands, such as mannose [21] or sul-
fated carboxymethyl chitin [20]. A few previous report has
also implicated the influences of genetic background of
SCID mouse, as likely it has extremely been demonstrated
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in many reports for human hematopoietic cell and tumor cell
engraftments [14, 16, 18, 24, 39], and NOD-scid mouse is
suggested to be a better host for hu-RBC replacement [27,
30]. These hu-RBC transfusion studies, however, describe
the results using only a limited number of SCID mouse and
no direct comparison has there been performed between
NOD-scid mouse and C.B-17scid or NIH-bg nu Xid mouse
[5, 43]. Moreover, the extent of RBC maintenance which
has not been estimated particularly is very variable presum-
ably because of the difference in the recipient mice such as
the leaky phenotype and as well as the difference in the lev-
els of their innate immunity [19, 22].

To reduce the risk of failure in the RBC replacements we
assayed SCID mice in advance for about two years by a sim-
ple hu-RBC clearance tests. The results indicate clearly the
excellence in the extent of hu-RBC maintenance in NOD/
shi-scid mice than in C.B-17/Jcl-scid mice not only at a nor-
mal but also at an accelerated level of mouse innate immu-
nity. NOD/shi-scid mice are also characterized by their
smaller individual difference in the extent of hu-RBC main-
tenance and as well as by a unique two-step hu-RBC eradi-
cation fashion.

MATERIALS AND METHODS

Mice: NOD/shi-scid mice which were developed in Cen-
tral Institute of Experimental Animals, Kawasaki, were
maintained in the laboratory animal facility in Rakuno
gakuen University. Fox CHASE C.B-17/Jcl-scid/Jcl mice,
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5 to 8 weeks of age, less than 10 ug per m/ of serum Ig, and
free from infections with Pseudomonas aeruginosa, Escher-
ichia coli O115, Salmonella, Pasteurella, Bordetella bron-
chiseptica, Corynebacterium kutscheri, Clostridium
piliforme, Mycoplasma pulmonis, mouse hepatitis virus and
Sendai virus were purchased from CLEA (Tokyo). They
were housed in a vinyl film isolator at around 23°C, and
were provided autoclaved tapped water and y-ray-irradiated
pelleted diet (Funabashi Co., Funabashi) ad libitum. All
animals were treated according to Laboratory Animal Con-
trol Guideline in Rakuno gakuen University which is basi-
cally in conformity with the American Association of
Laboratory Animal Control Guidelines from the National
Institute of Health, U.S.A.

Activation of mouse innate immunity: Candida guillier-
mondii strain SWS5 used in this experiment has been
described as an agent that cause a significant acceleration of
transfused hu-RBC eradication from blood circulation in
asymptomatic C.B-17scid mice [22]. Heat-killed Propioni-
bacterium acnes C7 cells are described elsewhere as a
potent non-specific stimulant to tumorcidal and bactericidal
activities of mice and guinea pigs [3]. C. guilliermondii
SWS5 and P. acnes C7 were grown in tryptose phosphate
broth (Difco, Detroit, Mich. U.S.A.), killed at 121°C for 20
min, washed 3 times with phosphate buffered saline (PBS)
and stored at —20°C before use. They were thawed and sus-
pended in PBS at 15 mg/m/, and sonicated at 20 kHz, 50
watts for 1 min (VP-5s sonicator, Taitec Co., Tokyo); Pro-
tein assay was according to the manufacture's instructions
with BCA reagent (Pierce, Lockford, I.L. U.S.A.). We also
used thioglycolate medium (Brewer TGC; Difco, Detroit,
Mich. U.S.A.), which can activate non-specific host resis-
tance by accelerating mainly phagocytosis but not Salmo-
nella-cidal [7], Listeria-cidal [15] nor tumorcidal activities
[8]. Responsiveness of SCID mouse to these reagents was
evaluated by a single or a paired hu-RBC tracking tests as
mentioned below. Splenomegaly was measured and the
spleen index was calculated as “spleen index”={spleen
weight/body weight} x 100.

Red blood cells and their tracking in the blood circula-
tion of mice: Human (hu) O type red blood cells (RBC)
taken from normal adult volunteers were washed 3 times
with anti-coagulant acid citrate dextrose (ACD) and labelled
by the method described previously with PKH-26-GL cell
linker dye at an optimal concentration of 1 X 10® M (Sigma,
St. Louis, MO. U.S.A.) per 4 x 10’ RBCs [19]. To evaluate
how long SCID mouse maintain hu-RBCs in their blood cir-
culation, 2.5 x 10® PKH labelled cells in 0.1 m/ ACD were
injected intravenously, and a 10 u/ volume of blood was col-
lected periodically from 5 min to 5 hr (NOD-scid mice) or 6
hr (C.B-17scid mice). Hu-RBCs in the blood were counted
under a fluorescent microscope (BH-2, Olympus, Tokyo)
and a regression line and it's constance was determined by
the method of least squares. Acceleration of hu-RBC eradi-
cation under at an activated state of mouse innate immunity
was evaluated by an “stimulation index”, which was calcu-
lated individually using formula “stimulation index”=a - a',
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Fig. 1. Determination of stimulation index. For each SCID
mouse, a paired hu-RBC tracking test was performed 5 hr
before and 11 days after the treatment with heat-killed Candida
cells, heat-killed Propionibacterium cells or TGC. The regres-
sion line was determined for each test and the stimulation index
was calculated using formula “stimulation index” = a-a', where
“a” and “a” were the constances of corresponding regression
llnes. In case of this figure; stimulation index = (-0.45) — (—
2.72)=2.217.

where “a” and “a” were the constances of the regression
lines determmed from the tests before and after the treat-
ment with heat-killed C. guilliermondii cells, with P. acnes
cells or with TGC (Fig. 1).

Statistics: Comparison was done between the two means
of the clearance or stimulation indexes and statistical signif-
icance was calculated by one-tailed Student’s ¢ test. Good-
ness of fit testing of normality in the population
distributions was done by chi-square method.

RESULTS

Acceptability of human erythrocytes into NOD/shi-scid
and C.B-17/Jcl scid mouse: RBC tracking test was per-
formed to determine how NOD-scid and C.B-17scid mice
maintained hu-RBCs in their blood circulation. Figure 2
depicts typical results suggesting a simple linear regression
for the hu-RBC eradication in C.B-17scid mice but in NOD-
scid mice it seems to be composed at least of two elements,
a potent short-living hu-RBC eradication followed by a
weak long-lasting hu-RBC eradication step. This was
assured by assessing 79 C.B-17scid and 213 NOD-scid mice
as if their frequency distributions of “constance-difference”,
each of which was calculated individually as a difference
between the two regression line constances either for the
data given within 1 hr or after the RBC transfusion, was
approximated to normal with mean “zero”. Only the mean
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Currency of transfused hu-RBCs in the blood circulation of NOD/shi-scid and

C.B-17/Jcl scid mice. Number of hu-RBCs remained in circulation were counted
under a microscope by the indicated time intervals after intravenous injection with 2.5
x 108 PKH-26 dye-labelled hu-RBCs. Each line represents the results of each mouse.

Table 1.

Effect of timing of the treatment of heat-killed Candida cells on the

elimination of transfused hu-RBC in C.B-17scid mice®

Days after Stimulation index Comparison of
treatment Candida-treated PBS control the two groups
5 3.55+3.36 -0.05+0.24 P<0.05”
11 2.76 £ 1.62 -0.01 £0.17 P<0.001
15 1.25+0.63 -0.03£0.16 P<0.001

a) Mean of “stimulation index” and its standard deviation (SD) was determined
after testing 8 mice in each experimental group.

b) Comparison was made between the two means of “stimulation index”. P
values were calculated by Student’s ¢ test.

of C.B-17scid mice (0.07 £ 0.19) but not of NOD-scid mice
(0.37 £ 0.21) was approximated to “zero” yet their distribu-
tions were both determined as normal at levels of p<0.05
(C.B-17scid mice) and p<0.01 (NOD-scid mice). The mean
regression constance and it’s SD for 205 C.B-17scid mice
was —0.73 + 0.63 and the hu-RBC half life calculated by
using this mean was 3.6 hr. While the means and their SDs
for the short-living and the long-lasting hu-RBC elimination
steps of 213 NOD-scid mice were —0.53 £ 0.25 and —0.16 £
0.10 respectively, and the hu-RBC half-lives calculated by
these means were 4.9 and 16.3 hr, respectively.
Acceptability of human erythrocytes to NOD-scid and
C.B-17 scid mice under at an activated state of mouse innate
immunity: Attempts to replace RBCs and to infect subse-
quently with haemoparasites have there been achieved at
various levels of mouse innate immunity, from negligible to
extremely enhanced. We, therefore, examined next the
extent of hu-RBC maintenance in NOD-scid mouse at an
elevated level of mouse innate immunity. Treatment of
C.B-17scid mice with heat-killed Candida cells at either
timing caused a significant shortening of hu-RBC life as
judged by “stimulation index” (Table 1). Thus, we next
compared the two SCID strains by this index at 11 days post

the treatment. The levels of hu-RBC eradication accelera-
tion in NOD-scid mice in response to 1 mg Candida cells
were as low as only 1/2.6 and 1/7.6 by their short-living and
long-lasting steps respectively as that determined in C.B-
17scid mice (Fig. 3, Table 2). Heat-killed Propionibacte-
rium cells and TGC, however, did not induced significant
effect in any group of mice except for the long lasting hu-
RBC elimination step of the NOD-scid mice, which had
been treated with 1.0 mg of heat killed Propionibacterium
cells (Fig. 3, Table 2). This inferior responsiveness of
NOD-scid mice was also demonstrated by splenomegaly
measurement in the groups given with 1.0 mg Candida
cells. Propionibacterium cells, which induced only a
weaker splenomegaly even in C.B-17scid mice and as well
as in NOD-scid mice, did not provoked a significant differ-
ence between the two strains of SCID mice (Table 3).

DISCUSSION

In the present study we performed a simple RBC tracking
test and characterized NOD/shi-scid mice by a unique two-
step hu-RBC eradication fashion. They cleared transfused
hu-RBCs by two steps, a potent short-functioning step fol-
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Fig. 3. Acceleration of hu-RBC clearance at an elevated level of mouse innate

immunity. Currency of transfused hu-RBCs in circulation was examined twice in
each mouse 5 hr before (open circle) and 11 days after (closed circle) the treatment
with 1.0 mg of heat-killed Candida cells.

Table 2.

in comparison with that of C.B-17scid mice by “stimulation index

)

Reduced acceleration of hu-RBC eradication of NOD-scid mice at an elevated level of mouse innate immunity

C.B-17scid mice

NOD-scid mice Comparison of the

two strains of mice®

Treatments
dose 0-5 hr n® <1hr 1hr< n® <1hr 1 hr<
Candida 1.0 mg 2.12 £ 1.45%*%%d0) 16 0.83 £ 0.68%** 0.28 +0.11%** 12 P<0.001 P<0.01
0.5 mg 0.53 £ 0.26%** 12
Propionibacterium 1.0 mg ~ 0.49 £ 0.83™8 12 0.12 £0.2488 0.11 +0.14* 7 NS NS
Thioglycolate 2ml 0.32 £ 0.46N8 32 0.17 £0.16NS 0.06 +0.11N 13 NS NS
PBS 2 m/ 0.06 £ 0.30 18 0.02+0.15 0.003 £ 0.09 14

a) Hu-RBC eradication test was done twice for each mouse 5 hr before and 11 days after the treatment with heat-killed Candida
cells, Propionibacteriuum cells, TGC or PBS. A regression line for each C.B-17scid mouse and the two of each NOD-scid
mouse, one for the short functioning (<1 hr) and another for the long-lasting (1 hr <) step, were determined. The “stimulation
index” was calculated as described in the text.

b) Between the strains mice, the two “stimulation indexes” of the groups with identical treatment were compared by Student’s

t test. NS; not significant.

¢) Number of mice examined.

d) Mean = standard deviation of “stimulation index”.
¢) Within a strain of mice, comparisons were made between the two means of “stimulation index”, one for the treated and
another for the PBS control group, by F-test. ***; p<0.01, *; p<0.05.

Table 3.  Splenomegaly of NOD-scid and C.B-17scid mice¥
Spleen index® Comparison of the
Treatments dose C.B-17scid mice n® NOD-scid mice n®  two strains of mice?
Candida 1.0 mg 0.53 & 0.32%**e) 23 0.33 £0.05%** 14 P<0.05
0.5 mg 0.31 £0.10%* 6
Propionibacterium 1.0 mg 0.30 £ 0.08 ** 7 0.24 +£0.10%* 10 NS
PBS 2 m/ 0.22+0.03 18 0.19£0.03 22

a) Spleen and body weights was measured 14 days after intraperitoneal treatment with the heat-killed Candida cells,
Propionibacterium cells and PBS. Spleen index was calculated individually as described in the text.

b) Mean = standard deviation of spleen index.

¢) Number of mice examined.

d) Between the strains mice, the two the groups with identical treatment were compared by Student’s ¢ test. NS; not

significant.

e) Within a strain of mice, comparisons were made between the group with the treatment and the PBS control group,

by F-test. ***; p<0.001, **;p<0.01, *; p<0.05, NS; not significant.
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lowed by a weak steady-functioning step, while in C.B-
17scid mice hu-RBC elimination proceeded logarithmically
by a simple linear regression. The mean regression con-
stances + SDs determined for C.B-17scid mice (-0.73 £
0.63) and for the short- (—0.53 £ 0.25) and the long-living (—
0.16 + 0.10) steps of NOD-scid mice revealed that NOD-
scid mice kept hu-RBCs in circulation much longer periods
than C.B-17scid mice with smaller individual differences.
This hu-RBC acceptability of NOD-scid mice is likely to be
much significant at such a peculiar condition of RBC
replacement as to transfuse with a big amount of 2 X 10° or
more hu-RBCs, since hu-RBC eradication mechanism of
NOD-scid mouse, especially the short-living mechanism,
might be kept in saturation and in paralysis as long as the
hu-RBC level was maintained by repeated transfusions [5].
Furthermore, a superior hu-RBC acceptability of NOD-scid
strain was examined even under at an activated state of
mouse innate immunity. Surprisingly, the accelerated levels
of hu-RBC eradication in NOD-scid mice as judged by
“stimulation index” was only 1/2.6 for their short-living step
and 1/7.6 for the long-lasting step to that of C.B-17/Jclscid
mice, which were given 11 days before with heat-killed
Candida cells (Table 2).

Natural killer cells, macrophages and polymorphonuclear
cells in C.B-17scid mouse are reported to exhibit a normal
or even enhanced activity [1, 34], while NOD-scid mice
demonstrate reduced NK cell activity, have functional mac-
rophage abnormalities, and lack hemolytic complement fix-
ation capability [6, 23, 32, 33, 37]. The defects of NK cell
activity, in particular, are described in many reports to have
a major impact on graft survival for the transplantations of
human hematopoietic stem cells upon the data from targeted
depletion of NK cell activity with specific antibodies such
as anti-asialo-GM1, anti-N.K.-1.1. and TM- sl and on the
data from flow cytometric analysis [9, 10, 35, 36, 39, 40].
Elimination of xenogeneic RBCs from blood circulation,
however, is primarily described to be attributable to the
macrophage functions, particularly through their recogni-
tions by lectin like receptors [17, 19-21]. Several T cell-
independent macrophage abnormalities have been identified
in NOD mouse, including impaired bone marrow precursor
proliferation and differentiation in response to CSF-1 [33],
defect in LPS-stimulated IL-1 secretion [26, 37], aberrant
down regulation of MHC class I expression in IFN-y treated
macrophage [33], and deficiencies of FcyRI[11] and FcyRII
expression [25]. Although the detailed mechanism is not
clear at present, a part of these macrophage defects alone or
in combination with NK cell defect may contribute to the
superior hu-RBC maintenance in NOD/shi-scid mouse and
should concern to the unique two-step hu-RBC eradication
fashion in this strain of mouse. Therefore, at least the
defects of FcyRI and FcyRIIb molecules alone are unlikely
to account for the enhanced level of hu-RBC engraftment in
the NOD-scid mice.

In summary, we studied variables that assure to establish
an hu-RBC substitute mouse model and demonstrated for
the first time that NOD/shi-scid mice eradicated the trans-

fused hu-RBCs by an unique two-step fashion with the
smaller individual differences of the mean regression con-
stance. This and a finding that NOD/shi-scid mice eradi-
cated transfused hu-RBCs more slowly than C.B-17scid
mice did at an elevated and as well at a normal level of
mouse innate immunity meet requirements of an hu-RBC
substituted mouse model. Thus, the use of NOD/shi-scid
mice for hu RBC replacement may facilitate to propagate
human haemoparasites, enable to isolate and even to give a
clone of those parasites, and advance studies into the patho-
genesis of human babesiosis. Indeed, in our separate study
B. microti is successfully isolated and cloned from a human
patient who was found 1999 in Japan by using hu-RBC-sub-
stituted NOD/shi-scid mouse model [31, 44].
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