Inflammatory Biomarker, Neopterin,
Suppresses B Lymphopoiesis for Possible
Facilitation of Granulocyte Responses,
Which Is Severely Altered in Age-Related
Stromal-Cell-Impaired Mice, SCI/SAM
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Neopterin is produced by monocytes and is a useful biomarker
of inflammatory activation. We found that neopterin enhanced in
vivo and in vitro granulopoiesis triggered by the stromal-cell
production of cytokines in mice. The effects of neopterin on B
lymphopoiesis during the enhancement of granulopoiesis were
determined using the mouse model of senescent stromal-cell
impairment (SCI), a subline of senescence-accelerated mice
(SAM). In non-SCI mice (a less senescent stage of SCI mice),
treatment with neopterin decreased the number of colonies, on a
semisolid medium, of colony-forming units of pre-B-cell
progenitors (CFU-preB) from unfractionated bone marrow (BM)
cells, but not that from a population rich in pro-B and pre-B cells
without stromal cells. Neopterin upregulated the expression of
genes for the negative regulators of B lymphopoiesis such as
tumor necrosis factor-a. (TNF-a:), interleukin-6 (IL-6), and trans-
forming growth factor-p (TGF-p) in cultured stromal cells,
implying that neopterin suppressed the CFU-preB colony
formation by inducing negative regulators from stromal cells.
The intraperitoneal injection of neopterin into non-SCI mice
resulted in a marked decrease in the number of femoral CFU-
preB within 1 day, along with increases in TNF-o and IL-6
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expression levels. However, in SCI mice, in vivo and in vitro
responses to B lymphopoiesis and the upregulation of cyto-
kines after neopterin treatment were less marked than those in
non-SCI mice. These results suggest that neopterin predom-
inantly suppressed lymphopoiesis by inducing the production
of negative regulators of B lymphopoiesis by stromal cells,
resulting in the selective suppression of in vivo B lymphopoi-
esis. These results also suggest that neopterin facilitated
granulopoiesis in BM by suppressing B lymphopoiesis, thereby
contributing to the potentiation of the inflammatory process;
interestingly, such neopterin function became impaired during
senescence because of attenuated stromal-cell function, result-
ing in the downmodulation of the host-defense mechanism in
the aged. Exp Biol Med 232:134-145, 2007
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Introduction

Neopterin is a metabolite of guanosine triphosphate that
is produced in the biopterin synthetic pathway (1). In vitro,
large amounts of this metabolite are generated by “mono-
cytes and macrophages” in response to interferon-y (IFN-y)
(2). Because increased neopterin levels accompany immune
responses in vivo and in vitro, there has been considerable
interest in measuring neopterin levels as a biomarker of
immunologic activation (2—4).

The possible immunologic relevance of neopterin
pertinent to inflammatory processes has been considered
on the basis of observations that neopterin induces apoptosis
in rat alveolar epithelial cells L2 (5) and inhibits NADPH-
oxidase in peritoneal macrophages (6). Moreover, neopterin
has been found to inhibit erythropoietin gene expression (7)
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and induce the expression of genes for proto-oncogene c-fos
(8) and nitric oxide synthase (9). Furthermore, because the
gene expression of the gene for inducible nitric oxide
synthase (iNOS) and the subsequent nitric oxide (NO)
release from vascular smooth muscle cells (VSMCs)
following incubation with neopterin have been documented,
neopterin is supposed to play a role as a modulator in gram-
negative endotoxemia that contributes to the excessive
production of NO (9, 10).

Neopterin, on the other hand, increases the number of
colony-forming units of granulocyte-macrophage progenitor
cells (CFU-GM) in a semisolid culture system (11), and
intraperitoneal neopterin injection into mice stimulates
granulopoiesis (12). This stimulation of in vitro and in vivo
granulopoiesis is due not to a direct action of neopterin on
hematopoietic stem cells, but rather to an indirect effect
mediated by the stromal-cell production of hematopoietic
growth factors, such as granulocyte-macrophage colony-
stimulating factor and interleukin-6 (IL-6) (11). Thus,
regarding the most interesting characteristics of neopterin,
we would like to clarify how this biosynthetic compound
functions not only in immune responses but also in
hematopoietic anti-inflammatory responses.

To answer the above question, SAM/P-1, a subline of
senescence-accelerated mice (SAM) exhibiting a unique
stromal-cell impairment after 30 weeks of age, was used,
because in SAM the numbers of splenic cells and splenic
hematopoietic progenitor cells start to decrease (13-15).
Furthermore, senescent SAM/P-1 mice show the simulta-
neous downregulations of interleukin-7 (IL-7) and trans-
forming growth factor-f (TGF-p) caused by the suppression
of B lymphopoiesis in senescence (16). Interestingly, the
murine system possesses a markedly low level of neopterin
in the circulation in the steady state; thus, the SAM/P-1
mouse model may be a useful tool for elucidating the
possible interaction of neopterin and stromal cells during B
lymphopoiesis. Thus, we investigated whether neopterin
affects B lymphopoiesis using stromal-cell-impaired (SCI)
mice, a subline of SAM/P-1 mice.

In this study, we suggest the functions of neopterin in
the mechanisms underlying the suppression of B lympho-
poiesis, consequent facilitation of potentiation of granulo-
poiesis, and further functional impairment during
senescence.

Materials and Methods

Mice. A subline of SAM, SAM/P-1 (13), is a
senescent stromal-cell impairment substrain (SCI mice),
derived from AKR mice (Jackson Laboratory, Bar Harbor,
ME), and established by Dr. Toshio Takeda, Professor
Emeritus of the Chest Disease Research Institute, Kyoto
University, Japan. The mice were bred and maintained in an
experimental facility at the National Institute of Health
Sciences under pathogen-free conditions. SAM/P-1 exhibits
stromal-cell impairment after 30 to 36 weeks of age. In this

study, male SAM/P-1 mice designated as non-SCI mice (8
to 12 weeks old) and SCI mice (30 to 36 weeks old) were
compared. These ages were selected because the numbers of
splenic cells and splenic hematopoietic progenitor cells start
to decrease significantly at approximately 30 weeks of age
(15, 16). The study was approved by the Institutional
Animal Care and Use Committee at the National Institute of
Health Science guidelines for animal care.

Neopterin. D(+) neopterin was obtained from Sigma
(St. Louis, MO). Neopterin was dissolved in 1 N HCI at 1
mg/ml and diluted tenfold with Dulbecco’s phosphate-
buffered saline (PBS).

Neopterin Administration. The mice were injected
intraperitoneally with neopterin (0.35 or 3.5 mg/kg body
weight) for single-dose administration or on three consec-
utive days. The doses chosen here correspond to those for
humans determined in the laboratory; however, the doses
chosen are highly biased because the steady-state back-
ground dose of neopterin in rodents, in general, is
significantly lower than those in humans and nonhuman
primates; that is, lower than one nM per liter (12,925 and 85
nM, 30 and 60 mins, respectively, after 3.5 mg/kg body
weight neopterin administered). The mice were evaluated, in
the case of a single dose, 0.5, 1, 2, 3, 6, and 24 hrs after the
administration, and, in the case of three doses, 1, 7, and 14
days after the last injection. As the control, a group of mice
was injected with the same volume of PBS with the same
amount of HCI as that used as the vehicle for neopterin.
Three mice per group were examined for each data point.

Bone Marrow (BM) Cells. BM cells were isolated
by repeatedly flushing cells from femurs using Iscove-
modified Dulbecco’s medium (IMDM; Invitrogen, Carls-
bad, CA) or RPMI 1640 medium (Invitrogen). The BM cells
were suspended by trituration using a 23-gauge hypodermic
needle.

Preparation of Pro—B/Pre—B-Cell-Rich Popula-
tions. To obtain populations rich in pro-B cells and pre-B
cells without stromal-cell components, the bulk culture of
pooled BM cells from the non-SCI and SCI mice was
stimulated with recombinant interleukin-7 (rIL-7) as
described previously (16, 17). Briefly, BM cells were
cultured at 1 X 10° cells/ml in RPMI 1640 supplemented
with 20% fetal bovine serum (FBS; Hyclone Laboratories
Inc., Logan, UT), 20 puM 2-mercaptoethanol, 1% L-
glutamine, and 2 ng/ml murine rIL-7 (Genzyme, Cam-
bridge, MA) in six-well tissue culture plates (Falcon 3046;
Beckton-Dickinson, Franklin Lake, NJ). Nonadherent cells
were harvested after 4 days. This bulk culture provides a 10
times richer source of IL-7-responsive B220"/CD43"/IgM~
pro-B/pre-B cells (16), which provide a functionally
homogeneous large number of fractions requiring only
gentler and easier detachment of B lymphocytes from
stromal cells.

In Vitro Colony Assays. Colony formation by
colony-forming-unit pre-B cells (CFU-preB cells) was
assayed using a semisolid medium containing rIL-7 (16).
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Femoral BM cells from three mice per group were pooled
and assayed in 35-mm plastic Petri dishes containing 1 ml of
MethoCult M 3630 medium (Stem Cell Technologies Inc.,
Vancouver, Canada), which consisted of IMDM composed
of 1% methylcellulose, supplemented with 30% FBS, 0.1
mM 2-mercaptoethanol, 2 mM L-glutamine, and 10 ng/ml
rIL-7. Triplicate culture plates containing equal amounts of
CFU-preB cells estimated were incubated at 37°C in a fully
humidified atmosphere of 5% CO, in air. After 7 days,
aggregates of 50 or more cells were counted as colonies.

Preparation of Cultured Stromal Cells. Stromal-
cell monolayers were prepared by culturing whole BM cells
derived from non-SCI or SCI mice at 1 X 10%ml cells in 10-
cm diameter cell culture dishes (Corning Incorporated,
Corning, NY) or 24-well flat bottom plates (Falcon 3047) in
30 ml or 1 ml of IMDM supplemented with 10% FBS.
Confluent adherent layers were formed after 10 days of
culture. The supernatant was removed and cultured dishes
with confluent adherent layer were rinsed with IMDM twice
to eliminate nonadherent cells. A fresh culture medium
containing 4 M or 400 nM neopterin was then added to 10-
cm diameter cell culture dishes or 24-well flat bottom plates,
and the cells were further incubated. As for 10-cm diameter
cell culture dishes, after 1, 3, and 9 hrs of incubation, the
culture medium was removed completely and stromal cells
were subjected to RNA extraction. As for 24-well flat
bottom plates, after 24 hrs of incubation, the culture medium
was collected and was used for determination of the levels
of tumor necrosis factor-oo (TNF-o), IL-6, and TGF-f3
proteins produced by cultured stromal cells. The concen-
tration of TNF-a, IL-6, or TGF-f in the culture medium was
determined using TNF-o,, IL-6, or TGF-B—specific enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems,
Minneapolis, MN) according manufacturer’s instructions.
All the samples were assayed in triplicate.

Total RNA Extraction and Quantitative Real-
Time Polymerase Chain Reaction (PCR). Total RNA
was extracted from BM cells using TRIzol (Invitrogen)
according to the manufacturer’s instructions. The isolated
mRNA was reverse transcribed using Superscript (Life
Technologies, Grand Island, NY) and Oligo-dT (Promega,
Madison, WI). Next, quantitative real-time PCR was
performed using a TagMan Universal PCR master mix
(Applied Biosystems, Foster City, CA) and specific primers
and probes, with the Applied Biosystems 7900 sequence
detection system, version 2.0. Specific primers and probes
for murine IL-7, TNF-o, IL-6, TGF-B, and glyceraldehyde
phosphate dehydrogenase (GAPDH) were purchased from
Applied Biosystems (TagMan Gene Expression Assays; IL-
7, MmO00434291_m1; TNF-o, Mm00443281_ml; IL-6,
Mm 00446190_m1; TGF-, Mm00441724 _m1; GAPDH,
Mm99999915_g1). PCR conditions and data analysis were
performed according to the instructions in the Sequence
Detection System, version 2.0. In this study, total RNA
extraction and expression of GAPDH were compared
between non-SCI and SCI mice (data are shown in

Appendix). All reactions were performed in triplicate.
According to the manufacturer’s instructions, cytokine-
specific signals were normalized by the GAPDH signal
using the formula 2 ~ACt _ p~[CUGAPDH) — Cileytokine)] "o the
relative level of cytokine gene expression was calculated
using Z—AACt _ 2—(ACt for neopterin treatment — ACt for control)’
where Ct is the threshold cycle.

Statistical Analyses. Data were subjected to anal-
ysis of variance (ANOVA). Values were considered
significantly different at P < 0.05.

Results

Effects of Neopterin on in Vitro CFU-PreB
Colony Formation from Unfractionated BM Cells
and Populations Rich in Pro-B/Pre-B Cells: Com-
parison Between Non-SCI and SCI. To determine
whether neopterin directly affects the proliferation or
differentiation of pre—B-cell progenitors, we cultured whole
(unfractionated) BM cells from non-SCI and SCI mice in a
semisolid medium system containing rIL-7 and in the
presence of various concentrations of neopterin and
measured the number of colonies formed (Fig. 1). In the
colonization assays without neopterin, the absolute numbers
of colonies from the non-SCI and SCI mice were
significantly different, that is 137 = 10 and 37 * 1 per 2
X 10° cells, respectively. In Figure 1, each value is
expressed as 100% of control, revealing the in vitro effects
of neopterin on CFU-preB colonies in whole BM cells from
non-SCI and SCI mice. When graded increasing doses of
neopterin from 4 nM to 4 pM were administered, the
number of CFU-preB colonies from non-SCI BM cells
decreased in a dose-dependent manner compared with that
of the nontreated control groups, and except for the lowest
dose at 4 nM, the other three higher dose groups all showed
statistically significant decreases (10.5%, 24.2%, 26.9%,
and 35.7% for 4 nM, 40 nM*, 400 nM*, and 4 pM*,
respectively; *P < 0.05). Interestingly, these decreases in
the number of CFU-preB colonies were observed to be
smaller in those from senescent SCI BM cells. Namely,
there were no significant decreases observed in the number
of CFU-preB cells from SCI BM cells except at the highest
dose of 4 pM (0%, 5.0% , 17.2%, and 28.5%, for 4 nM, 40
nM, 400 nM, and 4 pM [P < 0.05], respectively); thus, it
may be concluded that the groups treated with neopterin at
the three lower concentrations did not show the suppression
of B-cell colonization of BM cells in the senescent SCI
groups as compared with those of the young non-SCI
groups. When the reduction ratios at the same dose of
neopterin treated groups were compared between non-SCI
and SCI, a statistically significant difference was observed
for solely the dose at 40 nM (P < 0.05).

However, the above suppression of CFU-preB colony
formation was not observed when BM cells were cultured,
under IL-7 stimulation, with the population rich in pro-B
and pre-B cells isolated and seeded prior to neopterin
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Figure 1. CFU-preB colony formation of whole BM cells from non-
SCI and SCI mice in the presence of neopterin. Unfractionated BM
cells from the non-SCI and SCI mice were incubated in a semisolid
culture system containing interleukin-7 (IL-7) in the presence or
absence of neopterin. The number of colonies was determined after
7 days. The absolute numbers of colonies in cultures without
neopterin for the non-SCI and SCI mice were significantly different
(137 = 10 and 37 + 1 per 2 X 10° cells, respectively; P < 0.001; data
not shown). The reduction ratios following neopterin treatment are
expressed as percentage relative to the nontreated control of each
group, namely, non-SCI and SCI mice. Each bar represents the
mean =+ standard deviation (SD) from triplicate experiments (*P <
0.05 vs. each control). The comparison of reduction ratios between
non-SCI and SCI showed statistical significance only at the lowest
dose, that is 40 nM (P < 0.05).

treatment regardless of the use of non-SCI and SCI mouse
BM cells (data not shown). Thus, the above data imply that
the suppression of the colonization of CFU-preB progenitor
cells by neopterin treatment is presumably due to a stromal-
cell-mediated effect.

Gene Expressions and Protein Productions of
TNF-a, IL-6, and TGF-p in Cultured Stromal Cells
Induced by Neopterin: Comparison Between Non-
SCI and SCI. To elucidate the mechanism underlying the
suppression of CFU-preB-cell progenitor colony formation,
which is presumably induced by stromal cells, messenger
RNAs of principal cytokine genes for the negative
regulation of the pro-B/pre-B fraction were evaluated,
namely, TNF-a, IL-6, and TGF-f. Figure 2 shows the time
course of cytokine gene expression levels in stromal cells
cultured in the presence of 4 pM neopterin. The results were
expressed as a ratio to each cultured non-SCI or SCI fraction
without neopterin. In non-SCI stromal cells (Fig. 2A-C),
neopterin transiently and modestly suppressed the expres-
sions of TNF-o, IL-6, and TGF-f genes from 1 to 3 hrs and
then continuously upregulated the gene expressions until 9
hrs. The gene expression levels of TNF-o, IL-6, and TGF-f3
in cultured stromal cells 9 hrs after neopterin treatment
increased by 1.63-, 1.93- and 2.07-fold (asterisks), respec-
tively, compared with those in the control stromal cells
without neopterin treatment (P < 0.001). In contrast to non-
SCI cultured stromal cells, neopterin did not increase the
gene expression levels of TNF-a, IL-6, and TGF-f in
cultured SCI cells compared with those in SCI cells without
neopterin treatment (Fig. 2D-F). Therefore, it is clear that

the gene expression levels of TNF-a, IL-6, and TGF-B in
cultured SCI cells and non-SCI cells show significant
differences (A vs. D, P < 0.001; B vs. E, P < 0.005; and C
vs. F, P < 0.001, respectively). After 24 hrs commercially
available ELISA kits showed essentially comparable data,
although 400 nM neopterin elicited much higher responses
(23 £3to 76 = 11 pg/ml [P < 0.05] for non-SCI and 22
* 8 to 38 = 8 pg/ml for SCI, nontreated with 400 nM for
TNF-a; 191 = 25 to 455 = 92 pg/ml [P < 0.05] for non-
SCI and 155 = 14 to 184 = 11 pg/ml for SCI, nontreated
with 400 nM for IL-6; 220 = 15 to 298 = 28 pg/ml [P <
0.05] for non-SCI and 68 = 24 to 115 = 43 pg/ml for SCI,
nontreated with 400 nM for TGF-f; Table 1).

Neopterin-Induced B-Lymphopoietic Regula-
tion in BM in Vivo: Comparison Between Non-SCI
and SCI. Neopterin at doses 0.35 mg/kg body weight and
3.5 mg/kg body weight was intraperitoneally injected into
non-SCI mice and SCI mice, respectively, to determine the
stromal effect of neopterin on B lymphopoiesis (data not
shown). The absolute numbers of CFU-preB progenitor
cells observed in the femur of non-SCI mice and SCI mice
were 9438 = 177 and 3140 = 57, respectively. As
expected, on Day 1 after the three doses of daily treatment
with neopterin, significant decreases in the number of CFU-
preB progenitor cells in the femoral BM were observed in
both non-SCI mice and SCI mice (43.1% [P < 0.001] and
22.9% [P < 0.001] for non-SCI mice, whereas 82.9% [P >
0.05] and 45.1% [P < 0.005] for SCI mice; relative to those
of the control at 0.35 mg/kg body weight and 3.5 mg/kg
body weight, respectively); thus, the suppression was
markedly milder in the senescent SCI mice than in the
non-SCI mice. To determine the effects of neopterin at the
in vivo level, the same three daily treatments at 3.5 mg/kg
body weight were carried out on both non-SCI mice and
SCI mice, and the number of femoral CFU-preB progenitor
cells was evaluated 1, 7, and 14 days after the last treatment
with neopterin. As observed in Figure 3, the number of
femoral CFU-preB progenitor cells shows a prominent
oscillation, that is, a statistically significant decrease in
number on Day 1 (22.9% of that from the nontreated non-
SCI mice), followed by a marked increase on Day 7 (209%
that from the nontreated non-SCI), and then returns to the
nontreated control level of the non-SCI mice. Very
interestingly, not only the number of CFU-preB progenitor
cells in the nontreated group but also the oscillatory extent
was smaller in the SCI mice. In this figure, the marked
overshoot increase in the number of CFU-preB progenitor
cells from the SCI mice is smaller than that from the
nontreated non-SCI mice (number in nontreated non-SCI
mice, 9438 £ 177 vs. number on Day 7 in treated SCI mice,
5134 = 292).

Gene Expressions of IL-7, TNF-«, IL-6, and TGF-
p in BM in Vivo During Neopterin-Induced Pre-B-
Cell Suppression: Comparison Between Non-SCI
and SCI. To elucidate the mechanism underlying the
oscillation presumably induced by stromal cells, the
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Figure 3. Time courses of numbers of CFU-preB in BM cells from
non-SCI and SCI mice after neopterin treatment. Femoral BM
samples of the non-SCI and SCI mice were obtained from three
non-SCI mice and SCI mice 1, 7, and 14 days after the intraperitoneal
injection of neopterin (3.5 mg/kg) for three consecutive days. The
changes in the number of CFU-preB cells were determined. Each bar
represents the mean = SD obtained from triplicate experiments. *P
< 0.05, **P < 0.005,***P < 0.001 vs. each control.

messenger RNAs of principal cytokine genes for the
positive and negative regulations of the pro-B/pre-B fraction
were evaluated, namely, IL-7, TNF-a, IL-6, and TGF-f. In
Figure 4, the short-term effects of neopterin on cytokine
gene expression levels in BM cells were evaluated 30 min
and 1, 2, 3, 6, and 24 hrs after the single-dose neopterin
administration because the half-life of neopterin is 90 min
(18). In each panel, the results are expressed as a treatment
normalized by GAPDH expression level, respectively.
Absolute GAPDH expression levels in non-SCI or SCI
mice did not show significant differences from each other
(see Appendix). In the non-SCI mice, the gene expression
levels of the negative regulators TNF-o and IL-6 increased
markedly up to sixfold at 1 hr followed by a mild increase
up to 6 hrs, although that of TGF-3 showed an increase
throughout, although not significant. During the course of
the experiment, the positive regulator IL-7 showed a very
mild increase from 3 to 6 hrs. Regardless of being positive
and negative regulators, the expression levels of IL-7, TNF-
o, IL-6, and TGF-f all decreased or came back to the level
of nontreated control by 24 hrs. In the SCI mice, the
negative regulator TNF-o, IL-6, or TGF-f was not
expressed at all, except that a milder and delayed peak
was observed for IL-6 at 2 hrs. The positive regulator IL-7
showed a milder increase in the same manner as that in non-

Table 1. Concentrations of Cytokines in the Super-
natant of Cultured Stromal Cells from Non-SCI and
SCI Mice?

Non-SClI SCI
None 400 nM None 400 nM

233 76 = 11* 22+ 8 38 £8
191 = 25 455 = 92* 155 + 14 184 * 11
220 = 15 298 = 28* 68 =24 115 * 43

Concentration
of neopterin

TNF-o pg/ml)

IL-6 pg/ml)
TGF-B pg/ml)

@ Supernatant of cultured stromal cells was collected 24 hrs after
treatment with 400 nM neopterin, and concentrations of cytokines in
the supernatant was measured by ELISA methods. Each data point
represents the mean + SD obtained from triplicate experiments.

*P < 0.05 vs. each control.

SCI mice from 3 to 6 hrs. The suppression of cytokine gene
expression in the SCI mice at 24 hrs was not observed for all
the positive and negative regulators; specifically for TGF-j,
the expression levels were slightly higher than those in the
nontreated control SCI mice (44.0%, 28.0%, 43.6%, and
92.4%, vs. 128.5%, 130.0%, 274.6%, and 138.5%, for IL-7,
TNF-a, IL-6, and TGF-p, respectively).

When neopterin was administered for 3 days, the
prolonged effect of neopterins on cytokine gene expression
was evaluated only 1 and 7 days after the treatment (Fig. 5).
Again, the degrees of suppression of the genes expressions
of IL-7, TNF-a, IL-6, and TGF-$ on Day 1 in the non-SCI
mice were 0.56, 0.78, 0.51, and 0.32 relative to those in the
nontreated non-SCI mice considered as 1.0, respectively.
All the gene expression levels returned to the control level
on Day 7. Interestingly, again, the relative changes in these
cytokine gene expressions in the SCI mice were essentially
milder than those in the non-SCI mice except for IL-7 (0.47,
0.96, 0.81, and 0.84, relative to those of the nontreated SCI
control considered as 1.0; senescent SCI mice for IL-7,
TNF-a, IL-6, and TGF-B, respectively).

A significant decrease in the number of CFU-preB
progenitor cells shown in Figures 4 and 5 may be supported
by data shown in Figure 6, in which the steady-state
contributions of the positive regulator IL-7 and the negative
regulators TNF-o, IL-6, and TGF-f are shown with respect
to their absolute expression levels relative to each of the
non-SCI and SCI gene expression levels of GAPDH in each
of the non-SCI and SCI control. As observed from the
absolute cytokine level, the expressions of TGF-f3 and IL-6

«—

Figure 2. Time courses of TNF-a, IL-6, and TGF- gene expression levels in stromal cells from young non-SCI and elderly SCI mice (A, B, C
and D, E, F, respectively) cultured in the presence of neopterin. Stromal monolayers were prepared by culturing unfractionated BM cells derived
from non-SCI or SCI mice. The supernatant was removed and the culture dishes with confluent adherent layer were rinsed with IMDM twice to
eliminate nonadherent cells. A fresh culture medium containing 4 uM neopterin was then added and the cells were incubated further. After 1, 3,
and 9 hrs of incubation, the culture medium was removed completely and stromal cells were subjected to RNA extraction. Total RNA was
extracted from the cultured stromal cells of the non-SCI and SCI mice with TRIzol (Invitrogen) according to the manufacturer’s instructions. The
reverse-transcribed complementary DNAs were amplified by real-time reverse transcription—polymerase chain reaction (real-time RT-PCR)
using the TagMan universal PCR master mix (Applied Biosystems) and specific primers for murine TNF-a, IL-6, TGF-B, and GAPDH. GAPDH
gene expression levels are the same in non-SCI and SCI mice (see Appendix). The results are expressed as a ratio to the cultured non-SCl or
SCI fraction without neopterin. Each bar represents the mean = SD obtained from ftriplicate experiments (*P < 0.001 vs. each control).
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markedly predominate as compared with that of IL-7 (43.2,
60.3, and 657.5 relative to expression level IL-7 from
nontreated non-SCI mice considered as 1.0, nontreated non-
SCI mice for TNF-a, IL-6, and TGF-p, respectively).

Discussion

Neopterin, a guanosine derivative, is an inflammatory
byproduct that stimulates the proliferation of granulocytes
and their progenitor cells due to stromal-cell-derived
cytokines, such as GM-CSF and IL-6 (11, 12). During the
inflammatory process, the production of lymphocytes is
occasionally suppressed when granulocyte proliferation is
stimulated (19-21). Thus, whether lymphocyte proliferation
is stimulated or suppressed by the inflammatory byproduct
neopterin, during the suppurative inflammatory process is of
interest. During the suppurative inflammatory process, T
cells undergo apoptosis induced by 7,8-dehydroneopterin
(22). Thus, in this study, we attempted to clarify the effect of
neopterin on the B-cell lineage to determine whether such a
suppressive mechanism also exists in this lineage.

We conducted the experiment with the aim of
determining the possible regulatory mechanism of inflam-
matory cytokines in the B-cell lineage. It should be noted
that because the basal level of neopterin in rodents was
lower than that in primates, including humans, the dose of
neopterin used in the present study was markedly lower than
those used in previous studies (5, 7, 9, 23, 24), and
neopterin was still clearly detectable. Interestingly, when the
B-cell lineage was treated with neopterin to determine
whether B-cell suppression might occur, the suppressive
effect was induced, presumably by different cytokines
specific to B-cell lineages released from stromal cells as in
the case of granulopoiesis observed previously (11, 12).
Furthermore, we found that this suppressive effect was
milder when stromal cells were derived from SCI mice,
although this significant mildness in SCI mice compared
with those in non-SCI mice was not always significant in
terms of relative suppressive ratios between non-SCI and
SCI, which was only significant at the dose of 40 nM. SAM/
P-1 mice used in the experiment showed B-cell suppression
earlier, in which both the positive and negative regulators of
B cells were suppressed within a short time, and the mice
underwent senescence that mimicked stromal-cell impair-
ment. TGF-B is produced by stromal cells (25) and is also a
negative regulator of B lymphopoiesis (26). Fernandez et al.
have recently demonstrated that TNF-o has a direct

inhibitory effect on IL-7 responses in B220" /IgM ™~ pre-B
cells (27). Neopterin was found to amplify the secretion of
TNF-a from peripheral blood mononuclear cells induced by
the lipopolysaccharide (LPS), IFN-y and IL-2 (28). In
addition, in vascular smooth muscle cells, neopterin
potentially stimulates TNF-o. gene expression and protein
release (29). Fernandez et al. have recently shown that IL-6
indirectly inhibits IL-7 responses in B220/IgM~ B-cell
progenitors by inducing the stromal-cell production of an
inhibitory factor (27). Furthermore, Nakamura et al. (30)
and Maeda et al. (31) have demonstrated recently that IL-6
suppresses B-cell differentiation and causes excessive
myeloid development in BM. When cultured non-SCI
stromal cells were treated with neopterin, the negative
regulators of the B-cell lineage such as TNF-o, IL-6, and
TGF-B were all upregulated significantly, whereas the
upregulations of the gene expressions of these cytokines
were not observed in cultured senescent SCI stromal cells.
Therefore, the milder suppression of B-cell proliferation in
the SCI group is assumed to be caused by the age-related
functional deterioration of stromal cells.

Next, we examined the effect of neopterin in vivo using
non-SCI mice. The intraperitoneal administration of neo-
pterin at two doses to the non-SCI mice for three consecutive
days resulted in a dose-dependent decrease in the number of
femoral CFU-preB cells on Day 1, a finding that was
consistent with those of the in vitro experiments (Fig. 1).
When the non-SCI mice were administered repeatedly with
neopterin, the number of CFU-preB cells decreased on Day
1, then rapidly increased to 209% 7 days after the neopterin
treatment, and then returned to the level before the treatment
(Fig. 3). As a mechanism underlying the decrease in CFU-
preB-cell number on Day 1, on the bases of cytokine levels,
it can be observed that the negative regulators of B
lymphocytes such as TNF-o and IL-6 were predominantly
and markedly increased 1 hr after neopterin treatment (Fig.
4B, C). These increases in the levels of negative regulators
indicate that TNF-o and IL-6 play key roles as major
cytokines in the suppression of B lymphopoiesis in vivo 1
day after neopterin treatment. After three consecutive days of
treatment, all the cytokine levels decreased after 24 hrs and
then started to increase 7 days after the last treatment. As a
mechanism underlying the subsequent rapid increase in
CFU-preB-cell number, the most important factor contribu-
ting to the recovery up to Day 7 from B-cell suppression 1
day after neopterin treatment was the marked downregula-

—

Figure 4. Time courses of IL-7, TNF-a, IL-6, and TGF-B gene expression levels in BM cells from non-SCI and SCI mice after single
intraperitoneal injection of 3.5 mg/kg neopterin. Total RNA was extracted from BM cells of the non-SCI and SCI mice (A-D and E-H,
respectively) at 30 mins, and 1, 2, 6, and 24 hrs after a single intraperitoneal injection of 3.5 mg/kg body weight neopterin using TRIzol
(Invitrogen) according to the manufacturer’s instructions. The extracted RNA was reverse-transcribed using Superscript (Life Technologies) and
Oligo-dT (Promega). The reverse-transcribed complementary DNAs were then amplified by real-time polymerase chain reaction (real-time PCR)
using TagMan universal PCR master mix (Applied Biosystems) and specific primers for murine IL-7 (A vs. E), TNF-a (B vs. F), IL-6 (C vs. G),
TGF- (D vs. H) and GAPDH. GAPDH gene expression levels are the same in non-SCIl and SCI mice (see Appendix). The results are
expressed as a ratio to each value of the nontreated non-SCI and SCI group. Each bar represents the mean = SD obtained from triplicate

experiments. *P < 0.05, **P < 0.005 vs. each control.
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Figure 6. Relative expression levels of positive regulator IL-7,
negative regulators TNF-o, IL-6, and TGF-B from non-SCI mice
(dark columns) and SCI mice (light columns) (values relative to
expression level of IL-7 from non-SCI considered as 1.0). Total RNA
was extracted from BM cells of non-SCI and SCI mice using the
TRIzol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. The reverse-transcribed complementary DNAs were then
amplified by real-time polymerase chain reaction (real-time PCR)
using the TagMan universal PCR master mix (Applied Biosystems)
and specific primers for murine IL-7, TNF-a, IL-6, TGF-B, and
GAPDH. The results are expressed as a ratio to the expression level
of GAPDH in the cultured non-SCI or SCI fraction. Each bar
represents the mean = SD obtained from triplicate experiments. *P
< 0.05, *P < 0.01, ***P < 0.001 vs. non-SCI.

tion, on Day 1, of negative regulators, specifically TGF-
(Fig. 5), as compared with the steady-state value (Fig. 6),
which could be a potential trigger for the recovery.
Throughout the experiment, the expression levels of the
genes in the stroma of the SCI mice and the negative
regulator cytokines were lower than those in the non-SCI
mice. It seems likely that stromal cells that have undergone
senescence could not induce TNF-a and IL-6 production in
the early phase of neopterin administration and could not
suppress TGF-B production in the late phase of neopterin
administration, resulting in milder changes in B lymphopoi-
esis in the SCI mice than in the non-SCI mice. The difference
in anti-inflammatory resistances between non-SCI mice and
SCI mice has not been tested, but according to references

available, a senescent mouse is much more sensitive than a
young mouse to a challenge with LPS and TNF-a (32, 33).

These results suggest that the suppression of B cells is
milder in the SCI mice, indicating that response of granuloid
lineages to suppurative inflammation is very weak. Thus, it
is suggested that the hematopoietic regulations during the
suppurative inflammatory process in senescence are based
on the competitive bilateral regulation between the stim-
ulation of granulopoiesis and the suppression of lympho-
poiesis, which forms a hematopoietic environment for anti-
inflammatory hematopoietic proliferation. In a senescent
hematopoietic environment, it is noted that hematopoietic
suppression is not based on the stimulation of the
suppression system, but rather on both the positive and
negative regulators that are downmodulated simultaneously.
Cytokines in homeostasis are at lower functional levels.
Therefore, the senescent-downmodulated homeostasis
hardly recovers to the upper functional level by a simple
administration of one-sided negative or positive regulator.
Downmodulated homeostasis is, thus, an important subject
of studies in future antisenescent hematologic programs.

Further studies are required to elucidate the mecha-
nisms underlying the neopterin action, but our present
findings taken together provide evidence that neopterin is a
potent B-lymphopoietic regulatory factor and that the
response of B lymphopoiesis to neopterin changes with
senescence.

We thank Dr. Yukio Kodama, Ms. Erika Tachihara, Ms. Yoshiko
Usami, and Ms. Minako Kenjoh for assistance in maintaining the SAM/P-1
mice in the experimental animal facilities, and Ms. Sonoko Araki and Ms.
Sachiko Yuda for technical assistance.

APPENDIX

Glyceraldehyde phosphate dehydrogenase (GAPDH), a
housekeeping gene expression in non-SCI (stromal-cell
impairment) or SCI steady-state mice.

In the present study, cytokine genes were evaluated
quantitatively by real-time PCR using the Tagman Universal
PCR master mix and specific primers and probes (see
Materials and Methods). Because the expression of each of
the cytokines was evaluated as a ratio to the standard
expression level of GAPDH from non-SCI mice and SCI
mice, respectively, the steady-state expression of GAPDH in
non-SCI mice was compared with compatible GAPDH
expression level in SCI mice.

Total RNA was extracted from BM cells using TRIzol

—

Figure 5. Time courses of IL-7, TNF-a, IL-6, and TGF-B gene expression levels in BM cells from non-SCI and SCI mice (A-D and E-H,
respectively) after intraperitoneal injection of 3.5 mg/kg body weight neopterin for three consecutive days. Total RNA was extracted from BM
cells of non-SCI and SCI mice 1 and 7 days after the intraperitoneal injection of 3.5 mg/kg body weight neopterin for three consecutive days
using the TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The reverse-transcribed complementary DNAs were then
amplified by real-time polymerase chain reaction (real-time PCR) using the TagMan universal PCR master mix (Applied Biosystems) and
specific primers for murine IL-7 (A vs. E), TNF-a B vs. F IL-6 (C vs. G), TGF-$ (D vs. H) and GAPDH. GAPDH gene expression levels are the
same in non-SCI and SCI mice (see Appendix). The results are expressed as a ratio to each value of the nontreated non-SCI or SCI group.
Each bar represents the mean + SD obtained from triplicate experiments (*P < 0.005 vs. each control).
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(Invitrogen) according to the manufacturer’s instructions.
Amounts of RNA per unit cell number (18.3 = 0.6 ug vs.
22.8 £ 4.5 ng, P < 0.349) from non-SCI and SCI mice did
not differ significantly from each other when the same
number of BM cells (2 X 107 cells) was compared.
Appendix Figure 1 shows the amounts of total RNA from
non-SCI and SCI mice extracted separately. All reactions
were performed in triplicate. Then, total RNA extracted
from non-SCI and SCI mice at the same amounts was
transcribed with avian reverse transcriptase, Superscript
(Life Technologies) and Oligo-dT primer (Promega). RT
products were inactivated at 98°C for 10 min with a heat
block, followed by quantitative real-time PCR performed

40 r
NS (P <0.349 )

20

10 F

1 g/2X107 bone marrow cells

non-SCl SCI

Appendix Figure 1. Relative amounts of RNA per unit cell number
from non-SCI and SCI mice. Total RNA was extracted from the same
number of BM cells (2 X 107) from the non-SCI and SCI mice using
TRIzol (Invitrogen). Each bar represents the mean + SD obtained
from triplicate experiments.
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Appendix Figure 2. Relative expression levels of GAPDH from non-
SCI and SCI mice. RNA extracted from non-SCI mice and SCI mice
at the same amount was reverse-transcribed using Superscript (Life
Technologies) and Oligo-dT(Promega). The reverse-transcribed
complementary DNAs were then amplified by real-time polymerase
chain reaction using TagMan PCR master mix (Applied Biosystems)
and specific primer for murine GAPDH. Each bar represents the
mean * SD obtained from triplicate experiments.

using the TagMan universal PCR master mix (Applied
Biosystems) and specific primers and probes, with the
Applied Biosystems 7900 sequence detection system,
version 2.0. Specific primers and probes for GAPDH were
purchased from Applied Biosystems (TagqMan
Mm99999915_g1). PCR conditions and data analysis were
performed according to the instructions in the sequence
detection system, version 2.0.

Appendix Figure 2 shows the ratio of expression of
GAPDH from senescent SCI mice expressed as those from
non-SCI mice (three mice each) considered as 1.0. Both
expressions were not significantly different from each other
(1.0 vs. 1.3, respectively, P < 0.2316).
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