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to an impaired transition from the pro— to pre—B cell stage in the bone marrow. Cytokine receptor levels in the bone
marrow were normal. The development of the few peripheral B cells and their proliferative response after in vitro
stimulation was normal. The disturbance in B cell maturation was dependent on decreased arginine levels, as this
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Arginine deficiency affects early

See the related Commentary beginning on page 1411.
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Apart from its role in the synthesis of protein and nitric oxide (NO), and in ammonia detoxification,
the amino acid arginine exerts an immunosupportive function. We have studied the role of arginine
in immune defense mechanisms in the developing postnatal immune system. In suckling mice, argi-
nine is produced in the small intestine. In F/A-2** transgenic mice, which overexpress arginase in their
enterocytes, circulating and tissue arginine concentrations are reduced to 30-35% of controls. In these
mice, the development and composition of the T cell compartment did not reveal abnormalities. How-
ever, in peripheral lymphoid organs and the small intestine, B cell cellularity and the number and size
of Peyer’s patches were drastically reduced, and serum IgM levels were significantly decreased. These
phenotypes could be traced to an impaired transition from the pro- to pre-B cell stage in the bone
marrow. Cytokine receptor levels in the bone marrow were normal. The development of the few periph-
eral B cells and their proliferative response after in vitro stimulation was normal. The disturbance in
B cell maturation was dependent on decreased arginine levels, as this phenotype disappeared upon
arginine supplementation and was not seen in NO synthase- or ornithine transcarbamoylase-defi-
cient mice. We conclude that arginine deficiency impairs early B cell maturation.

J. Clin. Invest. 110:1539-1548 (2002). d0i:10.1172/JCI200216143.

Introduction

Arginine is a precursor for the synthesis of protein,
nitric oxide (NO), creatine, agmatine, and polyamines,
and is an intermediate in the detoxification of ammo-
nia via the ornithine cycle. Judged by nitrogen balance,
arginine is not an essential amino acid. In adults, it is
produced in the kidney (1, 2) from circulating citrulline
(3) synthesized by enterocytes in the small intestine (4).
In adult humans, the endogenous biosynthetic capaci-
ty for arginine, amounting to approximately 20% of
daily expenditure, is relatively small compared with its
daily requirement (5). Hence, a dietary supply may
become indispensable under conditions of increased
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demand such as growth (5) and tissue repair (6), or
decreased dietary supply (7). For this reason, arginine
is now considered a conditionally essential amino acid.

Arginine has been reported to have an immunosup-
portive effect, especially under catabolic conditions (8).
In conjunction with this, arginine has been shown to
accelerate wound healing (9). On this basis, it is added
to postoperative supplemental formulas at doses as
high as 100 g per kg formula (10). However, the molec-
ular mechanism underlying the beneficial effect of argi-
nine on lymphocyte biology has remained unclear.
Since it may be difficult to assess the role of arginine in
immune defense mechanisms in individuals under var-
ious forms of catabolic stress, we decided to study the
role of arginine in the postnatal development of the
lymphoid system in a transgenic model that suffers
from a selective arginine deficiency.

In rapidly growing suckling rodents, endogenous argi-
nine biosynthesis compensates for the insufficient sup-
ply of arginine via the milk (11). In this period, the intes-
tine rather than the kidney plays a major role in arginine
biosynthesis (12, 13). The selective decrease in circulat-
ing arginine in neonatal patients who suffer from necro-
tizing enterocolitis suggests a similar role for the ente-
rocytes in arginine metabolism in man (14). On this
basis, we developed a transgenic mouse model in which
arginase I (A-I, EC 3.5.3.1) is overexpressed in the entero-
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cytes of the small intestine only by coupling the A-I gene
to the intestinal farty acid binding protein
promoter/enhancer (15). Hence, the enterocytes in these
mice are no longer net producers of arginine and may
even break down dietary and circulating arginine more
avidly, so that circulating arginine levels decline to 30%
of control levels. In the current study, we used this model
to dissect the immunomodulatory effect of arginine.

Here, we demonstrate that arginine deficiency affects
early B cell maturation in the bone marrow, but not T
cell development in the thymus. In secondary lym-
phoid organs, like spleen and Peyer’s patches (PPs), the
number of B cells is decreased, though resident B cells
proliferate normally upon in vitro stimulation. In addi-
tion, the plasma level of IgM is reduced in F/A-2 trans-
genic animals. These findings suggest a direct involve-
ment of arginine in B cell maturation.

Methods

Transgenics. A chimeric construct of the intestinal fatty
acid binding protein promoter/enhancer element and
the hepatic arginase minigene was used to generate
transgenic mice on the FVB strain background (16).
The line with the highest expression level of arginase,
designated F/A-2 (16), was used in the current investi-
gation. Spf-ash (sparse-fur and abnormal skin and hair)
mice and mice deficient in nitric oxide synthase-1
(NOS1), NOS2, and NOS3 had a C57/BL6 background
and were purchased from The Jackson Laboratory (Bar
Harbor, Maine, USA). Litters discovered in the morn-
ing were assigned neonatal day 0 (ND 0). Animal exper-
iments were done in accordance with the guidelines of
the local Animal Research Committee of the American
Medical Center of the University of Amsterdam.

Tissue and blood sampling. Pups were separated from
their mothers and kept at 37°C for 1 hour prior to sac-
rifice. Blood was collected after decapitation and cen-
trifuged for 2 minutes at 4°C. Tissue samples were col-
lected, flushed in ice-cold PBS, and rapidly frozen in
liquid nitrogen. Serum and tissue samples were kept at
-70°C until analysis.

Cell preparation and culture. Intraepithelial lymphocytes
(IELs) and lamina-propria lymphocytes (LPLs) were iso-
lated as described (17). Briefly, the small intestine was
removed, trimmed free of mesentery, flushed with ice-
cold PBS to remove luminal content, cut into 1-cm frag-
ments, and incubated for 30 minutes at 37°C in calci-
um-free medium containing 1 mM EDTA and 1 mM
DTT. This was followed by a 30-minute incubation in
RPMI culture medium supplemented with 20 U/ml
DNase to remove enterocytes and IELs. For isolation of
LPLs, PPs were also removed. From the remaining intes-
tinal tissue, a cellular suspension was obtained with an
automated mechanical tissue disintegration device
(Medimachine System; DAKO Corp., Carpinteria, Cali-
fornia, USA). For preparing spleen, thymus, and mesen-
teric lymph node cell suspensions, 40-um filter cell
strainers were used. Bone marrow cell suspensions were
obtained by flushing femurs and tibias with DMEM.

Cells were suspended in DMEM containing 10% FBS
and counted. Spleen and intestinal cell suspensions
were centrifuged in sterile Ficoll-Hypaque (Pharmacia
Biotech AB, Uppsala, Sweden). Mononuclear cells were
transferred to cold PBS containing 0.5% BSA, 0.3 mM
EDTA, and 0.01% sodium azide for flow cytometry, or
to DMEM supplemented with 10% FBS for culture.

In vitro stimulation and proliferation. Triplicate cultures
of splenic cells containing 105 B cells were started with
LPS (E. coli EH100: 15 ug/ml culture medium, a gift
from C. Galanos, Max Planck Institute for Immunobi-
ology), goat F(ab'); anti-mouse u chain (20 ug/ml; Jack-
son ImmunoResearch Laboratories Inc., West Grove,
Pennsylvania, USA), anti-CD40 antibody (clone HM40-
3; 4 ug/ml; PharMingen, San Diego, California, USA),
or IL-4 (500 U/ml; PharMingen), either alone or in
combination for the indicated times. [*H]methylthymi-
dine was added 6 hours before cells were harvested.

Flow cytometry. Monoclonal antibodies to mouse
CD3¢, CD4, CD8, CD19, CD21, CD23, CD24 (clone
M1/69), CD25,CD43 (clone S7), CD45 (clone 6B2), BP-1,
integrin oEL, and IgD were either from our collection or
were purchased from PharMingen or Southern Biotech-
nology Associates (Birmingham, Alabama, USA). They
were used unlabeled or biotin-labeled, followed by stain-
ing with appropriately labeled secondary antibodies or
streptavidin, or were covalently labeled with an appro-
priate fluorochrome. Goat F(ab')2 anti-mouse IgM and
goat F(ab')2 anti-rat IgG were from Caltag Laboratories
Inc. (Burlingame, California, USA). Fluorochromes
used were FITC, phycoerythrin (PE), Cy-5, and a tandem
dye of Cy-5 and PE. Nonspecific binding of antibodies
was blocked by incubation with 5% normal mouse
serum. Cells were analyzed by flow cytometry using a
FACScan or FACSCalibur flow cytometer in conjunc-
tion with CellQuest software (Becton, Dickinson and
Co., San Diego, California, USA).

Histology and immunobistochemistry. For analyses of
spleen and PPs, tissues were quick-frozen, sectioned at 6
um, and fixed in dehydrated acetone for 10 minutes at
room temperature. Sections were incubated with the fol-
lowing rat anti-mouse monoclonal antibodies: anti-
CD3e (KT-3), anti-CD4SR (B220), anti-MAJdCAM-1
(MECA-367), and anti-sialoadhesin (SER-4) (18). After
washing in PBS, sections were incubated with the appro-
priate dilution of the peroxidase-conjugated second-step
reagent (Jackson ImmunoResearch Laboratories Inc.) in
5% newborn calf serum and 5% normal mouse serum in
PBS. Double labeling was performed as described (18).
Peroxidase activity was visualized with 3,3"-diaminoben-
zidine and 0.01% H,O,. Alkaline phosphatase activity
was visualized with nitroblue tetrazolium chloride and
5-bromo-4-chloro-3-indolylphosphate toluidine salt
according to the manufacturer’s instructions (Boeh-
ringer Mannheim GmbH, Mannheim, Germany).

RT-PCR. Bone marrow and thymus of ND 18 mice were
used for mRNA isolation using Trizol (Life Technologies
Inc., Gaithersburg, Maryland, USA). For RT-PCR the fol-
lowing primer sets were used (nt indicates nucleotides):
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IL-7: 5'-CAAGGCACACAAACACTGGT-3' (gene identifica-
tion [GI]: 6680432; nt 869-888) and 5'-TATGCTGACG-
GCAGCAGTCA-3' (nt 1,188-1,169); IL-7aR R: 5'-
CAGGATGGAGACCTAGAAGA-3' (GL: 11362611; nt
123-142) and S5'-TCTCTGTGGGATTGTTGTTCT-3' (nt
626-606); IL-7yR: 5'-GCAGTACCGGAGCAACAGA-3' (GI:
404067; nt 588-606) and 5'-GGCTGCAGACTCTCAGTCA-
3" (nt 992-974); SDF-1ct: 5'-ATCAGTGACGGTAAACCAGT-
3’ (GI: 393179; nt 133-152) and 5'-GACCCCAGTCAGT-
GCTGT-3' (nt 484-467); SDF-1f: S5'-ATCAGTGAC-
GGTAAACCAGT-3' (GIL: 393181; nt 128-147) and §'-
GGCGTCTGACTCACACCT-3' (nt 377-360); CXCR4: 5'-
GGACCTGTGGCCAAGTTCTTAGT-3' (GL: 1772445; nt
1,418-1,440) and 5'-CCAAACAAACCATCACACAGCAT-3’
(nt 1,641-1,619); Cyclophilin: 5'-CCATCGTGTCATCAAG-
GACTTCAT-3' (GI: 192864; nt 295-318) and S'-TTGC-
CATCCAGCCAGCCAGGAGGTCT-3' (nt 510-489). PCR was
performed twice on every cDNA sample and the mean
was calculated. The OD of each specific band was cor-
rected for that of cyclophilin. Wild-type bone marrow lev-
els were normalized to 100%.

Quantification of serum Ig levels. Serum was collected
from 1- to 6-week-old wild-type and homozygous F/A-2
transgenic littermates. IgG1, IgG2A, IgG2B, 1gG3, IgM,
and IgA levels were each quantified in 96-well plates
using ELISA-based assays according to the manufactur-
et’s instructions (Southern Biotechnology Associates).

Results

Impaired development of PPs in arginine-deficient transgenic
mice. The gross phenotype of homozygous F/A-2 trans-
genic (F/A-2"") mice has been described elsewhere (16).
In suckling mice, the transgenic intestinal arginase
activity caused a decrease in circulating plasma arginine
concentration to 80 uM, compared with approximate-
ly 250 uM in wild-type controls. A striking abnormali-
ty in the F/A-2"* mice was the macroscopic absence of
PP’s, even though whole-mount immunohistochemi-
cal staining for VCAM-1 revealed that F/A-2%* mice had
developed a normal number of PP anlagen after the
first postnatal week. The impaired development of PPs
appeared to be critically dependent on arginine avail-
ability, as arginine injections restored the development
of PPs to normal. Figure 1 shows a PP anlage in the
small intestine of an F/A-2"* mouse at 3 weeks. The PPs
hardly protrude from the serosa and show hypoplasia
of the B cell and T cell areas (Figure 1, b and d), though
B cell follicles remain identifiable. In contrast, PPs in
normal mice consist of large B cell follicles (Figure 1a)
and smaller T cell-rich areas surrounding the follicles
(Figure 1c). Both control and F/A-2*/* B cells were pos-
itive for membrane-bound IgM (mIgM) (Figure 1, e and
f). Interaction between integrin a7 and the mucosal
vascular addressin MAdCAM-1 is essential for lym-
phocyte homing to the PPs (19). MAdACAM-1 appeared
normally expressed on high-endothelial venules with-
in the PPs in both control and F/A-2** mice (Figure 1,
gand h). In untreated F/A-2"* mice, PPs became macro-
scopically identifiable at 6-7 weeks of age, demon-

strating that their development in F/A-2%* mice was
temporarily suspended but not abolished.

T cell populations in central and peripheral lymphoid organs.
T cells were isolated from thymus, spleen, cervical lymph
nodes, mesenteric lymph nodes, and intestine. In the thy-
mus, absolute cell numbers were lower in F/A-2"/* mice,
but not if corrected for the lower body mass of these mice
(16). At ND 21, the fraction of CD3g-positive cells and the
cellular distribution of the CD4 and CD8 markers showed
no major differences between wild-type and F/A-2** mice
(Figure 2, upper panels), indicating that maturation and
selection of thymocytes is not hampered by arginine defi-
ciency. Also, analysis of the immature, CD4-, CD8" popu-
lation with the CD25 and CD44 markers did not reveal an
unbalanced development (data not shown).

In the spleen (Figure 2, middle panels) and lymph
nodes (Figure 2, lower panels) of F/A-2*/* mice, CD4* and
CD8" T cells were readily found at 3 weeks of age and had
normal distribution. Both peripheral and mesenteric
lymph nodes were normally present in F/A-2"* mice. Sim-
ilarly, the relative number of intestinal CD3", CD4", and
CD8* T cells did not differ significantly between trans-

WT

F/A-2+"

Figure 1
Expression of CD45R (B220), IgM, CD3¢, and MAdCAM in wild

-type

(WT) and F/A-2*/* PPs. Histological examination of small intestine occa-
sionally reveals a small PP in ND 21 F/A-2** animals. These PPs are
reduced in size and do not protrude from the serosal surface (right col-

umn), compared with PPs from wild-type littermates (left column).

Nev-

ertheless, immunohistochemical staining for B220-positive B cells (a and

b), CD3* T cells (cand d), and IgM-positive B cells (e and f) reveale

d the

presence of segregated T cell and B cell areas in F/A-2*/* PPs. Endothe-
lial cells in sinuses lining the PPs normally express MAdCAM-1 (g and

h). Sections were counterstained with hematoxylin. Bar, 200 uM.
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genic and wild-type mice (Figure 3, a-c). Also, the relative
number of intestinal IELs expressing the gut-homing
integrin o'Bt was not affected (Figure 3d).

Reduced number of B cells in the intestine of arginine-deficient
mice. Due to their small size in the transgenic gut, the nor-
mally B cell-rich PPs were not excised but were included
in the analysis of the intestinal LPL populations of both
wild-type and F/A-2%* mice. Figure 3, e and f, shows an
almost complete lack of lymphocytes expressing the
pan-B cell marker CD19 and the MHC Il antigen I-A in
the small intestine of F/A-2"* mice during the first four
postnatal weeks. At ND 21, the small intestine of F/A-27*
mice contained fivefold fewer CD19* and I-A* B cells than
did that of wild-type mice (Table 1). The B cells in the LPL

Figure 3

Prevalence of T and B lymphocytes in the small intestine of wild-type
and F/A-2*/* mice. The relative percentage of intestinal lymphocytes,
including those from PPs, that express the T cell markers CD3 (a), CD8
(b),CD4 (c), integrin o't (d), the B cell markers CD19 (e), and MHC-I
(F), was determined in wild-type (squares) and F/A-2*/* small intestine
(diamonds) by flow cytometry. The percentage of cells that expresses T
cell markers is similar in both groups, but the percentage that express-
es B cell markers is significantly reduced in F/A-2"/* small intestine. Data

Figure 2

Flow cytometric analysis of T lymphocytes from thymus, spleen,
and lymph nodes of 3-week-old wild-type and F/A-2"/* mice. Cells
were stained with antibodies to CD4 and CD8, and the percent-
age of CD4-, CD8; CD4*, CD8; CD4-, CD8*; and CD4*, CD8*
cells is indicated. Data shown are representative of the analysis of
six mice of either genotype.

fraction were all located in PPs, as CD19* or I-A* cells
could not be recovered after excision of PPs from wild-
type small intestine prior to tissue disintegration (not
shown). In order to establish whether the effect of argi-
nine on PP development is the result of diminished pro-
duction of the NO from arginine, we investigated mice
carrying null mutations of any of the three isoforms of
the NOS gene (20-22). At three weeks of age, normal PP
development was observed in NOSI-, NOS2-, and NOS3-
deficient mice compared with their appropriate controls
(16). Furthermore, B cell numbers were not decreased in
intestinal lymphocyte populations isolated from NOS-
deficient mice (Table 1). In addition, ornithine transcar-
bamoylase-deficient Spf-ash mice, which suffer from a
reduction in all free amino acid plasma levels, displayed
normal PPs and intestinal B cell numbers (Table 1).
Selective defects of B cell subpopulations in other peripheral
lymphoid organs. Relative to wild-type mice, the fraction
of B lymphocytes in lymph nodes was reduced approxi-
mately 40% in 3- and 4-week-old F/A-2"* mice (from 9%
to 5% at 3 weeks and from 13% to 8% at 4 weeks of age).
The tenfold lower number of splenic cells in F/A-2*/*
mice compared with controls (Table 2) reflected the
severe reduction in spleen size in suckling F/A-2*/* mice
(16). In the white pulp of the spleen of 3-week-old wild-
type mice, a wide cuff of B cells expressing B220 (Figure
4a), IgM (Figure 4c), and, to a lesser extent, IgD (Figure
4e) surrounded the T cells in the periarteriolar lymphat-
ic sheath (Figure 4k). In the transgenic spleen, the area
of B220* or IgM* B cells surrounding the periarteriolar
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Table 1
Expression of B cell surface markers on intestinal lymphocytes of various mouse strains at 3 weeks of age

% WT FVB F/A-2*/+ WT C57BL/6
CD19 17.7+5.6 2.7+0.8* 12.9+3.7
I-A 20.7+5.2 4.0+£1.5*% 13.8+3.3

Spf-ash NOS-1-/- NOS-2-/- NOS-3~/~-
148+2.2 12.5+£2.5 21.3£5.5 23.5+7.5
173+£1.9 13.0+£3.0 24.7+5.5 25.5+7.5

Mutant animals were compared with strain-matched wild-types. Values are presented as mean of three independent analyses per genotype. *Significantly dif-
ferent from wild-type (WT) (P < 0.05).

lymphatic sheath was reduced approximately threefold
in thickness (Figure 4, b and d). We next analyzed the
presence of B cell follicles within the marginal zone. To
this end, splenic sections of 3-week-old mice were simul-
taneously stained for the presence of B cells (indicated
by B220) and marginal zone macrophages (SER-4) (Fig-
ure 4, g and h); B cells (B220) and the sinus-lining cells
of the marginal zone (MECA-367) (Figure 4, i and j); or
T cells (KT-3) and marginal zone macrophages (SER-4)
(Figure 4, k and 1). B cell follicles are visualized in wild-
type mice as B220* (Figure 4, g and i) and CD3- (Figure
4Kk) areas within the SER-4* and MAdCAM-1* marginal
zone. In F/A-2"/* mice, B cell follicles were virtually absent
(Figure 4, h,j, and ). These data indicate that the splenic
architecture is not disturbed in F/A-2"/* mice, even
though the reduced number of B cells impairs the for-
mation of normal B cell follicles.

The differentiation and maturation stage of F/A-2*
splenic B cells was further assessed by flow cytometry
(Figure 5). In agreement with the immunohistochemi-
cal data, the fraction of B cells in transgenic spleen was
reduced to 65% of that in wild-type controls at 3 weeks
(Figure 5a) and 4 weeks (not shown) of age. The B cells
expressing very low levels of CD21, high levels of mIgM,
and no IgD are recent immigrants from the bone mar-
row and are designated type I transitional B cells (23). In
transgenics, this fraction is modestly decreased to 31%
of the total B cell population in the spleen, compared
with 38% in the wild-type (Figure 5b). The fraction of B
cells that expresses high levels of both IgM and CD21
and is positive for IgD (type II transitional B cells; ref.
23), and the fraction of mature, resting B cells, which
express low levels of IgM, high levels of IgD, and inter-
mediate levels of CD21, was similar in F/A-2"* and wild-
type spleen (Figure 5,b and c). Figure 5d further shows
that the fraction of IgM* and CD23" cells, denoting fol-
licular B cells, was not different in the spleen of F/A-2*/*
mice from that in wild-type mice at 3 weeks of age. At 4
weeks, this maturation profile was similar (not shown).
Together, these results suggest a reduced output of B
cells from the marrow of F/A-2** mice, which in turn
results in a slow fill of peripheral lymphoid organs, in
particular the spleen. However, the B cells that do arrive
in the spleen undergo a normal maturation program.

Decreased serum IgM production in F/A-2"* transgenic mice.
The reduced number of B cells in the spleen and gut of
F/A-2/* mice could affect Ig production. Figure 6 shows
serum Ig levels in wild-type and transgenic mice from
birth through adulthood. Before weaning, IgG isotypes,

but not IgM, are actively taken up by the intestinal
epithelium from the mother’s milk (24). Since serum
IgG concentrations in suckling transgenic mice were not
different from those in controls, the intestinal uptake
mechanism was not affected in the transgenics. In con-
trast, the IgM level was significantly lower (P < 0.01) in
suckling transgenic mice, whereas IgA was not yet
detectable. After weaning, IgG2a and IgG2b levels
increased toward a similar adult level in both wild-type
and F/A-2* mice. The concentration of IgM also
increased, but remained significantly lower in transgen-
ics than in wild-type mice (P < 0.05). The levels of IgA and
IgG1 tended to increase at a slower pace in transgenic
mice, but the differences were not significant.

B cell development in F/AY* mice is hampered at the pro— to
pre-B cell transition. The hypothesis that the output of B
cells from the marrow was reduced in F/A-2*/* mice
prompted us to examine early B cell development in more
detail. The total number of cells recovered from bone
marrow was reduced in 3-week-old transgenic mice
(Table 2), reflecting the reduced size of their bones. Rela-
tive to controls, the fraction of lymphoid cells in bone
marrow of 3- and 4-week-old F/A-2"/* mice was reduced
by one-third (Figure 7, top panels). The differentiation
profile of the B lymphocyte fraction was analyzed using
established markers to distinguish the pro-B cell, pre-B
cell, and immature B cell stages (25). Cells of the B line-
age were identified with antibodies to B220. B220-posi-
tive, mIgM-negative cells were further characterized by
assessing expression of the CD43 and CD24 membrane
proteins (Figure 7, middle and lower panels). Figure 7,
middle panels, clearly shows that the pool of pre- and
pro-B cells was reduced more than 50% in 3-week-old

Table 2

Reduced recovery of spleen and bone marrow lymphocytes from

3-week-old, 4-week-old, and adult mice

WT F/A-2%*

Age (ND) No. cells recovered (x10°)
Spleen 21 55 6
28 34 11
Adult 46 23
Bone marrow 21 5 2
28 2 3
Adult 3 3

Fewer lymphocytes were recovered from F/A-2/* spleen than from wild-type

spleen. Numbers given represent recovery from pooled tissue of three
Body weights of wild-type and transgenic mice were reported previously
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F/A-2"/* mice compared with controls. This reduction was
mainly due to a severe reduction in the fraction of pre-B
cells (Figure 7, lower panels): the ratio of pre- to pro-B
cells had decreased from 3.9 in age-matched wild-type lit-
termates to 0.7 in F/A-2"* animals. At 4 weeks of age,
these same ratios were 2.5 and 0.8, respectively (not
shown). Figure 7 also shows that the prevalence of pre-B
cells (mIgM-negative, B220-positive), and that of imma-
ture B cells (low levels of mIgM), type I transitional B cells
(high levels of mIgM), and mature, recirculating B cells
(lower levels of mIgM, mIgD-positive and high levels of
B220) declined in a coordinate fashion, indicating that
maturation beyond the pro-to-pre-B cell transition was
not affected or was much less affected in the transgenic
animals. To further delineate the location of the devel-
opmental block, the CD43*,B220" B cell population was
analyzed for expression of the ectopeptidase BP-1 and the
heat-stable antigen CD24. Figure 8 shows that the BP-1%,
CD24" fraction, representing cells at the transition from
the pro- to pre-B cell stage, was twice as large in 3-week-
old F/A-2* mice as in wild-type and hemizygous controls
(Figure 8), suggesting that B cell maturation in arginine-
deficient pups is hampered in the early pre-B cell stage.

Figure 4

Immunohistochemical analysis of expression of B220, IgM, and IgD
in the spleen of 3-week-old wild-type and F/A-2** mice. Serial sec-
tions of wild-type (left column) and F/A-2** (right column) spleen
were stained for the expression of CD45R (B220; a and b), IgM (¢
and d), or IgD (e and f). The B220* and IgM* B cell layer surround-
ing the periarteriolar lymphatic sheath is reduced to a small rim of
cells. Splenic marginal zones were visualized by staining marginal
zone macrophages for the presence of sialoadhesin (SER-4,red in g
and h) and staining sinus-lining cells in the marginal zone for the
presence of MAACAM-1 (MECA-367). In the same sections, B220-
positive cells are stained blue. Follicles of blue B220-positive B cells
within the borders of the marginal zones (*) are easily distinguish-
able in wild-type (g and i), but are virtually absent in F/A-2*/* spleen
(h and j). Serial sections were also stained for CD3 (KT-3; k) and
sialoadhesin (SER-4; I). CD3-negative areas within the SER-4-posi-
tive marginal zone (*) mark B cell follicles. Micrographs shown are
representative of six mice examined. Bar, 100 uM.

The stromal cells in the bone marrow provide an essen-
tial microenvironment for B cell maturation. The
chemokine stromal cell-derived factor-1 (SDF-1) is an
essential factor for pro-B cell development, while IL-7 is
particularly important at the transition from pro- to
pre-B cell (26,27). As expected, mRNA levels for SDF-1a
and SDF-1p and their receptor CXCR4 in 3-week-old
F/A-2*/* bone marrow did not differ from levels in age-
matched wild-type controls (Figure 9). However, the
mRNA levels of IL-7 and the corresponding receptor
(IL-7R o chain and y. chain) were also not different
between F/A-2** and control mice. Similarly, we found no
differences with respect to these parameters in the thy-
mus of F/A-2** mice and controls. To exclude that ham-
pered B cell maturation was associated with and perhaps
due to higher bone-marrow arginase levels in the trans-
genes, we tested ND 18 animals for the presence of
arginase I in their bone marrow. Arginase was readily
detectable by Western blot analysis in both wild-type and
F/A-2*/* bone marrow homogenates. In fact, arginase
expression appeared to be higher in wild-type mice than
in F/A-2%* mice (not shown). This finding rules out
ectopic expression of the transgene as a cause for the
observed phenotype.

Peripheral B cells of F/A-2*/* mice show normal proliferative
responses. To assess the functional capability of B cells,
lymphocytes isolated from the spleen of 3-week-old wild-
type and F/A-2%* mice were stimulated with a goat
F(ab')2 anti-u antibody or with the polyclonal B cell acti-
vator LPS. A comparable proliferative response was seen
in cells from F/A-27* mice and controls after either 2 days
or 3 days of stimulation (Figure 10). Culture of B cells in
the presence of anti-CD40 antibodies and IL-4 normally
results in a strong proliferative response and isotype
switching (28). Figure 10 shows that the response to these
challenges was also similar in F/A-2%* and wild-type cells.
Furthermore, culture medium supernatants contained
similar concentrations of IgG1 and IgE antibodies (data
not shown). These data demonstrate that transgenic B
cells, once they have passed the developmental block in
the early pre-B cell stage, are fully capable of mounting
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appropriate responses both to T cell-independent (LPS,
anti-w) and T cell-dependent (anti-CD40/IL-4) stimuli.

Discussion

At present, limited information is available on how nutri-
ents influence the development of lymphoid organs or
immune function. Arginine was surmised to be beneficial
for immune system responses (29), but the reported
effects are assorted, ranging from an increased produc-
tion of polyamines (30) via effects on tumor growth (31,
32) and wound healing (9, 33), to a direct effect on T cell
proliferation and gene expression (34-36). Here we show

Figure 5

Flow cytometric analysis of splenic B cells of 3-week-old wild-type
and F/A-2*/* mice. Spleen cells were incubated with combinations of
antibodies to IgM, IgD, CD45R (B220), CD21, and CD23. The rela-
tive size of the indicated subpopulations is shown as a fraction of the
total number of cells (a) or as a fraction of IgM-positive, B220-pos-
itive cells (b-d). The small squares schematically show the analyzed
subpopulations. M, mature; T1, transitional type |; T2, transitional
type Il; Fol, follicular B cells.

pronounced reduction in the number of B cells in the
spleen and lymph nodes, the virtual absence of visually
identifiable PPs, and significantly reduced serum IgM lev-
els. The size of the thymus is reduced in proportion to
growth retardation (16), and development of T cells in
the thymus appears normal; both of these observations
indicate that arginine deficiency does not materially
affect T cell development.

The impaired maturation of pre-B cells in F/A-2"*
mice appears to be critically and specifically dependent
on the concentration of circulating arginine. F/A-2"/~
and F/A-1*/* mice, which both suffer from a milder argi-
nine deficiency than F/A-2"* mice (plasma arginine lev-
els of F/A-2~ and F/A-1"/* mice are decreased to 45-50%
of that in wild-type controls, compared with a decrease
to 30-35% of wild type in F/A-2** mice), do not suffer
from the severe deficiency of peripheral B cells and
impaired growth of peripheral lymphoid organs seen in
F/A-2"* mice (16). Moreover, daily arginine injections
reversed the lymphocyte phenotype of F/A-2*/* mice,
even though this treatment did not completely restore
circulating arginine concentrations (16, 37). F/A-2"/*
mice suffer, in addition to hypoargininemia, only from
hyperglycinemia, glycine and arginine both being sub-
strates for creatine biosynthesis, which is strongly
reduced in F/A-2"* mice (37). Furthermore, ornithine
transcarbamoylase-deficient Spf-ash mice have normal
B cell cellularity in their peripheral lymphoid organs,

207 0.67

IgM

IgA

0.2t

that an arginase-mediated selective arginine deficiency ~ E

results in an impairment of pre-B cell maturation in the E’

bone marrow. Hence, a reduced number of B cells leaves g,

the bone marrow and enters the periphery, resulting in a £
Figure 6 ®T IgG2B 207 19a3
Serum Ig levels in wild-type and F/A-2*/* mice. Serum Ig levels in wild- .
type (squares) and F/A-2*/* (diamonds) mice increase with a similar
time course after weaning, but IgM levels remain depressed to 30% of sl 1.01
that of control in F/A-2"/* serum (P < 0.01). Furthermore, 1gG1 levels |
do not increase after weaning in the F/A transgenics. For each meas- ) ) 1 ) )
urement, serum of three mice was pooled. Values are mean + SEM 0 2'0 4'0 6'0 0 2b 4'0 6|0
and are based on triplicates in two independent analyses. Age (days after birth)
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;; ;; ‘ . ® '(@M development, i.e., immature, transitional, and mature B
“1 10 T10° 10" oz 10° 10¢ cells in the bone marrow and the spleen were all reduced
in number, but were not disproportional. This suggests
. l . l B220 an unaltered capacity of pre-B cells to develop once they
3 2 Pre—B/Pro—B- 3.9 2 [Pre-B/Pro-B 0.7 escape the early maturation block. In agreement with this,
gl e B cells isolated from peripheral lymphoid organs were
14 able to mount a normal proliferative response upon B
cell-specific stimulation. The observed lack of PP devel-
opment can be a result of to B cell deficiency (41, 42). We
found no gross defect in T cell maturation in the thymus
10° 10 10° 10 or aberrant T cell populations in peripheral lymphoid
organs. Moreover, T cell-deficient mice develop normal
CD43 PPs (43, 44). It therefore does not seem far-fetched to
assume that the effect of arginine deficiency on B cell
even though they suffer not only from an arginine defi- development is restricted to the bone marrow compart-
ciency that is comparable to that of F/A-1"* and F/A-27~ mentand that defective proliferation of precursor B lym-
animals, but also from hyperammonemia and reduced  phocytes forms the basis of the phenotype.
levels of nearly all other amino acids (38, 39). For these B cells develop in the marrow from hemopoietic pre-
reasons, we believe that the F/A-27* phenotype results  cursor cells and can be divided into several differentia-
from the selective arginine deficiency that develops tion stages that are characterized by surface phenotype
upon effectively blocking intestinal arginine biosynthe-  (25,45). Using the staining protocols of Hardy et al. (25),
sis. The syndrome begins to mitigate after weaning, that ~ we found that the number of pro-B cells and late pro-B
is, when intestinal synthesis of arginine ceases (40) and  cells was strongly increased relative to the number of
body growth resumes (16). pre-B cells in suckling F/A-2** mice and that the popu-
How can we explain the phenotype? Strikingly, only pre-  lation of pre-B cells was severely reduced, suggesting
cursor B lymphocytes appear to be aftected. Later stepsin ~ defective proliferation of early pre-B cells. What can be
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Figure 8 ol o V) _
Flow cytometric analysis of bone marrow Qi A =
B-lineage cells of 3-week-old wild-type, S St i’c_>
F/A-2%~and F/A-2"/* mice. B220-positive,
CD43-positive lymphocytes contained
within the black windows of the upper - . .
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Figure 9

Messenger RNA transcript levels of IL-7, IL-7R o chain (IL-7aR), IL-7R
y chain (IL-7yR), SDF-1a, SDF-1f, and CXCR4 in 3-week-old wild-type
and F/A-2*/* bone marrow (BM) or thymus. Cyclophilin was used as
an internal control. mRNA levels are expressed as a percentage of the
levels measured in wild-type bone marrow in both panels. Values are
mean * SEM of six independent analyses for each genotype.

the reason for this developmental block? Early B cell pro-
genitors require cell-to-cell contact and growth factors
such as IL-7 and c-kit ligand for further development
into pre-B cells (46). The transition from pro- to pre-B
cell requires the formation of a premature B cell recep-
tor (BCR) complex with the heavy chain and two surro-
gate light chains. The constitutive signal generated by
this receptor, and an IL-7-dependent signal collaborate
in the induction of a rapid expansion of the pre-B cell
pool (47). Limited or no expansion of the pre-B cell pool
is seen in mice lacking (a) components of the BCR com-
plex (e.g., the cytoplasmic domain of the Ig-a. chain or
the Ig-p chain, which are signal transduction effectors of
the BCR) or A5 (a component of the surrogate light
chain of the premature BCR); (b) components of the sig-
nal transduction pathway of the BCR (e.g., Syk, BLNK,
Vav, and PI 3-kinase, which are all signaling intermedi-
ates of the BCR); (c) IL-7 or components of IL-7R (e.g. IL-
7aR and IL-7yR) or Jak3, or (d) transcriptional activators
of components of the BCR or IL-7/IL-7R system (e.g.,
E2A, Pax-5, EBF, Sox-4, Mel-18, or C/EBP-f) (for a recent
review see ref. 48). However, mice with deletions of tran-
scriptional activators often display a broader phenotype
than that seen in our transgenic mice.

The finding that mRINA levels of IL-7 and its receptor
chains were undisturbed in F/A-2"* primary lymphatic
tissue suggests that the IL-7-dependent pathway is
intact. In addition, IL-7 deficiency (49, 50) or deletions
of components of IL-7R (47, 49, 51) cause a strong
reduction in the cellularity of the thymus, with distur-

Figure 10

In vitro stimulation of proliferation of splenic B cells from wild-type
and F/A-2*/* mice. Splenic lymphocytes (10° cells per well) of 4-week-
old mice were stimulated with LPS, goat F(ab'); anti-mouse u chain,
anti-CD40 antibody, or IL-4, either alone or in combination for 2
days (upper graph) or 3 days (lower graph). Cells of wild-type and
F/A-2** spleens displayed similar proliferative responses. Data are
presented as mean of triplicate cultures.

bances in the early precursor populations (50). Fur-
thermore, a severe deficiency of thymic and peripheral
¥0 T cells is present (52). F/A-2"* mice, however, devel-
oped normal T cell populations in primary and periph-
eral lymphoid organs. Similarly, nRNA levels of SDF-1
and its receptor CXCR4, a signal transduction pathway
that stimulates pro-B cell development, possibly in con-
cert with the IL7/IL7R pathway (53), were undisturbed.

Because we assume that an arginine-dependent meta-
bolic or signal-transduction mechanism is responsible for
the hampered transition of pro- to pre-B cells, we do not
expect a fully penetrant phenotype. Therefore, factors
that are known to cause a complete block if fully inactive
can be candidate targets as well. Since the few pre-B cells
that escape the block develop normally, and since periph-
eral B cells can be readily induced to proliferate or differ-
entiate by a variety of stimulants mimicking T
cell-dependent and -independent activation, a B cell
autologous defect (i.e., a defect in the signaling pathway
originating from the premature and mature BCR) is
unlikely. Even though the current study demonstrated an
unambiguous effect of arginine deficiency on early B cell
development, we have yet to define the molecular and cel-
lular mechanism through which arginine modulates lym-
phocyte biology and exerts its beneficial effect on mucos-
al defense. However, it is known that murine lymphocytes
have a very limited capacity to synthesize arginine and
depend on exogenous arginine for proliferation and anti-
body production (35, 54, 55). Most likely, therefore, a sig-
nal-transduction molecule derived from arginine (such
as NO or agmatine) or a metabolic process that becomes
disturbed by altered arginine levels (37) is involved. The
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present findings should allow us to identify the site of
action of arginine and to assess the prospects of arginine
to become a bona fide immunonutrient.
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