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Abstract
Objective

To examine the effect of LY309887, an inhibitor of glycinamide ribonucleotide formyltransferase in de novo
purine biosynthesis on murine type collagen-induced arthritis (CIA). 

Methods
CIA was induced by immunization with bovine type II collagen in adjuvant. The expression of folate receptors was

examined in dissected synovial tissues and bone marrow cells from arthritic and non-arthritic mice by the 
semi-quantitative reverse transcription-polymerase chain reaction. LY309887 was administered to CIAmice after

the onset of arthritis. Mice were monitored for arthritis index for 21 days. Levels of IgG1 and IgG2a antibodies
against bovine type II collagen were measured in sera from CIA mice with or without LY309887 treatment by the
enzyme-linked immunosorbent assay. Histologic analyse were also performed in synovial tissues from arthritic

joints with or without LY309887 treatment.

Results
Levels of mRNA of folate receptor beta (FR- ) were elevated in arthritic joints from CIA mice, compared with
those in nonarthritic joints. The expression of mRNA of FR- was dominant in bone marrow cells of CIA mice.

The administration of LY309887 suppressed the disease progression of CIA mice as defined by the lower arthritis
index, and decreased production of serum IgG1 and IgG2a anti-type II collagen antibody, and the damage to 

cartilage or bone.

Conclusion
The administration of LY309887 was effective on CIA mice. It was suggested that LY309887 might be useful in the

treatment of rheumatoid arthritis.
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Introduction
It has been known that oxidized folates
such as folic acid are transported via
folate receptors (FRs), while reduced
folates such as 5-methyl tetrahydrofo-
lates and methotrexate are transported
via reduced folate carrier (RFC) (1-3).
At present, three folate receptors alpha
(FR-α), beta (FR-β), gamma (FR-γ) are
functionally identified in humans (4).
F R -γ may not be functional as the
membrane protein because it has an
incomplete glycosylphosphatidyl inosi-
tol anchor portion. These receptors are
expressed at low or undetectable levels
in normal tissues and levels of their
expression were elevated in epithelial
and hematopioetic tumors. Thus, it is
considered that folate derivatives with
a high affinity for these receptors may
become efficient drugs or be useful as
drug delivery agents for the treatment
of tumors (5, 6). 
In rheumatoid arthritis (RA), the domi-
nant cell type in the joints is the
macrophage. Several reports showed a
correlation between the number of
macrophages present in the joint and
severe cartilage destruction (7). In fact,
selective removal of synovial macro-
phages after the onset of experimental
arthritis downregulated synovial inflam-
mation (8, 9). Previously, we showed
that the expression of FR-β was selec-
tively elevated in synovial macrophages
from RA (10). Likewise, Turk et al.
showed that folic acid was transported
via the FRs, probably FR-β on activated
macrophages in arthritic joints of myco-
plasma-induced arthritic rat (11). T h e s e
findings suggested to us that drugs with
a high affinity for FR-β may selectively
downregulate synovial inflammation
mediated by synovial macrophages. 
R e c e n t l y, several reports showed the
effectiveness of folate derivatives with
a high affinity for FR-α on tumors in
experimental models (12, 13). Among
these drugs, LY309887 is a potent in-
hibitor of glycinamide ribonucleotide
formyltransferase (GARFT) involved
in de novo purine biosynthesis and it
has a high affinity for FR-α and a sig-
nificant affinity for FR-β. Most recent-
ly, it was reported that a phase I trial
using LY309887 in humans was suc-
cessfully performed (14). 

In this study, we examined the expres-
sion of FRs in arthritic joints because
there are no information about the
expression of FRs in experimental
arthritic joints. Furthermore, the effect
of LY309887 on murine type II colla-
gen-induced arthritis (CIA) was exam-
ined by means of clinical scores, serum
levels of anti-type II collagen antibody,
and histological analysis.

Materials and methods
Induction of arthritis
Seven-week-old male DBA/1J mice
were purchased from Charles River
Japan (Yokohama, Japan). The mice
were housed in filter-topped cages, and
water and a low-folate diet (0.02 mg%)
(Dyets, Bethlehem, PA) were provided
ad libitum . This study was carried out
after permission was received from the
Committee of Animal Experimenta-
tion, Faculty of Medicine, Kagoshima
University.
Bovine type II collagen (C II) was pre-
pared according to the method of
Miller and Rhodes (15). Briefly, C II
was diluted with 0.1 M acetic acid to a
concentration of 4 mg/ml and was
emulsified in an equal volume of Fre-
und’s incomplete adjuvant (IFA; Difco,
Detroit, MI) containing H37Ra Myco -
bacterium tuberculosis (Difco). At the
age of 9 weeks, the mice fed for at least
two weeks with a low-folate diet were
immunized intradermally at the base of
the tail with 100 µl emulsion (200 µg
collagen). 
LY309887, a gift from Lilly Research
Laboratories, Indianapolis, IN, was
diluted to 2.5 µg/ml or 7.5 µg/ml in
phosphate-buffered saline (PBS).

Treatment and evaluation of arthritis
Mice were randomly assigned to 1 of 3
groups after the onset of arthritis: the
low dose or high dose treatments with
LY309887, or control. In LY 3 0 9 8 8 7
treatment, mice were treated with an
injection of 200 µl solution containing
0.5 µg or 1.5 µg of LY309887 intraperi-
toneally on days 1, 3, 5, 7, and 9. 
Mouse paws were scored for arthritis as
previously described (16). Briefly, a 4-
point scale was used, where 0 = normal,
1 = slight swelling and erythema, 2 =
pronounced edema, and 3 = joint rigidi-
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t y. The cumulative score of all 4 paws
of each mouse was used as the “arthritis
index” (maximum score of 12 per
mouse) to represent the overall disease
severity and progression in an animal.

Analysis of tissue samples
Arthritic and non-arthritic mice were
killed on day 21 after the onset of arth-
ritis. The arthritic joints and the clini-
cally non-arthritic joints were dissected
and used for the preparation of total
RNA. Additionally, the bone marrow
from arthritic and non-arthritic mice
was dissected and used for preparation
of total RNA. 
Analysis was carried using the reverse
transcription-polymerase chain reac-
tion (RT-PCR). Total RNAwas isolated
using TRIzol LS reagent (Life Tech-
nologies, Gaithersburg, MD). The first
strand cDNA kit (SuperScript Pream-
plication System; Life Te c h n o l o g i e s )
was used to make cDNA from 5 µg of
each RNA. Amplification of each
c D N A was performed with a A c c u-
Power PCR Premix kit (Bioneer, Seoul,
Korea). Polymerase chain reaction
(PCR) was performed according to a
standard protocol. Primers used were
as follows: FR-α C A G G A A G C A-
CATAAGGACATT (upstream primer),
T C A A A C C A C AT C T G A AT G C A G
(downstream primer); FR-β CTCTTG
C T T T T G G T C TA C ATG (upstream
primer), GAAGTA G TA C T C A A A C G-
TGTG (downstream primer); RFC
A C TA A C G A G AT C AT T C C G AT G
(upstream primer), GAT C TA G T T T C-
CTGGTTTCTG (downstream primer);
GAPDH GGAGCCAAACGGGTCAT-
C ATCTC (upstream primer), AT G C-
CTGCTTCACCACCTTCTTG (down-
stream primer). The message for
CD163 and IL-1β was amplified using
the primers described elsewhere (17,
18). The amplified PCR products for
FR-α, FR-β, IL-1β, RFC, CD163, and
GAPDH were 430 basepairs (bp), 501
bp, 166 bp, 535 bp, and 151 bp, and
454 bp, respectively. In preliminary ex-
periments, we examined linearity of
PCR amplification of FR-α, FR-β, IL-
1β, RFC, CD163, and GAPDH cDNA
by increasing the number of PCR cy-
cles from 18 to 35. Data indicated that
PCR amplification of FR-β c D N A

reached a plateu by 33 cycles. There-
fore, we used 30 cycles to determine
the relative abundance of FR-β mRNA.
In the same way, we used 26 cycles, 28
cycles, 27 cycles, 26 cycles, and 21 cy-
cles to determine those of FR-α, IL-1β,
RFC, CD163, and GAPDH, respective-
ly.
We then measured anti-collagen type II
antibody (anti-C II). Individual serum
samples were collected at the end of the
experiment by retro-orbital puncture.
They were divided into aliquots and
stored at -20ºC until they were used for
the ELISA. Immunoplates (MaxiSorp;
Nunc, Roskilde, Denmark) were coated
overnight with 2 µg/ml of bovine type
II collagen in PBS at 4ºC. Non-specific
binding was blocked with 10% fetal
bovine serum (FBS) in PBS for 30 min-
utes at 37ºC. Serum samples (diluted
with 10% FBS-0.05% Tween 20 in
PBS) were added and incubated for 2
hours at 37ºC. Serum dilutions were
chosen after preliminary assays and
ranged from 1:400 to 1:40,000 for IgG1

or IgG2a anti-C II.
The plates were then incubated with
biotinylated rabbit anti-mouse IgG1

(Zymed, San Francisco, CA) or IgG2a

(Santa Cruz Biotechnology, Santa
Cruz, CA) for 1.5 hrs at 37ºC. Strepta-
vidin-horseradish peroxidase (HRP;
Zymed) was used as substrate, and the
optical density (OD) at 405 nm was
measured using a microplate reader
(model 550; Bio-Rad, Hercules, CA).
All incubations were carried out in a
volume of 100 µl/well, and between
steps the plates were washed 4 times
with 200 µl 0.05% Tween 20 in PBS.
The relationship of the optical density
measured in standard serum diluted
serially and arbitrary units showed a
good linear correlation in all determi-
nations (data not shown). The concen-
trations of IgG1 and IgG2a anti-C II in
the sera diluted 1:4000 are presented as
relative values (arbitrary units) com-
pared with the optical density of the
standard sera. Each plate was incubated
with a standard curve of positive serum
used to define arbitrary units of total
IgG1 and IgG2a anti-C II Abs.

Hematology and histopathology
White blood cell counts were per-

formed on samples isolated by orbital
vein puncture on day 21. Blood hemo-
globin concentrations were measured
using a diagnostic kit (Hemoglobin
Test Wako, Wako Pure Chemical Com-
pany, Ltd., Osaka, Japan).
Arthritic hind paws from at least 4 mice
from each group were collected at the
end of the experiment, fixed with 10%
b u ffered formalin, decalcified in 5%
EDTA and then embedded in paraffin.
Sagittal serial sections of whole hind
paws (5 µm thickness) were cut and
stained with hematoxylin and eosin for
microscopic evaluation, which was
performed in a blinded manner. To
determine whether the treatment had an
effect on the degree of joint inflamma-
tion, the ankle, the metatarsophalan-
geal and proximal and distal interpha-
langeal joints were examined for the
presence or absence of synovitis, pan-
nus formation, cartilage loss, bone ero-
sions, and disruption of the joint archi-
tecture.

Statistical analysis
The non-parametric Mann-Whitney U
test was used to test for differences in
clinical parameters among mice across
the experimental groups. P ≤ 0.05 was
accepted as significant. Data were ana-
lyzed using Stat-View 4.5 statistical
software for Windows (SAS Institute,
Cary, NC).

Results
Elevated levels of mRNA of FR-β in
arthritic joints from CIAmice
We examined levels of mRNA of FR-
α, FR-β, RFC, IL-1β and the macro-
phage-specific marker CD163 in the
arthritic and non-arthritic joints of CIA
mice by semi-quantitative RT- P C R
analysis. As shown in Figure 1A, levels
of mRNA of FR-β were elevated in
arthritic joints compared to those in
non-arthritic joints and paralleled those
of IL-1β in both joints. In contrast the
levels of mRNA of RFC and CD163
detected were similar between arthritic
and non-arthritic joints. Levels of
mRNA of FR-α were not detectable in
either joints (data not shown). In
human tissues, it was reported that the
expression of mRNA of FR-β w a s
observed in myeloid lineage cells of
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the bone marrow (19, 20). To deter-
mine the expression of mRNAof FR-β
in murine bone marrow cells, we exam-
ined levels of mRNA of FRs in the
bone marrow of CIAmice. The expres-
sion of mRNAof FR-β and RFC but no
expression of mRNA of FR-α w e r e
observed in the bone marrow of CIA
mice (Fig. 1B). 

Suppression of clinical symptoms 
in CIA mice by administration of
LY309887
Mice were fed a low-folate diet during
the experiments to obtain low-folate
concentrations similar to those of hu-
mans. Previously, it was shown that
low-folate serum concentrations en-
hanced the effects of LY309887 (21).
In the pharmacokinetics of LY309887
in humans, it was reported that LY-
309887 concentrations declined rapidly
for 24 to 36 hours. Since the clearance
of LY309887 in mice has been des-
cribed to be close to that of humans,
CIAmice were treated every other day.
Preliminary experiments using our
treatment protocol showed that the
administration of 5 doses (1.5 µg/dose)
every other day was safe and effective.
CIA mice were treated with low (0.5
µg/dose) or high doses (1.5 µg/dose) of
LY309887 and with PBS alone. A s
shown in Figure 2, on day 13 the high-
dose treatment with LY309887 had sig-
nificantly suppressed the development
of clinical symptoms in CIAmice com-
pared with the control group. In con-
trast, low-dose treatment with LY-
309887 resulted in only a modest effect
on the clinical symptoms of CIA mice.
Concerning the white blood cell count,
serum hemoglobin concentration, and
body weight, no significant differences
were found among these groups (data
not shown). A d d i t i o n a l l y, no side
effects (for example, diarrhea or hema-
tochezia) were observed in either group
during this experimental period. 

Decreased production of IgG1 and
IgG2a anti-C II in CIA mice following
the administration of LY309887
We next examined antibody titers of
IgG1 and IgG2a anti-C II in serum sam-
ples from treated and non-treated mice
on day 21 after the onset of arthritis. As

shown in Figure 3, antibody titers of
both IgG1 and IgG2a anti-C II in mice
treated with high doses of LY309887
were lower than those in mice treated
with PBS. 

Reduction in CIA histopathology 
associated with administration of
LY309887
Histologic analyses were performed in
the hind limbs of mice treated with
PBS or LY309887 on day 21 after the
onset of arthritis. For a direct compari-
son between control and LY 3 0 9 8 8 7 -
treated mice, we selected animals
whose arthritis index equaled the aver-
age arthritis index of their respective
groups. The interphalangeal joints of a

representative control mouse showed
all the signs of severe inflammatory
arthritis, including synovitis with mas-
sive infiltration of polymorphonuclear
and mononuclear cells, pannus forma-
tion, cartilage erosion with loss of
chondrocytes, and lateral bone resorp-
tion. The interphalangeal joints of a
representative LY309887-treated mouse
showed only mild synovitis and less
damage to cartilage and bone (Fig. 4).

Discussion
In this study it was shown that levels of
FR-β mRNA were elevated in arthritic
joints of hind limbs compared to those
in non-arthritic joints, whereas the lev-
els of mRNA of CD163, macrophage-

Fig. 1. (A) RT-PCR determination of selective FR-β mRNAexpression in the joints of CIAmice. Total
RNAwas isolated from arthritic and non-arthritic joints of CIAmice and subjected to RT-PCR analysis
for FR-β, IL-1β, RFC, CD163 and GAPDH. mRNAwas collected from the dissected joints of 2 arthrit-
ic and 2 non-arthritic mice. (B) RT-PCR determination of selective FR-β mRNAexpression in bone
marrow cells of arthritic and non-arthritic mice. Total RNA was isolated from bone marrow cells of
arthritic mice and subjected to RT-PCR analysis for FR-β, RFC, FR-α and GAPDH. Additionally, total
RNA was isolated from the kidney of CIA mice and subjected to RT-PCR analysis for FR-α and
GAPDH. Each mRNAwas collected from bone marrow cells obtained from 2 arthritic mice. 
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specific marker detected were similar
between these joints. In preliminary
experiments involving immunohisto-
chemical analysis of synovium from
normal donors and RA patients for
a n t i - F R -β specific antibody, the ex-
pression of FR-β protein was observed
in synovial-infiltrated macrophages but
not in resident synovial macrophage-
like cells (synovial A cells). In contrast,
similar expression of CD163 protein

was observed in both macrophage sub-
sets. Thus, the present findings support
the notion that elevated levels of FR-β
mRNA seen in the arthritic joints of
C I A mice may be attributed to the
increased percentage of synovial infil-
trated macrophages. 
In bone marrow cells of arthritic and
non-arthritic mice, the expression of
FR-β and RFC mRNA was observed,
but not FR-α mRNA. These FR-β

expressed cells are assumed to be mon-
omyeloid lineage cells from previous
findings in human bone marrow cells
(19, 20). 
Mouse CIA is mediated by synergistic
T cells and humoral immune responses
specific for type II collagen (22, 23).
Additionally, there is accumulating evi-
dence that macrophages and myeloid
cells contribute to the severity and
chronicity of synovial inflammation
and cartilage destruction during experi-
mental arthritis (8, 9).
The antiproliferation activity of antifo-
lates depends on their ability to interact
with intracellular folate-requiring en-
zyme targets, on their cellular transport
properties and their degree of polyglu-
tamation (13). LY309887 is thought to
utilize RFC for uptake at high micro-
molar concentrations, and FRs at low
serum concentrations (24). LY309887
has a high affinity for FR-α, and a 10-
fold less affinity for FR-β and its poly-
glutamated form was shown intracellu-
larly (12). It has been reported that LY-
309887 is active in a broad spectrum of
murine and human xenograft tumors
and a phase I trial in humans has al-
ready been performed (12,14). The intra-
peritoneal administration of LY309887
at 1.5 µg per dose every other day for a
total of 5 doses was effective in CIA
mice, as indicated by the clinical scores
and histopathology of arthritic joints,
and was well tolerated as reflected in
the white blood cell count, serum
hemoglobin and body weight. Thus, it
is conceivable that LY309887 may act
on proliferating monomyeloid lineage
cells in bone marrow cells via FR-β. In
fact, bone marrow suppression was
reported as a side effect of LY309887
in murine tumor models (25). Howev-
er, in this study we did not find a signif-
icant difference in the white blood cell
count between treated and untreated
mice. Therefore, it seems that LY30-
9887 does not act simply as an antipro-
liferative agent.
In contrast to myeloid lineage cells in
bone marrow, most macrophages in
synovitis are believed to be non-prolif-
erating (26). Accordingly, the action of
LY309887 on synovial macrophages
must be different from the anti-prolifer-
ation effect in bone marrow cells. Sev-
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Fig. 2. Suppression of CIAby the administration of LY309887. After the onset of arthritis, mice were
treated with intraperitoneal injections of 200 µl solutions containing 0.5 µg or 1.5 µg LY309887 on
days 1, 3, 5, 7, and 9. Control mice were treated with PBS alone. ● control, ▲ LY309887, 0.5 µg/dose,
■ LY309887, 1.5 µg/dose. Bars show the mean and SEM. 
* P< 0.03 versus the control group. ** P< 0.01 versus the control group. Pvalues were determined by
the Mann-Whitney U test. Data are representative of two separate experiments with at least 9 mice per
group.

Fig. 3. Decreased production of IgG1 and IgG2a anti-C II in CIA mice by the administration of
LY309887. Levels of IgG1 (A) and IgG 2a (B) anti-C II were measured in sera from mice treated with
PBS alone (controls, open bars), low dose LY309887 (gray bars) and high dose LY309887 (solid bars).
After the onset of arthritis, mice were treated with 200 µl injections containing 0.5 µg or 1.5 µg of
LY309887 intraperitoneally on days 1, 3, 5, 7, and 9. Control mice were treated with PBS alone. Bars
show the mean and SEM. * P< 0.01 versus control group. ** P< 0.02 versus the control group. Pval-
ues were determined by the Mann-Whitney U test. 
Data are representative of two separate experiments with at least 9 mice per group.



eral lines of evidence clearly suggest
that antifolates do not act simply as
antiproliferative agents for the cells
responsible for the joint inflammation
in RA and the mechanism of action of
low dose anti-folates might be more
anti-inflammatory than antiprolifera-
tive (27). It has been suggested that
LY309887 might inhibit aminoimida-
zolecarboximide ribonucleotide for-
myltransferase (AICARFT) activity, in
addition to GARFT as a major target
(12). In this regard, Cronstein et al.
reported that MTX downregulates the
inflammation of arthritis by the release
of adenosine, strong anti-inflammatory
metabolite via the inhibition of
AICARFT(12, 13, 28). Thus, the effect
of LY309887 on CIAmice may be due
to the release of adenosine in arthritic
joints. Furthermore, the effect of
LY309887 might be attributed to the
inhibition of mRNA and protein syn-
thesis, which are elevated in inflamma-
tory cells. Consequently, LY 3 0 9 8 8 7
may inhibit the production of inflam-

matory mediators such as proinflam-
matory cytokines, chemokines and
metalloproteinases. 
LY309887 suppressed the production
of IgG1 and IgG2a anti-C II. It is well
known that CIA is a Th1 cell-mediated
disease and that IgG2a anti-C II plays a
role in the pathogenesis of arthritis by
activating complement levels (29). IL-
12 from activated macrophages pro-
motes the development of Th1 cells
that help IgG2a production. Thus, sup-
pression of the proliferation or activity
of macrophages by LY309887 may
cause the decreased production of
IgG2a anti-C II. At present, the signifi-
cance of a marked reduction in IgG1

anti-C II in the pathogenesis of CIA
remains unknown. It was shown that
myeloid lineage mast cells promote the
development of Th2 cells by producing
IL-4 and as a consequence promoting
IgG1 production (30). One possible ex-
planation for the reduced production of
IgG1 anti-C II by LY309887 treatment
is that LY309887 might also suppress

the proliferation or activity of myeloid
lineage mast cells. 
The administration of LY309887 after
the onset of arthritis prevented to a
large extent the damage to cartilage and
bone in arthritis, suggesting the possi-
bility that this drug or reagents with a
high affinity for FR-β might serve as
disease-modifying drugs against RA.
However, the use of folate during anti-
folate therapy must be considered on
the basis of folate receptor competition
in addition to competition with antifo-
late as a substrate for dihydrofolate re-
ductase.
In conclusion, our findings support the
hypothesis that LY309887 may be
applicable to the treatment of RAby an
alteration of the dosage protocol. In
p a r t i c u l a r, the administration of
LY309887 might be useful as a thera-
peutic agent in MTX-resistant RA
patients, in that it acts on a different
enzyme target from that of MTX.
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