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Abstract

Microsomal prostaglandin E synthase-1 (MPGES-1) is an inducible enzyme that specifically
catalyzes the conversion of prostaglandin (PG)H, to PGE,. We showed that mPGES-1 null mice
had a significantly reduced incidence and severity of collagen-induced arthritis (CIA) compared to
wild-type (WT) mice associated with a marked reduction in antibodies to type Il collagen. In the
present study, we further elucidated the role of mMPGES-1 in the humoral immune response. Basal
levels of serum IgM and IgG were significantly reduced in mPGES-1 null mice. Compared with
WT mice, mPGES-1 null mice exhibited a significant reduction of hapten-specific serum
antibodies in response to immunization with the T-cell dependent antigen DNP-KLH.
Immunization with the T-cell independent type-1 antigen TNP-LPS or the T-cell independent
type-2 antigen DNP-Ficoll revealed minimal differences between strains. Germinal center
formation in the spleens of MPGES-1 null and WT mice were similar after immunization with
DNP-KLH. To determine if the effect of mMPGES-1 and PGE», was localized to hematopoietic or
non-hematopoietic cells, we generated bone marrow chimeras. We demonstrated that mPGES-1
deficiency in non-hematopoietic cells was the critical factor for reduced T-cell dependent antibody
production. We conclude that mPGES-1 and PGE,-dependent phenotypic changes of non-
hematopoietic/mesenchymal stromal cells play a key role in T-cell dependent humoral immune
responses /n vivo. These findings may have relevance to the pathogenesis of rheumatoid arthritis
and other autoimmune inflammatory diseases associated with autoantibody formation.
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Introduction

Prostaglandin (PG) E; is a ubiquitous mediator of many physiologic and pathologic
functions whose production is regulated by expression and activity of its biosynthetic
enzymes, most notably microsomal prostaglandin E synthase-1 (mPGES1) (1). PGE; exerts
its actions via four different G protein-coupled receptor subtypes, EP 1-4, by triggering their
respective downstream signaling cascades (2). PGE, is the most prominent PG in chronic
inflammatory disorders including rheumatoid arthritis (3), influencing both innate and
acquired immunity. In general, PGE, suppresses the functions of neutrophils and
macrophages while exerting stimulatory effects on stromal and vascular endothelial cells
under stimulated conditions. Additionally, PGE, has important modulatory effects on
lymphocytes that are highly dependent on its concentration and on the cytokine/growth
factor milieu (4-6). PGE, has been shown to alter the balance of Th1/Th2 subsets of T cells
and differentially modulate the production of cytokines from these subsets (7, 8). Recent
studies have also shown that PGE, facilitates expansion of the Th17 subset of T helper cells
via its specific receptor subtypes (9, 10).

mPGES-1 is a specific, highly inducible, biosynthetic enzyme for PGE, that acts
downstream of COX (11, 12). mPGES-1 null mice have been generated and provide insight
into the role of mMPGES-1 in a number of different disease states (13-18). Studies using
mMPGES-1 null mice have demonstrated that this enzyme is a key mediator of many
physiological and pathophysiological events including inflammation, pain, stress,
angiogenesis, fever, bone metabolism, tumorigenesis, atherosclerosis and reproduction (19—
27). We recently reported that resistance to bovine type Il collagen (CIl) induced arthritis in
mPGES-1 deficient mice is associated with a failure to develop a Cll-specific antibodies,
suggesting an important role of MPGES-1 and its derived PGE; in the development of
acquired immune response (28). However, the mechanisms underlying the impaired humoral
immune response under mPGES-1 deficiency remain to be fully understood.

Humoral immunity is a critical event for autoimmune disease as well as in normal host
defenses. The humoral immune responses can be divided into T-cell dependent (thymus
dependent: TD) and T-cell independent (thymus independent: TI) responses, according to
their requirement of T-cells for generation of antibodies. In TI immunity, the antibody
response occurs directly after B-cell activation followed by binding of antigens to toll-like
receptors or the B-cell receptor (29). Based on their ability to stimulate an immune-deficient
strain of mice (CBA/N) to produce antibodies, TI antigens are further divided into two types,
Tl type 1 (TI-1) and type-2 (T1-2) (30-32). In contrast to TI responses, TD responses require
T-cell-mediated B-cell activation and maturation, including MHC-restricted presentation of
antigen to T-cells by antigen presenting cells and T-cell/B-cell interaction that occur in
secondary lymphoid organs. A series of complex events such as CD40-CD40L interaction
and B-cell receptor signaling are essential for B-cell activation and differentiation into
antibody-producing cells in TD humoral immune responses (33, 34). These events are
supported /n vivo by formation of germinal centers and interactions with mesenchymal
stromal cells (35, 36).
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To characterize the functional significance of mMPGES-1 during antibody response under
exposure to antigens /n vivo, we assessed humoral responses to TD, TI-1 and TI-2 antigens
in mPGES-1 null mice. We report here that genetic deletion of mMPGES-1 results in a
dramatic reduction of antibody production in response to a TD antigen. At the same time,
mMPGES-1 deletion has a minimal impact in TI responses. By utilizing a radiation bone
marrow (BM) transplantation chimera strategy, we demonstrate clearly that the reduction of
TD antibody production seen in mPGES-1 null mice is a result of deficient mPGES-1
expression in non-hematopoietic/mesenchymal rather than in hematopoietic cells. These
results indicate a significant role for mPGES-1 and its derived PGE, in B-cell maturation
and antibody production /n vivo, specifically for T-cell-dependent humoral immunity. Our
findings provide novel insights relevant to the therapeutic potential for pharmacologic
inhibition of MPGES-1 in autoimmune inflammatory diseases by targeting TD immune
responses.

Materials and Methods

Mice

mMPGES-1 heterozygous(Het) male and female mice on a DBA1 lac/J background were
provided from Pfizer (13). mPGES-1 Het mice were mated to generate mPGES-1 null, Het
and littermate wild-type (WT) mice, and genotypes were identified by PCR, as previously
reported (28). Mice were housed in microisolator cages in a specific pathogen-free (SPF)
barrier facility, and all experiments were performed under the IACUC guidelines as set forth
by the University of Kentucky. Male and female mice used in this study were 8-10 weeks
old.

Measurement of total IgG and IgM in serum

Serum samples were collected as previously described (37). The levels of total 1gG and IgM
in serum were assessed by ELISA according to the manufacturer’s protocol (Bethyl
Laboratories). Briefly, 96 well plates were coated with goat anti-mouse IgG or goat anti-
mouse-IgM. After blocking, plates were incubated overnight at 4 °C with diluted serum
samples. After washing, horse radish peroxidase (HRP)-conjugated antibody was added for
1 hr at room temperature. After further washing, the color was developed with TMB,
terminated by 2M H,SOy4, and then measured at 450 nm using a plate reader (BioRad).

Immunization protocols for T-cell dependent and T-cell independent humoral immune

responses

To analyze T-cell dependent humoral immune responses, mice were intraperitoneally
immunized with 100 pg of a dinitrophenyl-keyhole limpet hemocyanin (DNP-KLH) in
complete Freund’s adjuvant (CFA) containing Mycobacterium tuberculosis H37 RA and are
boosted with DNP-KLH in incomplete Freund’s adjuvant (IFA) at 21 days after the first
immunization. To examine T-cell independent typel (TI-1) and type 2 (TI-2) humoral
responses, mice are intraperitoneally immunized with 50 pg of trinitrophenyl-
lipopolysaccharide (TNP-LPS: £. coli. 0111:B4: a TI-1 antigen) or 250 pg of DNP-Ficoll (a
TI-2 antigen) in saline.
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Measurement of DNP- and TNP-specific antibodies

Serum samples were collected as previously described (37). The levels of anti-DNP and
anti-TNP antibodies in serum were assessed by ELISA. Briefly, 96 well plates were coated
with 10 pg/ml of a DNP-BSA (Biosearch Technologies) or a TNP-BSA (Biosearch
Technologies) overnight at 4°C. After blocking with 50 mM TBS (pH 8.0) containing 1%
BSA, serum samples were added and incubated overnight at 4°C. After washing, HRP-
conjugated antibody (Bethyl Laboratories) was added for 1 hr at room temperature. After
further washing, the color was developed with tetramethyl benzidine (TMB), terminated by
2M H,S0y, and then measured at 450 nm using a plate reader (BioRad). Titer of the pooled
standard from a WT mouse was defined as 1000 units/ml.

Western blot analysis

Splenocytes were lysed in Tris-buffered saline (TBS) containing 0.1 % sodium dodecyl
sulfate (SDS). After determined protein content by BCA protein assay reagent with bovine
serum albumin as standard, cell lysates adjusted to equal equivalents of protein (100 pg)
were applied to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) for electrophoresis
and then the proteins were electroblotted onto PVDF membrane. After blocking the
membranes in 10 mM TBS containing 0.1 % Tween-20 (TBS-T) containing 5 % skim milk,
the membranes were probed with the respective antibodies [1:500 for COX-1 (Cayman
Chemicals; #160109), COX-2 (Cayman Chemicals; #160106), mPGES-1 (Cayman
Chemicals; #160140), mPGES-2 (Cayman Chemicals; #160145) and hPGDS (Cayman
Chemicals; #10004348); 1:1000 for HPRT (Santa Cruz; sc-20975)] in TBS-T. After washing
the membranes with TBS-T, the membranes were incubated with HRP-conjugated
secondary antibody (Jackson ImmunoResearch; 1:10,000 dilution in TBS-T containing 5%
skim milk) for overnight at 4°C. After further washing with TBS-T, protein bands were
visualized with an ECL Western blot analysis system using a Chemidoc Apparatus
(BioRad).

Measurement of prostaglandins and cytokines

Spleen was isolated 10 days after immunization with DNP-KLH in CFA. Single cell
suspensions were prepared in complete RPMI-1640. Splenocytes (1.5 x 106/0.3 ml) were
cultured in 12 well plates for 1, 2, 4 and 6 days with complete RPMI-1640 in the absence or
presence of 10 pug/ml of DNP-KLH. The levels of PGE, and PGD> in culture medium were
measured by ELISA (Cayman Chemicals) according to the manufacturer’s protocol. The
concentration of 1L-4, IL-2, IL-17 and IFN+y in culture medium was measured by an ELISA
with using capture and detection antibody sets (BD Biosciences).

Proliferative response of splenocytes

Proliferation of splenocytes was assessed by 5-bromo-2’-deoxyuridine (BrdU) cell
proliferation assay kit (Roche Diagnostics) according to the manufacturer’s protocol.
Briefly, spleen was isolated at 10 day after immunization with DNP-KLH in CFA.
Splenocytes (1.25 x 10° cells / 0.1 ml) were cultured in flat bottom 96 well plates with or
without 10 pg/ml of DNP-KLH for 1, 2, 3, 4 and 5 days, and then further incubated with
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BrdU for 18 hrs. Proliferative activity was estimated from the nuclear incorporation of BrdU
as measured by ELISA.

Real-Time RT-PCR

Total RNA was isolated from the spleen as well as superficial, axillary, and inguinal lymph
nodes of the wild type and mPGES-1 knockout mice using TRIzol reagent (Ambion)
following the manufacturer instructions. Total RNA was quantitatively converted into single
stranded cDNA by using High Capacity cDNA Archive Kit (Applied Biosystems). The
particular genes were detected using the respective 7agiMian Gene Expression Assays
(Applied Biosystems) on the 7300 Real-Time RT-PCR system from the same manufacturer
by relative quantitation employing G3PDH as the reference gene.

Germinal center staining

Spleens from immunized mice were embedded in OCT compound, snap-frozen and stored at
—80°C. Cryostat sections (6 pm) were fixed in acetone and stained with peanut agglutinin
(PNA: Vector Laboratories), antibody to B-cells, B220/CD45R (eBioscience) and IgD
(Southern Biotechnology), follicular dendritic cells, FDC; CR1/CD35 (BD Pharmingen) and
T-cells, Thy1.2/CD90.2 (BD Pharmingen) followed by incubation with alkaline phosphatase
(AP)-streptavidin and HRP-conjugated secondary antibody. Color development for bound
AP and HRP was performed using a Blue AP Substrate Kit (Vector Laboratories) and 3,3"-
Diaminobenzidine (DAB) with an Enhance Orange Buffer Solution (KPL Inc.).

Bone marrow transplantation (BMT)

Recipient female mice (9—-10 weeks age) were irradiated twice (450 rads each dose, 4 hours
apart). Donor male mice (9-10 weeks of age) were euthanatized and bone marrow was
harvested from the femurs and tibias. Bone marrow cells (10 x 108 cells/100 pl) in 2% FBS
RPMI 1640 were injected into the tail vein of recipient mice. The mice were allowed to
recover for 5 weeks and then used for experiments. To prevent mice from infection after
bone marrow transplantation (BMT), recipient mice were treated with antibiotic water
including 160 pg/ml sulfamethoxazole and 35 pg/ml trimethoprim (Sulfatrim pediatric
suspension; Alpharma USPD Inc) for a week before irradiation and for 4 weeks after.
Complete blood counts were performed by the Hemavet 950FS System (Drew Scientific
Inc). The number of leukocytes and erythrocytes in peripheral blood of BM chimeras was
within the normal range.

Efficiency of bone marrow transplant monitored by FISH

In order to evaluate the efficacy of BMT, BM cells were cultured overnight in complete
RPMI medium. Cells were further incubated for an additional 40 min in the presence of 0.1
ug/ml colcemid (Invitrogen/Gibco, Carlsbad, CA). Red blood cells were disrupted in 0.075
M KCI hypotonic solution, and then fixed in methanol/acetic acid solution (3:1 ratio). For
each sample, a drop of this solution was placed on a microscope slide and allowed to dry at
r.t., then dehydrated with ethanol. Slides were denatured at 65 °C in denaturing solution and
then quenched in 70% ice-cold ethanol and dehydrated again in ethanol. Cells were then
hybridized to Cy3-labeled mouse Y-chromosome paint in hybridization solution (Cambio),

J Immunol. Author manuscript; available in PMC 2016 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kojima et al.

Page 6

under cover slips, overnight, at 37 °C. Slides were then washed in stringent conditions (50%
formamide and 0.5 X SSC) at 45 °C for 5 min. Slides were then washed in 1X SSC at 45 °C
for 5 min (2 times). After incubating in detergent solution (4 X SSC, 0.05% Tween-20) for 4
minutes at 45 °C (3 times), slides were mounted with DAPI counterstain and examined
using the Axio Observer D1 microscope connected to the AxioCam MRm digital camera
(Carl Zeiss).

Statistical analysis

Results

Data are expressed as the means + SEM. Statistical analysis was performed with the
Sigmastat 3.5 software (Systat Software). The comparison of more than two groups was
analyzed with one-way ANOVA by Turkey’s multiple comparison test. For comparison of
two groups, Student’s ftest was performed. £<0.05 was considered statistically significant.

Effect of mPGES-1 deficiency on basal levels of immunoglobulin in vivo and antibody
production in vitro

We examined whether genetic deletion of mMPGES-1 affected basal antibody production by
comparing IgG and IgM levels in serum from peripheral blood of mMPGES-1 null and WT
mice exposed to the same diet and environment. As shown in Figure 1, serum
immunoglobulin levels of unimmunized mPGES-1 null mice exhibited significantly lower
levels of both total IgM and 1gG in serum compared to WT mice, although the levels may
vary considerably between individual mice. This result indicates the importance of
mPGES-1 in immunoglobulin generation under the basal condition /n vivo.

Antibody response to a T-cell dependent antigen in mPGES-1 null mice

We next examined primary and secondary hapten-specific antibody production in mPGES-1
null and WT mice immunized with soluble hapten-protein TD antigen, DNP-KLH in CFA.
As shown in Figure 2, the levels of hapten-specific IgM were significantly lower in
MPGES-1 null mice compared to WT mice, on days 7, 14 and 21 after a primary
immunization, but not after a secondary immunization. Hapten-specific 1gG production was
also significantly lower in mPGES-1 null mice, even after a secondary immunization. In
addition, the levels of hapten-specific IgG subclasses 1gG1, 1gG2a, 1gG2b, IgG2c¢ and IgG3
were all significantly lower in mPGES-1 null mice. These data demonstrate the enhancing
property of mPGES-1 in the TD humoral immune response.

Antibody response to T-cell independent type 1 and T-cell independent type 2 antigens in
MPGES-1 null mice

We also determined the effect of mMPGES-1 genetic deletion on Tl humoral responses
including TI-1 and TI-2. As shown in Figure 3, no significant changes in hapten-specific
IgM or IgG were identified after immunization with either TNP-LPS (TI-1) or DNP-Ficoll
(T1-2). 1gG subclasses were also not different between mPGES-1 WT and null mice
immunized with TNP-LPS (data not shown). Statistically lower levels of 1gG2a and 1gG2c
were observed in mPGES-1 null when compared with WT mice responses after
immunization with DNP-Ficoll (data not shown). These data indicate that mMPGES-1 is not a
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critical factor for the TI-1 humoral immune response and that there was only a minor effect
on the TI-2 humoral immune response.

Expression of COX, PGES and PGDS in response to a T-cell dependent antigen in

splenocytes

Since we observed marked reduction of TD humoral response in mPGES-1 null mice, we
examined the protein expression of PG biosynthetic enzymes in WT and mPGES-1 null
splenocytes isolated from mice immunized with DNP-KLH in CFA, followed by DNP-KLH
stimulation in vitro (Figure 4A). COX-2 protein was not expressed basally, but significantly
increased to a similar degree in both WT and null cells after DNP-KLH stimulation /n7 vitro.
COX-1 protein was present constitutively in both WT and null cells and its expression was
not changed after stimulation with DNP-KLH. WT cells did not basally express mPGES-1
protein, but upregulated expression in the presence of DNP-KLH. As expected, mPGES-1
null cells did not express mPGES-1 protein, either with or without stimulation. Interestingly,
MPGES-2, an isozyme of PGE synthase, had a low level of basal expression in WT and
mPGES-1 null cells and was significantly upregulated in response to treatment with DNP-
KLH. Hematopoietic PGD synthase (hPGDS) protein, on the other hand, was present
constitutively in both WT and null cells and its expression did not change after stimulation
with DNP-KLH. These data demonstrate that genetic deletion of mMPGES-1 had no
measurable effect on the expression of COXs and other PG terminal synthases in
splenocytes and that those enzymes responded similarly to DNP-KLH stimulation in WT
and mPGES-1 null cells.

Production of PG and T-cell cytokines in response to a T-cell dependent antigen in

splenocytes

Since both PG and cytokines are known to be important mediators of humoral immunity, we
probed their basal and DNP-KLH-stimulated production in WT and mPGES-1 null animals.
As expected, the PGE; level in the spleens of mMPGES-1 null mice was significantly lower
than that of WT mice at baseline and after immunization with TD (days 14 and 28) or Tl
(day 14) (Table 1). In cultured splenocytes isolated from mice immunized by DNP-KLH,
DNP-KLH stimulation /n vitro resulted in a significant increase in PGE, production by WT,
but not mPGES-1 null cells despite upregulated expression of mMPGES-2 (Figure 4B). On the
other hand, WT and mPGES-1 deficient splenocytes displayed similar baseline levels of
PGD, that increased significantly after DNP-KLH stimulation, but no significant differences
were seen between groups. Taken together, these data indicate that mPGES-1 is the synthase
that mediates the production of PGE; in spleen at baseline and after stimulation.

To determine whether mPGES-1 null mice display a perturbed profile of T-cell cytokines,
we measured interferon-y (IFNvy), interleukin (IL)-2, IL-4 and 1L-17 in cultured splenocytes
isolated from mice immunized by DNP-KLH, followed by stimulation by DNP-KLH /n
vitro. The levels of each cytokine were increased in mPGES-1 null splenocytes by DNP-
KLH although the respective levels were not different from those of WT splenocytes (Figure
5). In addition, both WT and mPGES-1 null cells exhibited similar proliferative response in
exposure to DNP-KLH [unstimulated WT splenocytes: 0.15 + 0.06 (n=4), DNP-KLH
stimulated WT splenocytes: 1.31 £ 0.09 (n=4), unstimulated mPGES-1 null splenocytes:

J Immunol. Author manuscript; available in PMC 2016 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kojima et al. Page 8

0.19 £ 0.08 (n=4), DNP-KLH stimulated mPGES-1 null splenocytes: 1.00 + 0.24 (n=4)
(optical density at 450 to 655 nm: 5 days post stimulation /n vitro)].

Germinal center formation in response to a T-cell dependent antigen in mPGES-1 null mice

In normal TD responses, germinal centers (GC) are formed, and GC B-cells can be
identified by their reactivity with PNA and the lack of surface IgD several days after an
immunization (38-40). In contrast, TI response do not generate detectable GC (41). We
probed the GC formation in the WT and mPGES-1 KO mice by immunohistochemistry
(Figure 6). mPGES-1 null mice demonstrated the appearance of PNA and CR1 (follicular
dendritic cell marker) characteristic of normal GC structures and were phenotypically
similar to WT mice in response to TD antigen. In addition, there was no difference in the
numbers of CD11c*CR1™ cells in mPGES-1 null and WT mice in our study [WT: 9.7

+ 0.7 % (n=4) vs. null: 8.6 £ 1.8 % (n=3)]. The appearance of Thy1.2 positive T-cell and
B220 positive B-cell regions were also normal in mPGES-1 null and WT spleens. In
addition, there was no difference in the frequency of GC formation between mPGES-1 null
and WT mice (Table 2). These results indicate that the formation of GC in response to TD
antigen is not impaired in mMPGES-1 null mice.

Efficiency of BMT in mPGES-1 null mice

The role of non-hematopoietic/mesenchymal versus hematopoietic cell mMPGES-1 deficiency
in TD response was examined using a radiation bone marrow (BM) transplantation chimera
strategy. Chimeric mice were generated using a protocol where irradiated female recipient
WT and mPGES-1 null mice were reconstituted with BM cells from male donor WT or
mMPGES-1 null mice. This protocol enabled us to monitor the efficiency of BM
transplantation by detecting donor-derived Y-chromosome positive population in BM cells
of chimeras. As shown in Figure 7, Y-chromosomes (red) in the most BM cells isolated from
chimeras were stained along with DAPI nucleus staining (blue), while a negative control was
not. Quantitative analysis revealed that approximately 95% of BM cells in each group of
chimeras were Cy3-labeled Y chromosome probe positive (Table 3). There was no
significant difference in the percentage of cells with Cy3-labeled Y chromosome probe
positive among the chimera groups, which was almost identical to a male mouse used as a
positive control (95.9 + 0.6 %). These data indicate complete transplantation and
reconstruction of BM in our study, but also demonstrate no impact of mMPGES-1 deficiency
in reconstruction of BM after transplantation.

Antibody response to a T-cell dependent antigen in bone marrow chimeras of mPGES-1

Chimeras of WT mice with mPGES-1 null BM showed a marked increase of hapten-specific
antibody production in response to immunization with a TD antigen that was similar to the
response in WT mice transplanted with WT BM. However, chimeras of mPGES-1 null mice
with WT BM exhibited deficient hapten-specific antibody production after immunization
with the TD antigen similar to mPGES-1 null mice transplanted with mPGES-1 null BM.
These data indicated that mMPGES-1 deficiency in mesenchymal cells rather than in BM-
derived hematopoietic cells led to the reduction of the humoral immune response against
DNP-KLH (Figure 8).
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Mesenchymal stromal cell cytokines in response to a T-cell dependent antigen in
splenocytes

We examined expression of cytokines whose expression is known to be influenced by PGE,
and that support B-cell maturation in spleen (Figure 9A) and lymph nodes (Figure 9B) at
day 0 and at days 3, 8, and 14 after immunization with DNP-KLH. There were no statistical
differences between WT and mPGES-1 null mice in expression of mMRNA for IL-6, HGF,
inhibin BA, or VEGF in either spleen or lymph node over the time course examined.

Discussion

The present study using a mouse model of MPGES-1 deficiency demonstrates a significant
role for mMPGES-1 in TD, but not TI humoral immune responses. Genetic deletion of
mPGES-1 results in marked reduction in hapten-specific antibody production induced by a
TD antigen. Further, we demonstrate for the first time that mPGES-1 expression in non-
hematopoietic/mesenchymal cells rather than in BM-derived hematopoietic cells is required
to promote the TD humoral immune response whereas mPGES-1 is not required for normal
antibody production in directly stimulated B-lymphocytes.

We demonstrated for the first time that mMPGES-1 genetic deletion resulted in the
significantly lower basal levels of both IgG and IgM in serum from peripheral blood. These
mice were ages 8—10 weeks and the relatively modest differences could be attributed to
delayed maturation. Also possible is that the differences would be greater in mice with fully
adult IgG levels. To date, there is no report showing the impact of other relevant enzymes
within the PGE, biosynthetic pathway including COX and cPLA; in the basal levels of 1gG
and IgM Jn vivo. We previously reported that /n vitro stimulation with LPS of splenocytes
from mPGES- null mice compared with WT mice resulted in very similar levels of total IgM
and IgG secretion, despite the fact that PGE, production was abolished in mPGES-1 null
mice (28). These data demonstrate that in the setting of MPGES-1 and consequently PGE,
deficiency, B-cells are not intrinsically deficient in their ability to synthesize and secrete
antibodies.

The findings reported here are strongly supportive of our previous report which showed a
significant reduction in serum anti-Cll antibody production in mPGES-1 null mice
associated with reduced arthritis in the CIA model (28). It has also been shown that
pharmacological inhibition of COX-2 by non-steroidal anti-inflammatory drugs (NSAIDs)
including non-specific and/or COX-2 selective inhibitors reduces antigen-specific antibody
production in mouse /n vivo models of TD response using a purified tetanus anatoxin or an
ovalbumin emulsified in CFA (42, 43). Similarly, a Mycobacterium butyricum-induced
adjuvant arthritis in a rat model showed a significant reduction in anti- Mycobacterium
antibodies after administration of selective COX-2 inhibitors (44). Furthermore, studies
using COX-2 null mice have demonstrated reduced antigen specific 1gG responses to a
vaccine, human papillomavirus type 16 virus-like particles (HPV 16 VLPs), or Cll in CFA
(45, 46). These previous findings indicate a vital role for COX-2 in promoting a TD humoral
immune response /n vivo. Taken together with the present study, these evidences implicate
COX-2/mPGES-1/PGE, upregulation as critical in the development of humoral immune
response to TD antigens.
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We show that mPGES-1 deficiency does not change the expression of COX and other PG
synthases in splenocytes. The deletion of mMPGES-1 abolished production of PGEy, but not
PGD,. These results indicate that the synthetic machinery for other PGs remains intact in
absence of MPGES-1. Shunting phenomenon toward other PGs in some types of mPGES-1
null cells has been reported (15, 17, 18, 47), however, there was no shunting toward PGD»
production in splenocytes in the experimental conditions employed in the present
experiments.

We have also shown that mMPGES-1, but not mPGES-2, is the primary enzyme for increases
in PGE; production in splenocytes. This preferential requirement of mMPGES-1 correlates
with similar findings in different types of cells such as macrophages (14, 17), embryo
fibroblasts (15, 16) and dendritic cells (47) in response to a various inflammatory stimuli. A
previous study reported that PGE, production in spleen under basal conditions and after
LPS-injection was reduced in an mPGES-1 gene dose-dependent manner (18). On the other
hand, a study using mPGES-2 null mice showed that loss of mMPGES-2 does not result in a
measurable decrease in PGE; levels in any tissues or cell types examined from healthy mice
(48). The mPGES-2 enzyme is capable of /n vitro synthesis of PGE, from the COX
metabolite PGH, (49). However, our study further emphasized the uncertain role of
mPGES-2 for PGE; production /n vivo.

It has been known that the many types of cells including both hematopoietic cells and
mesenchymal cells express mPGES-1 and have ability to produce PGE,. For example, in
immune cells of hematopoietic origin, mPGES-1 is required for PGE, production in murine
BM-derived dendritic cells /in vitro, though mPGES-1 null dendritic cells exhibit normal
maturation and migration in a FITC sensitization model /n vivo (47). As described above,
mMPGES-1 expressing macrophages are also a major source of PGE; after exposure to
inflammatory stimuli (14, 17). Activated human T-cells have ability to induce COX-2 in
vitro (50). Activated human B cells can also express COX-2 and produce PGE; (51, 52).
These studies also suggested an autocrine effect of COX-2 derived PGs from B-cells on
antibody production /n7 vitro. However, it has not been yet elucidated whether those
hematopoietic immune cells and/or surrounding mesenchymal cells/tissues of lymphoid
organ are critical for humoral immune response in an /n vivo setting.

The present study using mPGES-1 BM chimeras demonstrates that reduction of TD humoral
response in mPGES-1 null mice is associated with the absence of non-hematopoietic/
mesenchymal mPGES-1 rather than hematopoietic mMPGES-1 /in vivo. These findings
suggest that mPGES-1 expression and its derived PGE, in mesenchymal cells/tissues is
required to promote optimal antibody responses. Although a role for non-hematopoietic cells
at the site of immunization cannot be excluded as contributing to the altered acquired
immune response, the presence of normally proliferating hapten-specific T-cells and T-cell
cytokines not different between WT and mPGES-1 null mice suggest a mechanism involving
secondary lymphoid organs. We did not see deficient germinal center formation, but it is
known that interactions between germinal center lymphocytes and mesenchymal stromal
cells play a key role in B-cell maturation to plasma cells. Furthermore, mesenchymal
stromal cells play a key role in immunologic memory in the bone marrow (53).
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In secondary lymphoid organs, there are a number of stromal subsets that include
fibroblastic reticular cells, follicular dendritic cells (FDC), red pulp fibroblasts, lymph node
medullary fibroblasts, and lymphatic and vascular endothelial cells. Follicular dendritic cells
(FDC) are of mesenchymal origin, while lymphoid and myeloid dendritic cells are of
hematopoietic origin. Fang et. al. (54) reported an absolute requirement for CR1 expressed
on FDC in a TD immune response /n vivo using BM chimeras generated by null and WT
BM reconstitution of lethally irradiated host mice (55). In the present study, we showed that
MPGES-1 null mice exhibit immunoreactivity to CR1 antibody in GC similar to WT mice in
response to a TD antigen. There was no difference in the numbers of CD11c*CR1" cells in
mMPGES-1 null and WT mice in our study. Interestingly, it has been reported that FDC
isolated from lymph follicles of human tonsils produces high levels of PGE; /n vitro (56). In
addition, it was shown that human FDC express COX-2 and mPGES-1 that are induced after
stimulation with pro-inflammatory cytokines, while prostacyclin synthase is constitutively
expressed (57). /n vitro, PGE5 and PGl inhibit T cell proliferation and protect against
activation-induced cell death. Deficiency of mPGES-1 in FDC, which could lead to
alteration of the PG production profile, cannot be excluded as contributing to our results
showing reduced TD immune response in BM chimeras with mesenchymal mPGES-1
deficiency.

Costimulatory signals via engagement of CD40 on T-cell and CD40 ligand on B-cells have
significant effects on TD immune responses. Studies using CD40 null mice (58) and CD40
ligand null mice (59) have demonstrated that both molecules are essential for antigen-
specific antibody production in response to TD antigens, but are also required for basal
immunoglobulin generation. Importantly, antigen-specific antibody response against Tl
antigens is induced in these null mice. The blockade of CD40/CD40 ligand interaction using
anti-CD40 ligand also reduces both primary and secondary TD humoral immune responses
to TD antigens without altering the TI-2 response (60). In addition, the injection of anti-
CDA40 ligand reduce the development of arthritis along with the reduction of serum antibody
titer against CIl (61), as reported in studies using mPGES-1 null (28) and COX-2 null mice
(46). An in vitro study has also shown that IgM and IgG production in human B-cells by
stimulation with CD40 ligand plus anti-lgM antibody are attenuated by NSAIDs /17 vitro,
although the pharmacological inhibition of COX results in blocking not only PGE, but also
other PGs. A mechanism involving CD40/CD40 ligand cannot be excluded as contributing
to our findings.

Mice with a genetic deletion of MPGES-1 display a reduction of antigen-specific IgM as
well as IgG, suggesting that the absence of mMPGES-1 may not affect class switch in TD
response by DNP-KLH. This observation is not in agreement with a previous study that
COX-2 null mice exhibit 4-fold increase in IgM, but reduction in IgG, post vaccination with
HPV 16 VLP. It is possible for there to be differential effects on antibody production in vivo
related to the specific antigen or adjuvant. Inconsistent results for IgM generation in TD
responses have been recognized in several studies. The blockade of CD40/CD40 ligand
interaction using anti-CD40 ligand abolished both IgM and 1gG antibody response to the TD
antigens sheep red blood cells and KLH (60), while CD40 null mice (58) and CD40 ligand
null mice (59) display reduction of 1gG but not IgM in response to hapten-conjugated KLH.
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We evaluated a limited number of proteins known to be both influenced by PGE, and be
contributors to B cell development or survival. IL-6 and HGF influence the development of
B cells as evidenced by acquisition of a plasma cell phenotype and an increase in 1gG
secretion (35). HGF, through its receptor c-met expressed on B-cells, also mediates cell-cell
interactions between stromal cells and B-cells to promote the survival of mature B cells (62).
Of note, in several cell types and systems, PGE, induces production of HGF (63-65). In this
study, we showed a non-significant reduction in both IL-6 and HGF in lymph node. Activin
A, a homodimer of inhibin BA, negatively regulates B cell lymphopoiesis (66). Although the
differences in IL-6, HGF and inhibin BA expression were not significant, it remains possible
that phenotypic changes in at least some types of mesenchymal stromal cells may contribute
to altered TD humoral immunity in mPGES-1 deficient mice.

mPGES-1 is an attractive target for drug development, since inhibition would specifically
abolish the up-regulated PGE, production associated with inflammation. Drug development
programs have been hampered by species differences between rodents and humans (67).
However, studies in a guinea pig model of arthritis suggest that these agents may be effective
anti-inflammatory analgesic compounds (68). The present study provides potentially
important information affecting the therapeutic potential for pharmacologic inhibition of
mPGES-1 that will need to be evaluated in pre-clinical or early clinical studies.
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Fig. 1. Effect of mMPGES-1 gene deletion on the basal levels of total IgM and total 19G in vivo.
Basal levels of total IgM and IgG in serum of mPGES-1 null (n=15) and WT (n=15) mice

were measured by an ELISA. Data are expressed as the mean + SEM. * indicates
significance at A<0.05 in mMPGES-1 null versus WT mice.
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Fig. 2. Humoral immuneresponsesto a T-cell dependent (TD) antigen in mMPGES-1 null mice
MPGES-1 WT (n=5) and null (n=8) mice were injected i.p. with T-cell dependent (TD)

antigen DNP-KLH in CFA on day 0 and bled on the indicated days. All mice were
challenged with antigen in IFA on day 21. Titers of DNP-specific IgM, IgG and IgG
subclass in serum were measured by ELISA. Data are expressed as the mean = SEM in
arbitrary units. *, ** and *** indicate significance at £<0.05, /<0.01 and ~<0.001,
respectively. Pooled serum collected from WT mice at day 28 was used for the standard
curve. The titer of a pooled standard was defined as 1000 units/ml.
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Fig. 3. Humoral immuneresponsesto a T-cell independent typel (TI-1) and atype2 (T1-2)

antigen in mPGES-1 null mice

(A) mPGES-1 WT (n=8) and null (n=8) mice were injected i.p. with T-cell independent
typel (TI-1) antigen TNP-LPS on day 0 and bled on the indicated days. Titers of TNP-
specific IgM and IgG in serum were measured by ELISA. (B) mPGES-1 WT (n=11) and
null (n=8) mice were injected i.p. with T-cell independent type2 (T1-2) antigen DNP-Ficoll
on day 0 and bled on the indicated days. Titers of DNP-specific IgM and 1gG in serum were
measured by ELISA. Data are expressed as the mean £ SEM in arbitrary units. Pooled serum
collected from WT mice at day 14 was used for the standard curve. The titer of the pooled

standard was defined as 1000 units/ml.
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Fig. 4. Production of prostaglandins and expression of prostaglandin synthetic enzymesin
cultured splenocyteswith mPGES-1 deficiency

Splenocytes were isolated from mPGES-1 WT and null mice at day 10 post immunization
with DNP-KLH in CFA. (A) Protein expression of COX-1, COX-2, mPGES-1, hPGDS and
HPRT in splenocytes cultured with or without DNP-KLH (10 ug/ml) for day 4 was
determined by Western blotting. Results are representative examples from 4 mice. Levels of
protein expression were normalized against HPRT; data are shown as the fold induction
relative to WT DNP-KLH (assigned the value “1”) and are the mean + SEM from 4 mice.
Single, double and triple characters indicate significance at £<0.05, A<0.01 and ~<0.001,
respectively. *, WT control versus WT DNP-KLH; #, WT DNP-KLH versus null DNP-

KLH; $, null control versus null DNP-KLH. (B) Cells were cultured with or without DNP-
KLH (210 pg/ml) for indicated days. The levels of PGE, and PGD, in culture medium were
measured by ELISA. Data are expressed as mean + SEM (n=7). Single, double and triple
characters indicate significance at A<0.05, A<0.01 and /<0.001, respectively. *, WT control
versus WT DNP-KLH; #, WT DNP-KLH versus null DNP-KLH; $, null control versus null
DNP-KLH.
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Fig. 5. Effect of MPGES-1 genetic deletion on Thl, Th2 and Th17 cytokinesin splenocytesin
responseto a TD antigen
Splenocytes were isolated from mPGES-1 WT (n=13) and null (n=11) mice at day 10 post

immunization with DNP-KLH in CFA. The cells were cultured for 1, 2, 4 and 6 days in the
presence or absence of DNP-KLH (10 pg/ml) /n vitro. The concentration of IL-2, IFNvy,
IL-4 and IL-17 in culture medium was measured by ELISA. Data are expressed as the mean
+ SEM.
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Fig. 6. Germinal center formation in spleen post immunization with a TD antigen in mPGES-1
WT and null mice

mMPGES-1 WT and null mice were injected i.p. with TD antigen DNP-KLH in CFA on day 0
and challenged with antigen in IFA on day 21. On day 28, spleen cryosections were stained
with both PNA and anti-1gD (top panel), with both anti-CR1 and PNA (middle panel), or
with both Thy1.2 and B220 (bottom panel). Representative results from 4 mice are shown.
Magnification: x10.
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Fig. 7. Efficiency of bone marrow transplant monitored by FISH
Bone marrow (BM) chimeras were generated by reconstituting lethally irradiated recipient

female mice with 1 x 107 BM cells from donor male mice. At the end point of experiment
(on day 14 post immunization with DNP-KLH in CFA), bone marrow (BM) cells were
harvested to check the efficacy of chimerism by FISH with Cy3 labeled Y chromosome
paint (Y chromosome: red) and DAPI (nuclei: blue) staining. mMPGES-1 WT Male and
female mice without bone marrow transplantation were also used as a positive and negative
control for the staining, respectively. Results are representative data from 6—7 mice in each
group of BM chimeras and 4 mice in positive and negative control.
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Fig. 8. Detection of DNP-specific IgG and IgM in bone marrow chimeras
Mixed chimeras were generated by reconstituting lethally irradiated female recipient mice

with 1 x 107 bone marrow (BM) cells from donor male mice. At 5 weeks after BM
transplantation, chimeric mice were immunized with DNP-KLH in CFA (i.p.) on days 0 and
serum was collected at the indicated time points. DNP-specific IgG and IgM were assayed
by ELISA. Data are expressed as mean £ SEM (n=6-7). The titer of the pooled standard was
defined as 1000 units/ml. * indicates significance at £<0.05.
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Fig. 9. Effect of mMPGES-1 genetic deletion on mesenchymal stromal cell cytokines mRNA

expression in responseto a TD antigen
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Spleen (A) or lymph nodes (B) were harvested from unimmunized (day 0) or at days 3, 8, or
14 following immunization with DNP-KLH in CFA. mRNA expression for IL-6, HGF,
inhibin BA, and VEGF were determined by TagMan real time PCR. Data are expressed
relative to GAPDH and represent the mean + SEM (n=6-8).
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Table 1

PGE, production in spleen of mPGES-1 null and WT mice

Immunization

PGE, (ng/mg protein)

WT nul

DNP-KLH (day 14)
DNP-KLH (day 28)
TNP-LPS (day 14)

DNP-Ficoll (day 14)

514145 (34+008™**
913+1.94 (614008
672070 (60 +0.08**"

818+0.27 (744007

Page 26

mPGES-1 WT and null mice were injected i.p. with T-cell dependent (TD) antigen DNP-KLH in CFA, T-cell independent typel (TI-1) antigen
TNP-LPS or T-cell independent type2 (TI-2) antigen DNP-Ficoll on day 0. Spleen was isolated at the indicated time point and the levels of PGE2

were determined by ELISA. Data are expressed as the mean + SEM (n=4-11).

*% ang ***

indicate statistical significance at £<0.01 and A<0.001, versus WT mice.
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Table 2

Germinal-center formation in mPGES-1 null and WT mice

Freguency (%

Immunization WT null

Non- Immunization 3.0+14 3.7+24

DNP-KLH (day 28) 435+18 40.8+2.1

mPGES-1 WT and null mice were injected i.p. with T-cell dependent (TD) antigen DNP-KLH in CFA on day 0 and challenged with antigen in IFA
on day 21. Spleens from mice of mMPGES-1 null and WT mice on day 28 were assessed for frequency (%) of PNA positive germinal centers to IgD
positive regions. Values represent the mean percentage + SEM (n=3-4). Differences between mPGES-1 null mice and WT littermates were not
significant (Student’s #test)
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Table 3

Efficiency of bone marrow transplant monitored by FISH

Chimeras Frequency (%)
WT <~ WT BM 95.4+0.8
WT < null BM 955+0.8
null < WT BM 948+1.1
null < null BM 93.8+1.9
WT male (positive control) 95.9+0.6
WT Female (negative control) 25+0.9

Page 28

Efficiency of bone marrow transplant were assessed for frequency (%) of Y chromosome paint positive cells to DAPI positive cells by FISH. Data
are expressed as mean + SEM from 6-7 mice in each group of BM chimeras and 4 mice in positive and negative control. Data were analyzed by 3

observers.
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