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Figure 4. Analysis of antibody-producing cells in Alox5-deficient mice. A: Spleen weights of AloxS**, Alox5*~, and Alox5 /" mice before (day 0) and after
immunization with SRBCs (day 7). B: Features of the spleens of 4lox5""*, Alox5""~, and Alox5~’~ mice before (day 0) and after (day 7) immunization with SRBCs
as examined using a stereomicroscope (SZX7, Olympus). Original magnification, X 15. C: Immunohistochemical analysis of the spleen of Alox5""* and Alox5™"~
mice after immunization with SRBCs (day 7). CD3* T cells (green), CD19* B cells (blue), and PNA* germinal center cells (red) are visualized. Original
magnification: X200 (upper panel) and X400 (lower paneD). D: FACS analysis of spleen cells of Alox5*"" and Alox5~’~ mice before (day 0) and after (day 7)
immunization with SRBCs. After immunization, the population of germinal center cells (B220"IgD "PNA™) of Alox5™"* mice increased from 0.5% to 8.3% of the
total B220* cells, whereas that of Alox5~“~ mice increased from 0.1% to only 1.0%. E, F: A FACS analysis of follicular B cells (B220*CD21"™'CD23*) of the spleen.
E: Follicular B cells compose 30% and only 18% of the total B220* cell population in Alox5*"* and Alox5™’~ mice, respectively. F: Follicular B cells compose
26% and 15% of the total B220* cell population in Rag?™7” and Rag1*/**® mice, respectively. G: The expression levels of annexin V on follicular B cells of the
spleen in Alox5*"*, Alox5*'~, and Alox5~"~ mice after administration of SRBCs (day 7) as assessed by means of FACS analyzer. The mean fluorescence intensity
(MFT) of annexin V on follicular B cells is shown. H: Expression levels of the transcripts of cytokines and receptors of follicular B cells sorted from the spleen of
Alox5*"* and Alox5™”~ mice as assessed by means of PCR. The left panel shows the RT-PCR results (25 cycles) investigating various molecules, including Alox5,
and determines the down-regulation of the IL-21 receptor transcripts in the Alox5 "~ cells. The right panel presents results from quantitative PCR of the IL-21
receptor of follicular B cells, indicating that the IL-21 receptor levels in these cells of Alox5 " cells are approximately 20% of those in 4lox5*"* cells. Total, total
spleen cells; NC, no template control. I: The expression levels of major histocompatibility complex class 1T on spleen cells of Alox5*"*, AloxS™"~, and Alox5 "~
mice. FOB, follicular B cells; MZB, marginal zone B cells (B220"CD21"CD237); NFB, nonfollicular B cells (B220*CD21'°CD237). The results presented are
representative of three to four independent experiments. In each experiment, 3 to 10 mice per group were used. *P < 0.05 compared with the wild-type control.

whether humoral immunity regulated by Alox5 would work including MCL, small lymphocytic lymphoma (SLL), and
as a defense mechanism against microorganisms, an ex- marginal zone lymphoma. Currently, naive B cells of the
perimental colitis model was used in which DSS was orally mantle zone, antigen-experienced B cells, and postger-
administered to the mice in a conventional facility.?* The minal center B cells are considered to be the postulated
results indicated that loss of Alox5 led to exaggerated en- cell origins of MCL, SLL, and marginal zone lymphoma,
terocolitis (Figure 6A). Histologic examinations revealed se- respectively.*® Immunohistochemical studies using L22
vere erosion and an inflammatory reaction of the mucosa in mAbs on frozen sections revealed the high expression of
Alox5~/~ mice (Figure 6, B and C). Similar results were Alox5 in MCL and SLL but not in marginal zone lym-
observed in Rag1™®® mice, implying that the Alox5 of B phoma (Figure 7, A-l). These results seem to be in agree-
cells plays a pivotal role in establishing humoral immunity ment with our observations that Alox5 was preferentially
against pathogens under conventional conditions. presented in naive and memory B cells. When the MCL

cell lines were examined, three cell lines, including G519,
Alox5 Enhances the Growth of MCLs MINO, and REC1, possessed Alox5 (Figure 7J). Interest-

ingly, AAB61, an Alox5 inhibitor, possessed the capacity
Finally, we investigated the expression profiles of Alox5 in to reduce the growth of MINO cells (Figure 7K). More-
B-cell lymphomas composed of small lymphoid cells, over, AA861 combined with vincristine, an antitumor re-
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agent for MCL, resulted in dramatic reduction of the
growth activities of MINO cells. Therefore, Alox5 may be
associated with the cellular integrities of not only primary
B cells of the mantle zone, from which they originate, but
also of MCL cells.

Discussion

In this study, we followed comprehensive immunoprecipi-
tation and proteomics methods to identify an L22 Ag as
Alox5. As implicated by the expression of Alox5 in mantle
zone B cells (CD23™ and CD23 ") around germinal cen-
ters, Alox5 plays a pivotal role in specific immunity as a
regulator of cell fate and responsiveness to IL-21 of naive
follicular B cells.373844 Ajox5 defects also impinge on the
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Figure 6. Alox5 defects attenuate intestinal tissue damage, with high mor-
tality in experimentally induced chronic enterocolitis models. A: Survival
curves of DSS-induced colitis models. Mice were maintained in a conven-
tional facility and were allowed to freely drink water containing 1.5% DSS.
The left and right panels illustrate the percentage survivals of Alox5*"* and
Alox5~/~ mice and Rag1"" and Rag1/°*> mice, respectively. n = 7 to 8 per
group. B: Histologic findings of mice intestines after DSS administration on
day 7. The left and right panels demonstrate the intestines of Alox5™"* or
Alox5~"~ mice and Rag1"'" or Rag14/*> mice, respectively. The intestines of
Alox5~'~ and Rag1*'**> mice manifested severe enterocolitis. Original mag-
nification, X100. C: The total histologic score is presented as mean with SEM
(n = 3 to 4 mice per group). *P < 0.05 compared with the wild-type control.

Figure 5. Developmental defects of Tth cells in
Alox5-deficient mice. Az FACS analysis of thymocytes
in Alox5*/* and Alox5™/~ mice. The population
recognized by the expression of CD4 and CD8 are
shown. B: FACS analysis of spleen cells of Alox5*"*
and Alox5~"~ mice before (day 0) and after (day 7)
immunization with SRBCs. After immunization, the
population of Tfh cells (CD3*CD4*CD25~
ICOS™CXCR5*) in Alox5*”* mice increased from
0.0%t0 3.9% of the total CD3*CD4 ™ cells, and that of
Aloe5™"~ mice increased from 0.0% to 0.2%. C: Ex-
pression levels of transcripts of leukotriene receptors
in Tth cells sorted from human tonsils. Results of two
cases assessed by means of RT-PCR (28 cycles) are
shown.  Glyceraldehyde-3-phosphate ~ dehydroge-
nase was used as the positive control. Bulk, total
lymphocytes; NC, no template control. The results
presented in (A) and (B) are representative of three to
four independent experiments. In each experiment,
three to six mice per group were tested.
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generation of memory B cells, suggesting that it would com-
pletely support the preservation of B-cell repertories main-
tained by naive and memory B cells. The Alox5 pathway is
essentially associated with a variety of inflammatory dis-
eases, including asthma, atherosclerosis, rheumatoid ar-
thritis, liver cirrhosis, and cancer, which are caused by an
underlying anomaly of acquired immunity.'®3* Therefore,
primary B cells may act as a modulator in these patho-
logic situations. As a major source of leukotrienes in
lymphoid tissues, primary B cells may contribute to es-
tablishment of the histologic features, such as lymphad-
enitis lesions.

Infection of mice with RNA or DNA viruses induces an
antiviral antibody response, which is largely restricted to
IgG2a. This also provides the functional importance of
Alox5 as a coordinator of host defense. The regulation of
IgG2a, which is an IL-4-independent Ig isotype, and the
mechanism of interferon +y derived from type | helper T
cells remain investigative priorities. Although we could
not fully elucidate the precise mechanism of IgG2a pro-
duction by Alox5, it has been previously reported that
Alox5 deficiency may lead to an imbalance of type | and
Il helper T cells.*® Thus far, we considered the possible
involvement of Alox5 in the development of helper T-cell
subpopulations. CD4™ T cells possess leukotriene recep-
tors, which can instructively work for the mobilization of
effector T cells to inflammatory foci; however, little is
known about the role of leukotrienes in the development
of Tth cells.'#40-42:46 | gykotriene receptors encoded in
germlines form a receptor spanning seven membranes
coupled with G-proteins in the cytoplasm, similar to the
chemokine receptors of Tfh cells, such as CXCRS5, CCRS,
and CXCR3. Leukotriene receptors seem to be down-
regulated (or at least not up-regulated) in Tfh cells; there-
fore, such lipid mediators might act on the initial process
of differentiation of naive helper T cells. The prerequisite
for the differentiation of naive helper T cells is the inter-
action of the T-cell receptor on naive CD4* helper cells
with major histocompatibility complex class Il molecules
on professional APCs. Therefore, professional APCs,
which express Alox5, profoundly affect the initial steps of
the differentiation of naive helper T cells. Rag1®*® mice
exhibited defects of specific antibody responses to foreign
antigens, although Tfh cells could be recognized in re-
sponse to the administration of foreign antigens in these
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Figure 7. Alox5 defines cell growth of mantle cell-derived B-cell malignan-
cies. A-I: Alox5 expression in B-cell lymphomas composed of small lym-
phoid cells. Immunohistochemical analysis using L22 mAbs was performed
on frozen sections of independent tumor tissues: MCL (A=C), SLL (D-F), and
marginal zone lymphoma (MZL) (G-I). Original magnification, X200. J:
AloxS expression in cells derived from MCL at the protein level (arrow).
Immunoblot analysis with anti-Alox5 pAbs was performed on human cell
lines. HEK 293 cells with or without EGFP-Alox5 (asterisk) were used as the
control. K: Cell growth of MINO under 10 umol/L AA861 or 50 ug/ml of
vincristine assessed by using WST1. A 96-well plate containing 1 X 10° cells
per well was incubated with reagents for 24 hours. Results are representative
of four independent experiments. *P < 0.01 compared with the control; **P
< 0.05 compared with vincristine alone.

mice (data not shown). Thus, the lipid mediators derived
from macrophages or dendritic cells but not from B cells
would affect the process of differentiation of Tfh cells.

In this study, we could not fully elucidate a mechanism
of the production of leukotrienes from primary B cells.
Macrophages or dendritic cells produce Alox5-related
leukotrienes by activating cytosolic phospholipase A2. It
may be supposed that B-cell receptor signaling leads to
the mobilization of calcium ions through inositol phos-
phate, leading to the activation of cytosolic phospho-
lipase A2 and the subsequent liberation of arachidonate
from membrane glycerolipids as a substrate of Alox5. We
observed that Alox5~~ mice can produce B1 B cells
(B220"CD5*IgM™), related to producing natural anti-
bodies, in the spleen and peritoneal cavity (data not
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shown). In this context, leukotrienes of primary B2 B cells
may regulate the adaptive humoral immune response.*”
Indeed, we found transcripts of Alox5 in mouse follicular
B cells, and we are trying to detect Alox5 in these cells at
protein levels.

Maintenance of the B-cell repertoire is one of the
most important elements in achieving adaptive hu-
moral responses and protecting the host from patho-
gens. Perhaps primary naive and memory B cells ex-
press Alox5 and preserve their integrity to maintain the
B-cell repertoire. According to this story, it was of in-
terest to note that MCL, one of the most refractory
tumors against conventional therapies, might depend
at least in part on the function of Alox5 in terms of
cellular growth. The evidence that primary B cells and
MCL, which originates from primary B cells, rely on
Alox5 for their cellular integrity can provide insights for
understanding the unique tumor biology of MCLs. Fur-
ther investigations should elucidate the mechanism of
the additive effects of Alox5 inhibitors as chemothera-
peutic reagents to treat MCL.484®

In summary, we demonstrated the fundamental role of
Alox5 in establishing specific antibody responses. Alox5
regulates not only primary resting B cells of the naive and
memory B-cell phenotypes but also Tfh cell generation,
thereby preserving specific antibody production. It has
not yet been determined whether Alox5-related lipid me-
diators take part in the plasticity of the generation of
helper T cells. However, studies of the expression profiles
of leukotriene receptors on helper T-cell species would
enable us to recognize the biological significance of lipid
mediators in the differentiation of helper T cells. Lipid
metabolism of arachidonic acid, affected by amounts
from the oral intake or function of related enzymes, may
affect the primary B-cell response by altering IL-21- and
Tth-mediated stimulation.
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