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Abstract

Meprin metalloproteases are implicated in inflammatory bowel disease, which involves dysfunction
of immune cells. However, the roles of meprins in the immune and hematological system remain
uncharacterized. In this report, we demonstrate that meprins were expressed in the hematological
system, and meprin alpha/beta null (alpha-/beta”-) mice had decreased prevalence of resident
monocytes (R-MC) and natural killer (NK) cells in blood, with a concomitant accumulation of
inflammatory monocytes (I-MC) and NK cells in bone marrow. In contrast, T and B lymphocytes
were not affected by meprin deficiency. In response to acute inflammation induced by intraperitoneal
injection of thioglycollate, meprin-deficient mice exhibited higher body temperature than the wild-
type mice, which was correlated with accumulation of I-MC but persistent low prevalence of NK
cells in blood. These results indicate that meprin metalloproteases play important roles in the
homeostasis of monocytes and NK cells, and possibly are involved in egress of these two type cells
from bone marrow and homing to the periphery. Our findings are the first report to demonstrate that
metalloproteases affect homeostasis of leukocytes, which have important implications for
understanding physiology of and pathogenesis in the hematological system.
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Introduction

Meprins were first discovered in the apical brush-border membranes of the epithelia lining
renal proximal tubules and subsequently in the intestinal epithelium [1-3]. These
metalloproteases have been implicated in several pathological conditions including
inflammatory bowel disease (IBD) [4;5].

Meprins are members of the “astacin” family of metalloproteases [3;6]. In mammals, there are
2 meprin subunits, alpha and beta [7], both of which are synthesized as multi-domain trans-
membrane proteins [8;9]. In mice, meprin expression is localized to the apical (brush-border)
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membrane of polarized epithelial cells lining the intestine and proximal tubules in kidney
[10]. Meprins have also been detected in macrophages of mesenteric lymph nodes [5]. In
humans, in addition to expression in the brush-border membrane of intestines, meprins are also
found in epidermal keratinocytes [4;11]. Meprin alpha and beta RNA have been detected in
leukocytes of undetermined lineage from lamina propria of human inflammatory bowel tissue

[4].

Meprins are capable of hydrolyzing many proteins and peptides [12-14], including extracellular
matrix (ECM) [13-15] and cytokines/chemokines [12;16]. While the former suggests roles of
meprins in tissue repair and cell migration, the latter implies meprins' involvement in
modulation of the immune system. The expression of meprins in leukocytes from inflammatory
bowel tissue further points to a possibility that meprins are involved in pathogenesis of
dysregulated immune cells [4]. Consistently, in murine models, meprins are detected in
macrophages from lymph nodes draining intestine, and leukocytes with null meprin beta are
deficient in migration through artificial ECM [5]. These two findings are intriguing and call
for further evaluation of meprins' roles in the hematological system in general, and immune
cells in particular.

In this report, we examined meprins' roles in the hematological system using mice carrying
germline null mutations of both meprin alpha and beta genes. In consideration that meprin
alpha and beta possess unique as well as overlapping biochemical activities, we reasoned that
disruption of both genes may produce more readily discernable phenotypes. We demonstrate
here that deficiency in both meprin subunits resulted in decreased prevalence of monocytes
and natural killer (NK) cells in blood, with concomitant accumulation of these two cell types
in bone marrow. In response to peritoneal inflammation, meprin-deficient mice manifested a
febrile reaction in correlation with retention of monocytes in blood. These studies indicate that
meprins are involved in physiological functions of monocytes and NK lymphocytes.

Meprin alpha”/beta”- mice (meprin double knockout, dKO) were generated in the laboratory
of Judith S. Bond by crossing meprin alpha*/*/beta’- mice and meprin alpha”-/beta*™* mice.
The establishment of meprin beta null mice carrying disrupted MEP1B genes has been reported
[17]. Characterization of the meprin alpha null mice is discussed in Ph.D. Dissertation by S.
Banerjee, Pennsylvania State University, 2008 [18]. In brief, a 129X1/SvJ-based targeting
vector was used to insert a neomycin resistant cassette into the MEP1A gene on chromosome
17 by homologous recombination. The inserted PGK-neo cassette disrupted the site encoding
the catalytic center in exon 7 of the Mepla gene. R1 ES clones confirmed with targeted
disruption of meprin alpha gene were micro-injected into C57BL/6 blastocysts. Chimeras were
crossed with C57BL/6 mice (Jackson Laboratories, Bar Harbor, MN) to generate meprin alpha
null mice. Inbred meprin beta null mice and mixed meprin alpha null mice were crossed to
generate dKO mice, and the littermates were screened by Southern blotting analysis to confirm
genotypes. dKO mice used in this study were 3-5 month old males in a 129XC57BL/6 mixed
background, and the wild-type control mice were age- and gender-matched meprin alpha*/*/
beta*/* littermates (dWT) of the dKO mice. All the mice were housed in conventional animal
care facility at 23 £ 1°C under a 12/12 h light-dark cycle (lights on at 06:00h) with free access
to food chow and tap water, in full compliance with animal use and care regulations.
Experimental protocols were approved by Pennsylvania State University College of Medicine
Institutional Animal Care and Use Committee.
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Cells and cell fractionation

Peripheral blood was obtained by cardiac puncture from anesthetized mice. Bone marrow from
femur was harvested as routine. Peripheral blood mononuclear cells (PBMC) and bone marrow
mononuclear cells (BMMC) were prepared from peripheral blood and bone marrow cells by
centrifugation on a Histopaque 1083 (Sigma, St Louis, MO) gradient. Primary human dermal
fibroblast cell lines were established from skin biopsies from forearms and grown in F12/
DMEM (Media-tech) as described before [19].

Reverse Transcription (RT)-PCR

Total RNA was isolated with RNA-Bee reagent (AMS Biotechnology, UK). cDNA was
synthesized with the RETROscript kit (Ambian, Austin, TX). The primers used for meprin
alpha and beta detection were 5'-CGC CTC AAG TCT TGT GTG GAT TTC-3'/5-TCATGT
TCAATG GTG GCC TTA AAG TC-3' (mouse meprin alpha), 5-ACA AGG TGT CCT CAC
CAT ATC TGG C-3'/5'- GCACTC AGC TCT GCC ATC TTG G-3' (mouse meprin beta), 5'-
CAG GTG GAC GTT CCC CAT TC-3'/5'-AGC ACC CAT CAA ACT GTT GAA AT-5
(human meprin alpha), and 5'-AAG GTT TGG GACTGGATCTTT TT-3'/5-GCATTG AGG
ATA ACT CCC TTA GC-3' (human meprin beta).

Genotyping PCR

Bone marrow cells were boiled and digested overnight with 6U of proteinase K at 42°C in a
buffer containing 50 mM Tris-HCL, 100 mM EDTA, 125 mM NaCl, and 1% sodium dodecyl
sulfate, followed by ethanol precipitation of genomic DNA. Primer sets used for PCR were 5'-
CCCTCTCTTGGGGTACAAC-3'/5-GTGCTGGTC TTC AGT GGG A-3' (mouse meprin
beta) and 5-CCC CTG GAG TCT GTC TAG TAG CCATCA TC -3'/5'-GCG AAG GAC
CTCCCATGA TAA ACT TAG G-3' (mouse meprin alpha), which flanked the sites of vector
integration.

Western Blotting

Tissue homogenates were prepared from kidney and skeletal muscle in the lysis buffer (100
mM NaCl, 50 1% Triton X-100, 0.5% deoxycholate, 0.2% SDS, 0.2 mM EDTA, 1mM
benzamidine, 10 mM HEPES, pH7.5) containing protease Inhibitor (Roche, Indianapolis, IN)
with a tissue homogenizer. Protein concentration was determined by the DC Protein Assay kit
(Bio-Rad, Hercules, CA), and 200 ug proteins were run on 8%-sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), followed by electro- transfer onto
nitrocellulose membranes (Bio-Rad). The membranes were blocked for 1 hour with a solution
containing Tris buffer saline, 0.1% Tween-20 and 5% milk powder, and incubated for 1 hour
with rabbit derived antisera against mouse meprin alpha or beta (1:10000) and rabbit anti-
GAPDH(Santa Cruz, Santa Cruz, CA) (1:1000 dilution). Subsequently, blots were incubated
with a horseradish peroxidase-labeled anti-rabbit 1gG antibody (IMGENEX, San Diego, CA)
for 1 hour (1:10000). Enhanced chemiluminescence (ECL) detection was performed with ECL
detection agents (Amersham, Piscataway, NJ) and recorded on Hyperfilm-ECL film
(Amersham).

Flow cytometry

Cells were stained with fluorochrome-conjugated antibodies as previously described [20]. In
brief, 50 micro-liters of peripheral blood, 0.5 million PBMC, or 0.5 million bone marrow cells
were first blocked with anti-mouse CD16/CD32 (10ug/ml, mouse FC Block, BD-Biosciences,
San Diego, CA) and 20ug/ml Rat 1gG (Sigma, St Louis, MO) for 15 min on ice, followed by
incubation on ice for 30 min with fluorochrome-conjugated antibodies against the following

markers at concentrations suggested by the providers: monocyte markers CD11b (clone M1/70,
BD-Biosciences), CD14 (clone sa2-8, eBioscience, San Diego, CA), Ly6c (clone HK1.4,
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Southern Biotech, Birmingham, AL); granulocyte marker Ly6g (clone 1A8, BD-Bioscience);
B cell marker CD19 (clone 6D5, Miltenyi Biotech, Auburn, CA); NK markers CD49b (clone
DX5, Miltenyi Biotech), NK1.1 (clone PK136, eBioscience) and CD122 (clone TM-b1,
eBioscience); T cell markers CD90 (clone 30-H12, Miltenyi Biotech) and CD3e (clone 500A2,
eBioscience). After washing with a FACS buffer (3% FCS, 0.01% NaN3 in PBS), the samples
were fixed with the Lysing Solution (BD-Biosciences) to lyse red blood cells, followed by
acquisition on a FACSCalibur flow cytometer (BD-Bioscience). To enumerate the absolute
number of leukocytes, Fluorospheres (Beckman-Coulter, Miami, FL) were added to samples
prior to acquisition as internal references following instruction from the manufacturer. Isotype
matched antibodies conjugated with the same fluorochrome as the test antibodies were used
to control non-specific staining.

Induction of acute peritonealitis by thioglycollate (TG) and measurement of body
temperature

Mice were injected intraperitoneally (i.p.) with 1 ml of 3% Brewer's TG broth (Sigma-Aldrich)
or sterile pyrogen-free saline. Twenty hours later, anal temperature was measured by gently
inserting a small Vaseline-coated thermometer probe (model 46 telethermometer, Yellow
Springs Instruments, Ohio). Peritoneal exudates were collected with 6 ml cold RPMI.

Statistical analysis and data presentation

Data are presented as mean+SEM and analyzed with Student's t tests for comparison between
the meprin null and control mice. P values of <0.05 at a confidence interval of 95% were
considered significant. Dot plots shown are representative data from each group to illustrate
cell populations analyzed and compared. The bar graphs show compilation of several analyses.

Results

Expression of meprin mRNA in leukocytes, and disruption of meprin genes in dKO mice

To determine whether meprins are expressed in the hematological system, mononuclear
leukocytes were isolated by Ficoll gradient centrifugation from peripheral blood and bone
marrow of dWT mice, and assayed for meprin mMRNA by RT-PCR. The PCR primer pairs
spanned intron sequences, allowing detection of only cDNA but not genomic DNA. RT-PCR
detected meprin alpha- and beta-specific amplification products from mouse blood and bone
marrow leukocytes and kidney, but not skeletal muscle (Fig. 1A). Meprin alphaand betamRNA
were also expressed in human PBMC, but not fibroblasts (Fig. 1B), indicating the human
relevance of this study. Direct sequencing of the PCR products confirmed that the amplified
products were 100% homologous to the established meprin sequences (data not shown). The
expression of meprin in both peripheral blood and hematopoietic tissue indicated a possibility
that meprins play roles in the development and function of the hematological system.

Successful disruption of both meprin genes in dKO mice was verified by PCR genotyping with
DNA from mice used in the experiments (Fig.2A). The disrupted meprin genes yielded larger
fragments than the WT counterparts, 4.3kb vs. 3.1kb for alpha and 6.3kb vs. 4.8kb for beta,
respectively, consistent with the expected patterns for targeted vector integration. Western blots
confirmed that meprin alpha and beta proteins were not expressed in kidneys of dKO mice
(Fig. 2B). dKO mice had birth weights and growth rates comparable to the dWT mice, exhibited
no gross abnormality, and showed no overt susceptibility to diseases in the conventional animal
care facility.
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dKO mice manifested higher body temperature than their WT counterparts in response to
acute local inflammation

Peritoneal injection of TG is a well established method to study acute inflammation [21;22].
This model was used to investigate the impacts of meprin deficiency on immune response to
peripheral nonbacterial acute inflammation. Without TG treatment, dKO and dWT mice had
comparable body temperatures (36.5 vs. 36.6 °C, p=0.82, Fig. 3A), consistent with reported
by others [23]. Twenty-four hours after intraperitoneal injection of TG, the body temperature
of dKO mice was one degree higher than that of their dWT counterparts (37.6 vs. 36.5 °C,
p<0.01, Fig. 3B). The observed febrile response in dKO mice suggested that meprin deficiency
is associated with altered response of the innate immunity to acute inflammation [24].

Meprin deficiency was associated with low frequencies of resident monocytes in blood, but
high frequencies of inflammatory monocytes in bone marrow

As the first screen for hematological abnormality in meprin deficient mice, the relative
prevalence of blood and bone marrow monocytes was compared in dKO mice and their dWT
controls without TG challenge. The expression of CD11b and Ly6c was used to define
monocytes. To ensure inclusion of all the hematological components in the analysis, flow
cytometry staining was performed using total cells, without prior centrifugation to remove red
blood cells and granulocytes.

With granulocytes excluded from analysis by gating in FSC/SSC plots, CD11b* cells can be
divided into two distinct populations, Ly6c** (Fig. 4A) and Ly6c™ (Fig. 4D). The CD11b*/
Ly6c** cells stained dimmer for CD45 than their CD11b*/Ly6c” counterparts (Fig. 4B, E), and
were greater in size and more granular (Fig. 4C, F). These patterns are consistent with the two
subtypes of monocytes well established in mice, “inflammatory” (I-MC, CD11b*/Ly6¢**) and
“resident” (R-MC, CD11b*/Ly6¢") [22;25;26]. Interestingly, while frequencies of CD11b*/
Ly6c cells were relatively low in blood from dKO (5.2% vs. 11.7%, p<0.05, Fig. 4M), the
prevalence of CD11b*/Ly6c** cells was not significantly different between dKO and dWT
mice (3.3% vs. 3.1%, p=>0.05). In bone marrow, CD11b* cells can also be divided into 2
populations based on Ly6c expression. While the CD11b*/Ly6c** cells formed a well definable
population (Fig. 4G), CD11b*/Ly6c™ and CD11b*/Ly6c* populations cannot be clearly
separated (Fig. 4J). Interestingly, while dKO mice exhibited a frequency of CD11b*/Ly6c”*
cells comparable to the one in dWT mice (6.5% vs. 5.5%, p>0.05, Fig. 4M), frequencies of
CD11b*/Ly6c™ cells in bone marrow were significantly higher in dKO mice than the dWT
controls (17.2% vs. 13.6%, p<0.01). In both the dKO and dWT mice, approximately 50% of
the blood 1-MC were positive for CD49b, while R-MC contained less than 10% CD49b* cells
(52.6% vs. 8.4%, p<0.01, Fig. 5). However, meprin deficiency did not significantly affect the
CD11b*/CD49b* monocytes, neither Ly6c*™ (52.3% vs. 52.8%, p=0.97) nor Ly6c™ (6.1% vs.
10.6%, p=0.19). Similar results were obtained from 2 independent experiments with a total of
7 pairs of matched mice. The above findings indicate that meprin deficiency differentially
affected CD11b*™ monocytes, dependent on their expression of Ly6c and location in the
hematological compartments.

To characterize monocyte subtypes further, which were differentially affected by meprin
deficiency, monocytes were defined by the expression of CD14, a well established marker for
human circulating monocytes [28], with a mouse CD14-specific antibody sa2-8 [29]. sa2-8
stained mouse blood and bone marrow leukocytes with patterns very similar to those by the
CD11b-specific antibody (Fig.6). In blood, based on Ly6c staining, CD14" mononuclear
leukocytes were also dividable into 2 populations, CD14*/Ly6c** and CD14*/Ly6c™ (Fig. 6A,
C), with the former dimmer for CD45 staining (Fig. 6B, D). More significantly, while
CD14%/Ly6c*™ monocytes were at similar levels in dKO and dWT mice (2.3% vs. 2.4%,
p=0.84), dKO mice had a lower frequency of blood CD14*/Ly6c™ monocytes than the dWT
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controls (2.7% vs. 6.2%, p<0.01, Fig. 6G). In bone marrow, similar to CD11b* I-MC,
CD14*/Ly6c** cells were more prevalent in dKO mice than the dWT controls (21.3% vs.
17.9%, p<0.05). However, unlike CD11b staining (Fig. 4J), both the dKO and dWT mice did
not have a clearly definable population for CD14*/Ly6¢ cells (Fig. 6E). Co-staining for CD11b
with CD14 showed that nearly all the blood CD14* cells were CD11b*, accounting for
approximately 60% of the CD11b* cells (data not shown). Thus, the above data indicate that
the CD14-specific antibody sa2-8 defined a subset of CD11b* monocytes in blood, and meprin
deficiency differentially affected this CD14* monocyte subset with a pattern similar to the one
for CD11b* monocytes, dependent on Ly6c expression and anatomical compartments.

In comparison to dWT mice, frequencies of blood NK cells but not T and B lymphocytes were
low in dKO mice, with simultaneous accumulation of NK cells in the bone marrow

To define the impacts of meprin deficiency on lymphocytes, the relative prevalence of NK, T
and B cells was evaluated by staining CD49b*/NK1.1* (NK), CD90*/CD3e* (T) and CD19*
(B) cells in the peripheral blood and bone marrow of unchallenged mice. Data from 2
independent experiments with a total of 7 pairs of mice showed that dKO mice had a
significantly lower frequency of NK cells than the dWT controls in blood (7.6% vs. 13.4%,
p<0.05, Fig. 7A). Inversely correlated to the low prevalence of NK cells in blood, frequencies
of NK cells in bone marrow were higher in dKO mice than the dWT controls (4.8% vs. 3.3%,
p<0.05). Similar results were obtained when CD11b* cells were excluded by gating to ensure
that the CD49b* NK cells analyzed did not include monocytes. In contrast to NK cells, T and
B lymphocytes had similar prevalence in peripheral blood as well as in bone marrow (Fig. 7B,
C).

dKO mice exhibited distorted monocyte response to acute peritoneal inflammation

The impacts of meprin deficiency on the prevalence of immune cells in response to TG-induced
acute peritoneal inflammation were also studied. In correlation with the fever (Fig.3),
frequencies of blood I-MC were higher in dKO than dWT mice (5.5% vs. 3.3%, p<0.01, Fig.
8A). This is in contrast to the unchallenged dKO mice, which had comparable frequencies of
blood I-MC with their dWT counterparts (Fig. 4). Concurrent with the elevated I-MC,
frequencies of blood R-MC in TG-challenged dKO mice increased to a level comparable to
the one in dWT mice (15.3% vs. 18.9%, p=0.24, Fig. 8B), in contrast to the unchallenged mice
which had lower frequencies of blood R-MC than dWT mice (Fig. 4). This increase in the
frequency of blood R-MC in TG-challenged mice could be due to accumulation of I-MC, which
have been reported to convert to R-MC in blood [25].

The relative prevalence of bone marrow monocytes in the TG-challenged mice was also distinct
from that in unchallenged mice. In contrast to the unchallenged mice where dKO mice had
accumulation of I1-MC in the bone marrow (Fig. 4M), TG-challenged dWT and dKO mice had
comparable frequencies of bone marrow I-MC (17.3% vs. 16.9%, p=0.85, Fig. 8F), suggesting
a more robust bone marrow monocytosis in the dWT mice. Consistent with conversion of I-
MC to R-MC in bone marrow [26], TG-challenged dWT mice exhibited a higher frequency of
bone marrow R-MC than their dKO counterparts (2.4% vs. 1.9%, p<0.05, Fig. 8G), in contrast
to the unchallenged mice where bone marrow R-MC in dWT and dKO mice were at comparable
levels (Fig. 4M).

Peritoneal inflammation did not significantly affect the skewed homeostasis of NK cells in
dKO mice. Asin unchallenged mice (Fig.7A), the frequency of NK cells in dKO mice remained
lower in blood (Fig. 8C) and higher in bone marrow (Fig. 8H) than their dWT counterparts. In
addition, there were no significant differences between dKO and dWT mice in B (Fig. 8D, I)
and T (Fig. 8E, J) lymphocytes. These results were consistent with the fact that acute
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inflammation induced by TG is mostly mediated by macrophages, one of the descendents of
circulating monocytes.

The impacts of meprin deficiency on leukocyte homeostasis were also evident from the
absolute numbers of blood leukocytes in TG-challenged mice (Fig. 9). The numbers of blood
I-MC in the TG-challenged dKO mice were 1.8-fold higher than those in their dWT
counterparts (p<0.05). The average number of NK cells in dKO was approximately half of that
in dWT mice, with a p value of 0.07. In contrast, TG-challenged dKO and dWT mice had
comparable absolute numbers for R-MC, B cells, T cells and granulocytes in blood (Fig.9),
with p values of 0.74, 0.81, 0.39 and 0.26, respectively. Thus, the impacts of meprin deficiency
on the absolute numbers of blood leukocytes had a trend consistent with the one for relative
prevalence (Fig. 8).

Discussion

We demonstrate in this report that meprin deficiency altered homeostasis of monocytes, with
decreased prevalence of the R-MC subset in blood. Inversely correlated with this decrease was
the increase of the I-MC subset in bone marrow. This correlation is consistent with the
interpretation that decreased monocytes in blood resulted from accumulation of monocytes in
bone marrow, based on the current thinking that homeostasis of blood monocytes requires
continuous replenishment from bone marrow [30]. It is unexpected that blood R-MC, rather
than I-MC, were affected most profoundly by meprin deficiency in the unchallenged state (Fig.
4), considering a model suggesting that bone marrow I-MC disseminate into blood first, which
then either develop into R-MC [25], or shuffle back to bone marrow in the absence of peripheral
inflammation [26]. However, if the transition of I-MC between bone marrow and blood, and
the conversion of I-MC to R-MC are highly efficient, the net outcome of the complex kinetics
of monocyte development may present impacts of meprin deficiency mainly on the relatively
stationary R-MC, not the highly dynamic I-MC.

Similar to monocytes, NK cells in meprin-deficient mice were low in blood compared to the
wild-type controls, but high in bone marrow (Fig. 7A), again in an inverse correlation
suggesting that the decrease in blood is a consequence of accumulation in bone marrow. It is
noteworthy that the inversely correlated prevalence of monocytes in blood and bone marrow
is very similar to the findings in a recent study, which showed that CCR2/MCP play critical
roles in monocyte mobilization from bone marrow [31]. In contrast to the meprin null mice,
CCR2 and MCP deficiency only impairs bone marrow egress of monocytes but not NK cells.

In contrast to monocytes and NK cells, the prevalence of T and B lymphocytes in blood were
not significantly affected by meprin deficiency. The differential impacts of meprin deficiency
on leukocyte lineages may be related to the distinct homeostasis mechanisms for individual
leukocyte lineages. To exercise their functions, leukocytes have to egress from bone marrow
to blood, followed by further dissemination to the periphery and recirculation among tissues.
In physiological conditions, blood monocytes and NK cells maintain their homeostasis mostly
by receiving direct continuous replenishment from bone marrow, although extra-bone marrow
sites have also been suggested for NK cell maturation [30;32]. In contrast, T and B cells egress
from bone marrow at an early stage of development, and homeostasis of blood T and B cells
is largely independent of bone marrow [33;34].

This work also demonstrates that the involvement of meprins in the hematological system is
pathologically significant. In a disease model mimicking peripheral infection by non-bacterial
inflammation induced by TG, meprin-deficient mice exhibited retention of monocytes in the
circulation and manifested a febrile response (Fig. 8, 9, 3). One interpretation for this retention
of meprin-deficient monocytes in blood is that these cells were defective in homing to
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inflammation cues, which resulted in a suboptimal local inflammation response and
subsequently triggered the febrile reaction. Fever activates innate immune system [35], and
heat stress has been shown to enhance the function of monocytes-derived dendritic cells and
NK cells [36-38]. Bone marrow monocytes in dKO mice also responded to the peripheral
inflammation aberrantly compared to dWT mice. In response to TG challenge, bone marrow
I-MC and R-MC in dWT mice increased to the level comparable to, or higher than that in dKO
mice (Fig. 8F, G), suggesting that monocytosis in dKO bone marrow were not as robust as in
dWT bone marrow monocytosis.

In summary, from this study a scenario emerges in which meprins play important roles in
leukocyte function. In the steady state, meprin deficiency may adversely affect egress of bone
marrow I-MC to blood, resulting in accumulation of I-MC in the bone marrow and decreased
prevalence of R-MC in blood (Fig.4), possibly due to the quick conversion of I-MC to R-MC.
During active peripheral inflammation, meprin deficiency may also affect emigration of blood
I-MC in dKO mice, manifesting as retention of I-MC in the blood (Fig.8A). The incurring
inadequate monocyte recruitment to inflammation site may have the consequence of a defective
inflammation response, which elicited a suboptimal bone marrow monocytosis (Fig. 8F, G)
and triggered a febrile response (Fig. 3) possibly in an attempt to mobilize the innate immunity
at the systemic level.

The exact mechanisms underlying the dysfunctional monocytes and NK cells as a result of
meprin deficiency remain to be determined. Leukocyte egress from bone marrow and homing
to the peripheral tissue involve multiple distinct molecular processes, including chemotaxis
driven by chemokines, degradation of ECM, and interaction between adhesion molecules
[39]. The proteolytic activities of meprin metalloproteases imply that meprins have the
potential to be involved in at least 2 of these processes, modulation of cytokines/chemokines
and degradation of ECM [3]. To understand the molecular and biochemical mechanisms for
the hematological disorders associated with meprin deficiency, active research is ongoing in
our laboratory to compare functional capacity of leukocytes between meprin deficient and wild-
type mice, and to determine the contribution of each meprin subunits to the functions of
leukocytes.

The findings reported in this study have significance in understanding the physiopathology of
the hematological and immune system. Monocytes and their descendents, macrophages and
dendritic cells, play critical roles in the innate immunity and serve as the bridge leading to
successful adaptive immune responses. NK cells are components of the innate immunity
participating in the first line of immune defense against viral infection and tumor. Based on
the above, it is reasonable to predict that meprin deficiency is associated with compromised
immunity in human pathological conditions yet to be recognized. The meprin null mice are
useful animal models in this area of research which has the potential to elucidate mechanisms
of the hematological system in health and disease.
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Fig. 1. Expression of meprin mRNA in the hematological system

RNA from blood and bone marrow mononuclear leukocytes was examined by RT-PCR for
meprin expression. (A) Meprin alpha and beta mRNA were detected in mouse peripheral blood
mononuclear cells (PBMC) and bone marrow mononuclear cells (BMMC), but not in skeletal
muscle. (B) Human PBMC but not fibroblasts (SF) expressed meprin alpha and beta mRNA.
N.Ctrl, no template control.
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Fig. 2. Disruption of meprin genes in dKO mice

(A). DNA was extracted from bone marrow of the experimental mice and examined by PCR
with primers flanking the insertion site of the neo gene in MEP1A (top) and MEP1B (bottom)
genes. (*) indicates disrupted meprin gene fragments. N.Ctrl: no template negative control.
P.Ctrl: positive control with DNA from meprin heterozygous (alpha*//beta*’-) mice. (B).
Homogenates of kidney and skeletal muscle from dWT and dKO mice were examined by
Western blot analysis for meprin expression. Pos. Ctrl: purified recombinant meprin proteins
as positive controls.
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Fig. 3. dKO, but not dWT, mice manifested a febrile reaction in response to acute peritoneal
inflammation induced by TG
Anal temperature was measured for mice non-treated (A) or 24 hours after i.p. injection of TG

(B). Data shown are from 2 independent experiments with a total of 12 pairs of mice.
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Fig. 4. In comparison to dWT mice, dKO mice had low R-MC (CD11b*/Ly6c") in blood, but high
I-MC (CD11b*/Ly6c*™") in bone marrow

Peripheral blood and bone marrow cells from dKO and dWT mice were stained with CD11b-
FITC, Ly6c-PE and CD45-PerCP, followed by flow cytometry. Monocytes with the phenotype
CD11b*/Ly6c are defined as resident monocytes (R-MC), and those of CD11b*/Ly6c** as
inflammatory monocytes (I-MC). Representative dot plots (A-L) are to show cell populations
compared in M. Darker events are the gated cells in CD11b/Ly6c plots. Granulocytes were
excluded by gating in FSC/SSC plots. Data were from 2 independent experiments with a total
of 7 mice in each group.
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Fig. 5. Blood CD11b*/Ly6c** I-MC were enriched with CD49b* cells
Peripheral blood from dKO and dWT mice was stained with CD11b-FITC, Ly6c-PE, CD45-
PerCP and CD49b-APC, followed by flow cytometry. Representative dot plots (A, B) are to
show cell populations compared in C. Events in A and B are CD11b*/Ly6c** and CD11b*/

Ly6c cells, respectively. Granulocytes were excluded by gating in FSC/SSC plots (not shown).
Data were from 2 independent experiments with a total of 7 mice in each group.
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Fig. 6. In comparison to dWT mice, dKO mice had low CD14*/Ly6c” R-MC in blood, but high
CD14%*/Ly6c** 1-MC in bone marrow

Peripheral blood and bone marrow cells were stained with CD14-FITC, Ly6¢c-PE and CD45-
PerCP, followed by flow cytometry. Representative dot plots (A-F) are to show cell populations
compared in G. Darker events are the gated cells in CD14/Ly6c plots. Granulocytes were
excluded by gating in the FSC/SSC plots (not shown). Data were from 2 independent
experiments with a total of 7 mice in each group.
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Fig. 7. In comparison to dWT mice, blood NK cells but not T and B lymphocytes were low in dKO

mice, with simultaneous accumulation of NK cells in bone marrow

Blood and bone marrow cells from dKO and dWT mice were stained with antibodies against
CD49b, NK1.1, CD11b and CD45 (A), or CD90 (blood only) or CD3e, CD19 and CD45 (B,
C), followed by flow cytometry. Granulocytes were excluded by gating in FSC/SSC plots (not
shown). Data were from 2 independent experiments with a total of 7 mice in each group.
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Fig. 8. Meprin deficiency was correlated with distorted monocyte response to acute inflammation
Flow cytometry analysis of blood and bone marrow cells from dKO and dWT mice 24 hours
after i.p. injection of TG for the relative prevalence of monocytes, NK cells, B cellsand T cells.
Note that dKO mice exhibited a higher level of blood I-MC and lower level of bone marrow
R-MC than dWT mice. Data were from 2 independent experiments with a total of 12 mice in
each group.
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Fig. 9. Meprin deficiency differentially affected the absolute prevalence of blood leukocytes

Flow cytometry analysis of blood from dKO and dWT mice 24 hours after i.p. injection of TG
for the absolute prevalence of monocytes, NK cells, B cells, T cells and granulocytes. The
absolute leukocyte numbers were corrected with Fluorospheres as internal reference. Note that
dKO mice exhibited a higher level of blood I-MC than their WT counterparts. Data were from
2 independent experiments with a total of 12 mice in each group.
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