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Abstract

Neutrophils, critical innate immune effectors, use bacterial-derived chemoattractant-induced G-
protein coupled receptor (GPCR) signaling for their pursuit of bacteria. Tyrosine phosphorylation
pathways and receptor-like tyrosine phosphatases (RPTPs) are rarely considered in
chemoattractant-mediated GPCR signaling. Here, we report that two RPTPs CD45 and CD148,
previously shown to share redundant roles in positively regulating Src Family Kinases (SFKSs) in
immunoreceptor signaling pathways in B cells and macrophages, are critical in the neutrophil
response to S. aureus infection and, surprisingly, in chemoattractant-mediated chemotaxis.
Remarkably, deficiency in either of these RPTPs influenced neutrophil GPCR responses in unique
ways. Our results reveal that CD45 positively while CD148 positively and negatively regulate
GPCR function and proximal signals including Ca2*, phosphatidylinositol 3'OH kinase (PI(3)K)
and phosopho-extracellular regulated kinase (pERK) activity. Moreover, our results suggest that
CD45 and CD148 preferentially target different SFK members Hck and Fgr vs Lyn, respectively,
to positively and negatively regulate GPCR pathways.

Introduction

Neutrophil migration toward bacterial chemoattractants is critical for anti-bacterial
responses (Viola and Luster, 2008). Bacterial-derived chemoattractants such as formyl-Met-
Leu-Phe (fMLF) can induce directed-cell migration (also called chemotaxis) via the
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activation of G-protein coupled receptors (GPCRs) (Murphy, 1994). Chemoattractant
receptors couple to the heterotrimeric guanine nucleotide-binding protein Gi to transduce
intracellular signals. After fMLF binds to its GPCR, the Ga and Gy subunits of Gi
dissociate. The Gy subunits are thought to activate the B isoforms of phospho-lipase C
(PLC) (Wu et al., 1993) with the consequent mobilization of intracellular calcium stores,
and diacyglycerol The Gy subunits also activate phosphatidylinositol-3-OH kinase (P13K)
gamma, leading to increases in membrane phosphatidylinositol-3,4,5-triphosphate (PIP3)
(Stephens et al., 1994; Stoyanov et al., 1995). PI3K deficient neutrophils exhibit severe
defects in migration and respiratory burst in response to chemotactic agents, suggesting that
generation of PIP3 is important for fMLF-induced chemotaxis (Sasaki et al., 2000). It has
been reported that tyrosine kinase pathways are activated by the GTP-bound G protein
subunits (Luttrell et al., 1999).

Src family kinases (SFKs) are implicated in GPCR signaling pathways. Lyn, Hck and Fgr
are the three SFKs that are predominantly expressed in neutrophils. Studies using

Hck 7 ~Fgr 7 —Lyn~~ neutrophils and treatment with the SFK inhibitor PP2 identify a role
for SFKs in fMLF-induced degranulation responses (Mocsai et al., 2000; Mocsai et al.,
1999). Hck and Fgr appear to be required for an fMLF-triggered neutrophil respiratory burst
and F-actin polymerization (Fumagalli et al., 2007). In contrast to the Hck and Fgr SFKSs,
Lyn is unique since it has both positive and negative roles in a variety of receptor-mediated
signaling pathways. Disruption of the Lyn gene in mice results in the development of
myeloproliferation and autoimmunity (Chan et al., 1997; DeFranco et al., 1998; Hibbs et al.,
1995; Nishizumi et al., 1995; Yu et al., 2001). These results reveal predominantly negative
roles for Lyn in vivo. However, despite intensive studies on their roles in growth factor and
antigen receptor pathways, far less is known about how and where SFKs fit into the classical
GPCR signaling pathways.

Within hematopoietic cells, the clearest function of SFKs has been defined in
immunoreceptor signaling, where the receptor contains two common immunoreceptor
tyrosine-based activation motifs (ITAM). By phosphorylating the two tyrosines in he
ITAMs, SFKs invariably initiate signaling, leading to the recruitment of the tandem-SH2
domains of Syk kinases. In integrin and chemokine receptors, even though it has been
shown that SFKSs are required, their functions are also less completely understood.

Given their central roles in receptor signaling and immune cell function, the regulation of
SFKs has been intensively investigated (Hermiston et al., 2002; Hermiston et al., 2009).
SFKs have two regulatory tyrosine phosphorylation sites (Bjorge et al., 2000). Trans-
autophosphorylation of the kinase activation loop tyrosine leads to an increase in catalytic
activity. Phosphorylation of a tyrosine in the SFK C-terminal tail by the C-terminal Src
kinase (Csk) leads to stabilization of an autoinhibited closed conformation (Sicheri and
Kuriyan, 1997). Just as kinases regulate the phosphorylation of these sites, their
dephosphorylation is also regulated.

The receptor-like protein tyrosine phosphatase (RPTP) CD45 (encoded by Ptprc)
dephosphorylates the inhibitory tyrosine of the SFKs in most hematopoietic cells, as best
defined in T cells as the CD45 deficient mice showed a profound T cell developmental block
(Hermiston et al., 2003) (Byth et al., 1996; Kishihara et al., 1993; Mee et al., 1999).
Although CD45-deficiency has a B cell phenotype, it is much milder than in T cells. The
reason for the discordancy in the two lineages is expression of another RPTP, CD148
(encoded by Ptprj). CD148 functions redundantly with CD45 to regulate SFK activity in B
cells and macrophages in ITAM-immunoreceptor stimulation (Zhu et al., 2008). Compared
to CD45, relatively less is known about the function of CD148. In contrast to the tandem
PTP domains of CD45, CD148 has only a single PTP homology domain. Whereas CD45 is
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expressed exclusively in hematopoietic cells, CD148 is expressed in and outside the
hematopoietic lineage (Gaya et al., 1999; Lin et al., 2004). The purpose of coexpression of
CD45 and CD148 on many hematopoietic cell lineages is not clear, but one intriguing
possibility is to regulate distinct substrates or distinct signaling pathways. Based on the
redundant role of CD45 and CD148 in immunoreceptor signaling and their overlapping
expression on most hematopoietic cells (Zhu et al., 2008), we wondered whether CD45 and
CD148 might regulate other non-ITAM mediated signaling pathways such as GPCR-
mediated responses.

The co-expression of CD45 and CD148 in immune cells has likely been selected to
maximize host defense to microbial infection. Here, we have investigated potential functions
of CD45 and CD148 in neutrophil-responses to bacteria. Our data reveal a critical role for
either CD148 or CD45 during the host response to Staphylococcus aureus (S. aureus).
Additionally, we found unexpectedly distinct functions for CD45 and CD148 in regulating
chemoattractant-induced migration of neutrophils during infection. Our biochemical studies
suggest that CD45 and CD148 regulate this GPCR pathway in unique ways, where they
function upstream of calcium, MAP kinase and PI3K pathways, by preferentially targeting
different SFK members.

CD45 and CD148 both function in the clearance of bacteria

We previously reported that Ptprc ~~and Ptprj™ 7T~ (functional inactivation via deletion
of the exon encoding the CD148 transmembrane domain) doubly deficient mice die
prematurely (Zhu et al., 2008). However, antibiotic treatment delayed the death of a
substantial number of Ptprc™~Ptpri™ 7TM=doubly deficient mice (Fig. 1A). This result
supports the notion that disruption of these two phosphatases perturbs host defense, likely
including bacterial resistance. To assess the role of CD45 and CD148 in mediating bacterial
clearance in a simple model system that allows for quantitative assessment of bacteria
burden and a localized neutrophil response, mice were infected with S. aureus in an air
pouch that was experimentally generated on the back of the torso. Clearance of S. aureus in
the air pouch model is largely dependent on neutrophils (Kim et al., 2008; Li et al., 2002),
which make up >90% of the recruited cells. Although Ptprc~~ mice were unable to clear the
bacteria as successfully as wild type mice, Ptprj™ 7T~ mice were more efficient than
either when assessed 24 hours post-infection (Fig. 1B). Interestingly, Ptprc™/~Ptpri™ 7/TM~-
mice had a more severe defect than Ptprc 7~ mice in clearing the bacteria, suggesting that
CD148 contributed both a positive and a negative regulatory role to this process. This result
was intriguing since this was the first time Ptprc 7 ~and Ptprj™ 7™~ mice showed distinct
rather than merely redundant effects in vivo. We also assessed the recruitment of neutrophils
to the site of this localized infection. At 24 hours post-infection, despite the significantly
different numbers of bacteria in the air pouches (Fig. 1B), the number of neutrophils
recruited was similar in each of the different mouse strains (Fig. 1C). Since greater numbers
of S. aureus would naturally provide a stronger chemoattractant signal for neutrophil
migration through elaboration of bacterial derived factors such as formylated peptides, we
sought to fix the number of organisms in the pouch by injection of heat-killed S. aureus and
examine an earlier time point. At 6 hours following injection of heat-killed bacteria,
Ptprc~~ mice contained reduced numbers of neutrophils recruited to the air pouch, whereas
Ptprj™7TM=mice showed significantly greater neutrophil recruitment, compared to wild-
type animals (Fig. 1D). Neutrophil recruitment in Ptprc™/~Ptpri™ 7TM~mijce was
equivalent to wild-type, perhaps reflecting the complex and opposite effects of the roles of
both RPTPs examined at a single time point. Nonetheless, these results suggested that
differential recruitment of neutrophils to the infected air pouch may contribute to the
differences in bacterial clearance between CD45 and CD148 deficient mice.

Immunity. Author manuscript; available in PMC 2012 May 23.
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Redundant regulation of neutrophil adhesion, phagocytosis, superoxide production and
bacterial killing by CD45 and CD148

Bacterial clearance by neutrophils in vivo is a complex process involving chemotaxis, cell
adhesion, phagocytosis, superoxide release, bacterial Killing and other processes. Although
the distinct numbers of neutrophils in the airpouch after 6 hours suggested the possibility of
unique influences of the RPTPs on chemotaxis, we sought to broadly explore explanations
for the different abilities of neutrophils in Ptprc 7~ and Ptprj™ 7™~ mice to mediate
bacterial clearance.

The importance of cell adhesion for stimulation of phagocyte function has been well
recognized. It has been demonstrated that, for neutrophils, an activating signal from
adhesion requires B2 integrins (Jakus et al., 2007). We first examined integrin-mediated cell
adhesion using purified bone marrow neutrophils. Ptprc 7=, Ptprj™7TM= a5 well as
Ptprc~/~Ptpri™ “TM= neutrophils were all equally impaired to a partial extent in integrin
(RGD-peptide)-induced cell adhesion (Fig 2A). Cell adhesion that was induced by the
bacteria-derived chemoattractant fMLF (N- formyl-methionyl-leucyl-phenylalanine)
produced similar results (data not shown). These results indicate that CD45 and CD148
partially regulate cell adhesion, but do so redundantly.

SFKs have been implicated in the events controlling Fc receptor mediated phagocytosis
(Fitzer-Attas et al., 2000). Therefore, we examined the phagocytosis of complement-
opsonized bacteria by flow cytometry. Whereas the Ptprc 7~ or Ptprj™~TM = neuytrophils
each displayed comparable subtle reductions in S. aureus phagocytosis,

Ptprc~/~Ptpri™ ~TM~ neutrophils were more impaired, with a greater than 50% reduction
in the phagocytosis compared to wild-type neutrophils (Fig. 2B).

The requirement for neutrophil superoxide production in host defense against S. aureus has
been well documented both in human patients with chronic granulomatous disease (Liese et
al., 2000) and in mouse mutants lacking subunits of nicotinamide adenine dinucleotide
phosphate (NADPH) -oxidase (Ellson et al., 2006; Pollock et al., 1995). After stimulation,
neutrophils from either of the individually deficient Ptprc 7~ or Ptprj™ 7T~ mice
produced less superoxide than wild-type neutrophils in vitro. However, the defect in
superoxide production from Ptprc~/~Ptpri"™ =T~ neutrophils was much more severe than
either single mutant (Fig. 2C). We next assessed the ability of neutrophils to kill internalized
bacteria. In this assay, only the Ptprc~/~Ptpri™ “TM~ neutrophils exhibited reduced ability
to kill internalized S. aureus (Fig. 2D). Thus, these results demonstrate that CD45 and
CD148 play redundant functions in regulating neutrophil adhesion, phagocytosis, superoxide
release and bacterial killing.

These findings on cell adhesion, phagocytosis, superoxide generation and bacterial killing
suggest that these neutrophil functions do not likely account for the increased ability of
CD148 deficient mice to mediate better bacterial clearance of S. aureus in the air pouch
model depicted in Figure 1B. However, the loss of both of these RPTPs clearly reduces
neutrophil function to the point that the Ptprc/~Ptpri"™~“T™M~mice are unable to clear S.
aureus infection in the air pouch model.

CD45 and CD148 regulate neutrophil chemotaxis in a distinct ways

When in the proximity of infection, neutrophils detect end-target chemoattractants, such as
bacterial fMLF that helps them migrate towards the infection site (Foxman et al., 1997; Heit
et al., 2002). In order to study this pathway, we used fMLF as a simplified model bacterial
chemoattractant. To examine the migratory response in more detail, purified neutrophils
were exposed to a gradient of fMLF in EZ-TAXIScan chambers. In response to the
chemoattractant, wild type neutrophils migrated towards the gradient of fMLF (Fig. 3A and
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suppl. movies M1-4). Disruption of Ptprc and loss of CD45 resulted in a marked impairment
of chemotaxis; cells migrated over a much shorter distance with slower speed. Quite
strikingly, and in contrast, more Ptprj™ 7T~ cells migrated farther, faster and more
directionally up the gradient of fMLF than even the wild type cells did (Fig. 3B). It was also
noteworthy that a greater proportion of PtprjT™ ~TM~neutrophils were in a highly migratory
state compared to wild type cells (suppl. Fig. 1 and suppl. movies M1-3).
Ptprc~/~Ptpri™~TM~ neutrophils showed very little response to fMLF (Fig. 3A, B, suppl.
Fig. 1 and suppl. Movies M4).

With all the assays assessed so far, we noticed a good correlation of the Ptprc ™/~ functional
impairment in bacterial clearance with assays of cell adhesion, phagocytosis, superoxide
release, as well as chemotaxis. In sharp contrast, despite of partial impairment in cell
adhesion, phagocytosis, and superoxide release, Ptprj™ 7T~ mice cleared the bacteria
better than wild type. This paradoxical in vivo result correlated best with the increased
neutrophil recruitment and chemotaxis observed with Ptprj™ “TM—mice. These findings
suggest that the distinct functional abilities of CD45 and CD148 neutrophils in regulating
GPCR-mediated chemotactic responses could account for the difference in bacterial
clearance in vivo.

CD45 and CD148 differentially regulate signaling events in chemotaxis

We demonstrated the opposite effects of CD45 and CD148 expression on neutrophil
chemotaxis where they are co-expressed. Surprisingly, these opposite effects were observed
in a GPCR signaling system, which is not normally associated with protein tyrosine
phosphorylation pathways. Therefore, we focused on understanding the molecular
mechanisms underlying the differences between CD45 and CD148 in regulating
chemoattractant-guided migration. We first examined chemoattractant-receptor induced
intracellular free calcium concentration ([Ca2*];) changes. To eliminate possible integrin
effects, neutrophil responses were assessed in suspended, rather than adherent, cells. At a
high dose of fMLF, comparable increases in [Ca2*]; in neutrophils from all 4 genotypes
were observed (Fig. 4A). However, at lower doses of fMLF, we observed opposite effects of
CD45 or CD148 deficiency upon [Ca%*); increases (Fig. 4B and 4C). Interestingly,
Ptprj™~TM = neutrophils were hyperresponsive to fMLF stimulation, whereas Ptprc 7~
neutrophils exhibited an impaired response. Ptprc~/~Ptpri"™ ~TM~ neutrophils showed an
even more severe impairment. Equal elevations of [CaZ*]; following ionomycin (Fig. 4D) or
thapsigargin (data not shown) addition to neutrophils of all genotypes, indicated that the
differences in responses to low doses of fMLF were not due to defects in intracellular
calcium stores or in capacitative calcium entry.

The phosphatidylinositol-3-OH kinase (PI3K) pathway acts downstream of GPCRs in many
chemotaxis models (Liu et al., 2007; Sasaki and Firtel, 2006; Sasaki et al., 2000; Stephens et
al., 2002). Therefore, we examined the importance of CD45 and CD148 in regulating Akt, a
downstream effector of the PI3K pathway following fMLF stimulation, using a phospho-
flow based assay. Similar to the [Ca2*]; responses, a greater increase in phosphorylation of
Akt was observed in Ptprj™~TM = neytrophils compared to wild-type type cells (Fig. 5A).
In contrast, impaired induction of Akt phosphorylation was detected in Ptprc 7~ neutrophils,
and inducible Akt phosphorylation was almost completely eliminated in
Ptprc/~Ptpri™~TM~= cells. Very similar trends in responses were also observed for fMLF
induction of extracellular regulated kinase (ERK) 1 and 2 phosphorylation, as determined by
flow cytometry (Fig 5B).

Immunity. Author manuscript; available in PMC 2012 May 23.
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Disruption of SFK function impairs fMLF induced GPCR signaling

Our previous studies demonstrated that, in B cells and macrophages, CD45 and CD148
function redundantly to dephosphorylate the inhibitory tyrosine residue on SFKs, thereby
positively regulating immunoreceptor-ITAM regulated pathways (Zhu et al., 2008).
Therefore, the effects of the deficiency of these RPTPs might phenocopy deficiencies in
SFKs. To compare the phenotype of CD45 and CD148 doubly-deficient neutrophils with the
phenotype of cells derived from SFK deficient mice, we examined [Ca?*]; changes
following-fMLP stimulation in Hck @ “Fgr 7 ~Lyn 7~ deficient neutrophils. Hck, Fgr and Lyn
kinases are the main SFK present in neutrophils and, by analogy to B cells, macrophages
and platelets, represent likely substrates for CD45 and CD148. Like Ptprc 7~ and

Ptprc 7 Ptprj™~T™~ neutrophils, Hck~/~Fgr~/~Lyn~/~ neutrophils showed a impaired
[CaZ*]; increase in response to fMLF stimulation (Fig. 6A). Treatment of wild-type
neutrophils with the SFK inhibitor PP2 to acutely inhibit catalytic function of all three SFKs
resulted in a similar impairment of intracellular free calcium increase, suggesting the defect
we observed in Hck/~"Fgr~~Lyn™'~ mice was not due to altered neutrophil development in
the absence of SFKs (Fig. 6B). These results support the notion that SFKs play an important
role in the GPCR-coupled fMLF receptor signaling responses.

In light of the discrepancy between the phenotype of Hck~/~Fgr~'~Lyn™'~ and PtprjT™=TM~
neutrophils, we hypothesized that CD45 and CD148 preferentially target distinct SFKs in
the GPCR pathway. Accumulating reports suggest that Lyn establishes signaling thresholds
by acting as both a positive as well as a negative modulator of a variety of signaling
responses (Chan et al., 1997; DeFranco et al., 1998; Hibbs et al., 2002; Hibbs et al., 1995;
Nishizumi et al., 1995). Furthermore, Lyn has been implicated as a negative regulator of
fMLF responses in neutrophils (H Zhang and C Lowell unpublished data). Therefore, we
hypothesized that CD148 preferentially regulates Lyn, the SFK member which is
characterized to play a negative regulatory role. In contrast, we propose that CD45
predominantly positively regulates Hck and Fgr, or is simply less selective in regulating
SFK, thereby positively regulating the GPCR pathway (suppl. Fig. 4). To test this
hypothesis, we first examined changes in [Ca2*]; following fMLF stimulation in single
Lyn~~ or doubly-deficient Hck # “Fgr 7~ neutrophils. Indeed, like the Ptprj™~TM~cells,
Lyn-deficient neutrophils manifested elevated [Ca2*]; responses to fMLF stimulation (Fig.
6C). In contrast, Hck @ “Fgr 7~ neutrophils showed a slight decrease in [Ca2*]; responses to
fMLF stimulation compared to wild-type (Fig. 6D), which contrasted with the impairment
seen in the Hck™/~Fgr~/~Lyn™'~ mice, presumably because of some residual positive
regulatory function provided by Lyn. To further compare the phenotypes of RPTP-deficient
with SFK-deficient neutrophils, we examined fMLF induced ERK1 and 2 phosphorylation
in Lyn 7~ and Hck 7 ~Fgr =~ cells. Consistent with the [Ca2*]; responses, Lyn~~ neutrophils
showed elevated induction of ErK1 and 2 activity, whereas the responses of Hck 7 Fgr =~
neutrophils were similar to those of wild-type cells (Fig. 6E).

We next examined chemotaxis with SFK-deficient neutrophils using the EZ-TAXIScan, as
before. Similar to what we observed in Ptprj™~T™~ neutrophils, more Lyn~~ neutrophils
migrated toward the gradient of fMLF, and those cells that migrated had longer tracks over a
fixed time period than wild type cells (Fig. 6F and suppl. movies M5-6). In contrast,
Hck 7 ~Fgr 7~ cells migrated similarly to wild type cells toward fMLF (suppl. Fig. 3 and
data not shown). These studies indicate that either CD148- or Lyn kinase-deficiency results
in increasing chemotactic activity in response to chemoattractant fMLF. This is likewise
associated with increased signaling by the fMLF-stimulated GPCR, as evidenced by
increased [Ca2*]; elevations and increased phospho-ERK. Collectively, the observations
suggest that CD148 preferentially regulates Lyn (suppl. Fig. 4). In contrast, CD45-deficient
cells mimic the SFK-deficient neutrophils, suggesting that this phosphatase is less selective
in regulating SFKs.

Immunity. Author manuscript; available in PMC 2012 May 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

CD45 and CD148 have distinct selectivities toward different SFKs

The functional correlates between the responses of neutrophils from CD45 or CD148 and
SFKs deficient mice further supports our hypothesis regarding distinct selectivities of CD45
and CD148 toward different SFKs. To directly test this hypothesis biochemically, we
studied the phosphorylation status of the C-terminal inhibitory tyrosine residue of different
SFKs. We used monoclonal antibodies that are specific for Lyn or Hck to
immunoprecipitate individual SFK from neutrophils and then detected the phosphorylation
status of the inhibitory tyrosine at their C-termini (Fig. 7A). The specificities of the
antibodies were confirmed using cell lysates from Lyn 7~ or Hck 7~ neutrophils as controls
(Fig. 7A). Compared to wild type cells, Ptprc 7~ neutrophils showed elevated
phosphorylation of the inhibitory tyrosine residue of Hck. No obvious difference on
phosphorylation was observed in Ptprj™ ~TM~from wild type. Importantly, the
comparative amount of the phosphorylation of the inhibitory tyrosine on Hck was similar in
Ptprc 7~ and Ptprc 7~ PtprjT™M 7T~ cells (Fig. 7A), suggesting that CD45, but not CD148,
dephosphorylates this tyrosine residue. Although we were unable to detect a change in
phosphorylation of the C-terminal inhibitory tyrosine of Lyn in Ptprj™ “TM~ we
consistently observed that the amount of Lyn was decreased in Ptprj™ ~7T™M~ cells.
Moreover, and in contrast to Hck, the inhibitory tyrosine of Lyn was phosphorylated to a
greater extent in Ptprc 7~ Ptprj™~TM~cells than in Ptprc 7~ cells (Fig. 7A). Together,
these observations indicate the C-terminal inhibitory tyrosine of Lyn is regulated by both
CD45 and CD148. Note, the phosphorylation status of inhibitory tyrosine did not
substantially change following fMLF stimulation (data not shown), suggesting CD45 and
CD148 regulate SFKs predominantly at the basal state in neutrophils.

In many systems, Lyn exerts its negative regulatory role by phosphorylating
immunoreceptor tyrosine-based inhibitory motifs (ITIMs), thereby recruiting inhibitory
phosphatases, such as Src homology 2 (SH2) domain containing protein tyrosine
phosphatase (SHP)-1 (suppl. Fig. 4) (Lowell, 2004). We tested this hypothesis by assessing
the phosphorylation status of SHP-1 in mutant neutrophils following fMLF stimulation. The
tyrosine phosphorylation of SHP-1 positively correlates with its activity (Zhang et al., 2003).
Strikingly, in the basal state, Ptprc 7~ neutrophils showed markedly elevated SHP-1
phosphorylation. No substantial difference in SHP-1 phosphorylation was noted between
unstimulated wild-type and Ptprj™ 7T~ neutrophils. Following fMLF stimulation, we
consistently observed an early transient reduction of SHP-1 phosphorylation in wild-type
and Ptprc ™~ neutrophils followed by increased phosphorylation at later time points,
suggestive of a negative feedback circuit. In contrast, the phosphorylation of SHP-1 in
Ptprj™~TM = neutrophils consistently remained low even at longer time points (Fig. 7B).
These results are consistent with our hypothesis that CD148 predominantly regulates an
inhibitory pathway through Lyn that can lead to SHP-1 phosphorylation and activation
(presumably via phosphorylation and recruitment to an ITIM-containing receptor), while
CD45 with less preference, targets Lyn, Hck and Fgr, thereby positively regulating
chemoattractant signaling (suppl. Fig. 4).

Discussion

The function of RPTPs in chemoattractant-mediated GPCR signaling has not previously
been appreciated. In this study, we found that the two RPTPs CD45 and CD148 have critical
and unique as well as redundant functions in a chemoattractant-GPCR signaling pathway.
Our studies along these lines were initiated by the unexpected finding that the loss of CD45
or CD148 has distinct and opposite influences on neutrophil-dependent bacterial clearance
in the skin air pouch model. We sought a mechanistic explanation for these discordant
effects. The observed redundant deficits in neutrophil functions, such as in cell adhesion,
phagocytosis, respiratory burst and bactericidal activity are in line with our previous

Immunity. Author manuscript; available in PMC 2012 May 23.
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observations of the redundant influence of these RPTPs in ITAM-coupled receptor signaling
systems in macrophages and B cells (Zhu et al., 2008). The functional impairments of
neutrophils from Ptprc 7~ mice likely contribute to their relatively weaker host defense.
However, the early increased neutrophil recruitment as well as the increased chemotatic
responses and fMLF receptor signaling of neutrophils from Ptprji™ 7T~ mice was
surprising, but correlated with their ability to more rapidly clear the infection. This increased
responsiveness by CD148 deficient cells is unique and in marked contrast to the reduced
responsiveness of Ptprc™'~ neutrophils. However, these RPTPs do have some overlap in
their functional activities, as revealed in the Ptprc™~Ptpri™ 7™M~ mice. Deficiency of both
of these RPTPs much more substantialy impaired overall neutrophil function. These
redundant functions in regulating SFKs likely accounts for the more profound impairment in
resistance to S. aureus infection in the Ptprc/~Ptpri™ “TM~animals and the more
profound defects observed in most of the signaling and functional assays.

The role of RPTPs in S. aureus infection is complex. In this paper we chose to focus on a
localized infection model, the air pouch, and to understand the unexpected non-redundant
function of CD45 versus CD148 in the fMLF signaling pathway. Previously, we found that
these RPTPs have only redundant functions in ITAM receptor-mediated signaling pathways
in B cells and macrophages (Zhu et al., 2008). Directly correlated with the differential host
defense and migratory responses of CD45 versus CD148 deficient neutrophils is the
differential effect of these RPTPs on GPCR-mediated signaling responses. CD148-deficient
cells consistently demonstrated increased signaling responses (Ca2* flux, Erk and Akt
phosphorylation) while CD45-deficient cells were modestly impaired compared to wild-type
cells. This differential effect on intracellular signaling mirrors some of the differences that
have been genetically revealed in studies of the main substrates of these RPTPs; namely the
SFKs. In our experiments, neutrophils from Lyn kinase-deficient mice manifested the same
increased fMLF signaling response as cells from CD148-deficient animals. Loss of all three
SFKs produced a signaling defect closely resembling Ptprc~/~Ptpri™ 7TM= cells. These
observations suggest that at least in the GPCR pathway the preferential regulation,
presumably involving dephosphorylation, of Lyn by CD148 versus CD45, accounts for the
unexpected non-redundant functions for these RPTPs.

The differential function of Hck and Fgr versus Lyn kinase in GPCR pathways has been
incompletely studied. Clearly, all three kinases are involved responses to end-target
chemoattractants, such as fMLF, as we have shown here. Surprisingly, Hck and Fgr have the
opposite function in GPCR pathways stimulated by endogenous chemokines such as MIP-1a
(CCL3) and MIP2 (CXCL2) (Zhang et al., 2005). Neutrophils lacking Hck and Fgr show
increased responses to these chemokines while Lyn-deficient cells shown only a modest
impairment in response to these stimuli (H. Zong and C. Lowell, unpublished). However,
the signaling pathways downstream of distinct receptors involved in chemotaxis seem to
differ. For instance, it has been reported that end-target chemoattractants (such as fMLF)
and endogenous chemokines (such as IL-8, MIP-2) induce different signaling pathways;
end-target attractants require PI3K, whereas endogenous chemokines signal independently
of PI3K but activate p38 mitogen activated protein kinases (Heit et al., 2002). We have also
tested the consequences of the loss of CD45 and CD148 in neutrophils following stimulation
with MIP-2, an endogenous chemokine. In preliminary studies, we found that their effect on
intracellular calcium following MIP-2 were quite different than during fMLF stimulation
(supp. Fig.2), with essentially an opposite pattern of responses observed. This suggests that
CD45 and CD148 may regulate exogenous- and endogenous-chemokine mediated signaling
pathways in essentially opposite ways, similar to Hck and Fgr versus Lyn kinases. This
further supports the notion that CD148 is primarily responsible for Lyn activation while
CD45 has broader, but incomplete activity, on all three SFK.
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The discovery of unique functions of CD45 and CD148 following GPCR stimulation
extended our knowledge beyond their redundant roles in Fc receptor mediated pathway. To
understand these unique functions, it was important to identify their substrates within the
GPCR pathway. Genetic and direct biochemical evidences in this paper provide strong
support to the hypothesis that CD148 and CD45 both regulate SFKSs by targeting their C-
terminal negative regulatory tyrosines. However, our studies here show that these two
RPTPs regulate the fMLF chemoattractant GPCR induced pathway in distinct ways, namely
through the preferential recognition of Lyn by CD148 versus the broader role of CD45 in
activating all SFKs, The distinct functions of Hck and Fgr versus Lyn kinase reflect the
somewhat unique ability of Lyn to engage inhibitory signaling pathways through specific
phosphorylation of ITIM-containing proteins in the plasma membrane and their by regulate
their association with cytoplasmic regulatory molecules such as the cytoplasmic tyrosine
phosphatase SHP-1 or the cytoplasmic SH2 domain containing inositol lipid 5-phosphatase
SHIP-1. Lyn is the primary kinase responsible for phosphorylating inhibitory receptors such
as PIR-B, SIRPa, FcRyllb or cytoplasmic molecules such as Dok1, which in turn recruit
phosphatases such as SHP-1 and SHIP-1 to dampen intracellular pathways (Scapini et al.,
2009). While Lyn does function in cooperation with other SFKSs to initiate activating
intracellular signals, its inhibitory function is dominant. Hence, deficiency of the Lyn kinase
tends to result in hyperactive immune cells. In contrast, combinatorial loss of Hck and Fgr
tends to lead to loss of function (especially when combined with Lyn deficiency). This
differential function of SFKs is reflected here in the fMLF signaling pathway as well as in
the neutrophil integrin signaling pathway. Lyn-deficient neutrophils show exaggerated
adhesion and activation following adhesion to integrin ligands such as ICAM-1, fibrinogen
or fibronectin due to reduced recruitment and activation of SHP-1 (Scapini et al., 2009). In
contrast, Hck 7 “Fgr 7~ neutrophils manifest a strong impairment of adhesion-induced
functions, including respiratory burst and degranulation (Lowell et al., 1996; Mocsai et al.,
1999). In our studies Hck 7 “Fgr  ~ neutrophils did not show a major defect in the fMLF-
mediated pathway, presumably due to the compensatory positive role that Lyn can also play.
However, the fact that inducible phosphorylation of SHP-1 is reduced in Ptprj™=TM~=
neutrophils following fMLF stimulation, while it was basally hyperphosphorylated and was
normally down-regulated in CD45-deficient cells, provides further biochemical support for
the model in which loss of CD148 predominantly disrupts the negative regulatory function
of Lyn.

The opposing roles of CD45 and CD148 through their regulation of SFKs on fMLF
mediated signaling are intriguing, although it is possible that there are additional substrates
for these RPTPs. For example, CD148 may have additional target other than SFK that
function only in the inhibitory pathway to modulate the early events in neutrophil GPCR
signaling or may influence other pathways altogether. Moreover, the great disparity in the
structures of these RPTPs suggests that they may be subject to different modes of regulation
yet to be revealed.

EXPERIMENTAL PROCEDURES

Mice

Generation and maintenance of Ptprc 7~ mice, Ptprj™ 7™M~ mice, and
Ptprc~/~Ptpri™~TM~mice were described before (Zhu et al., 2008). All animals used in
the experiments were at 8-12 weeks of age. All animals were housed in a specific pathogen-
free facility at UCSF and were treated according to protocols that were approved by
university animal care ethics and veterinary committees and are in accordance with NIH
guidelines.
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Antibodies and Reagents

Antibodies to murine Grl, Macl, Ly6G (1A8) conjugated to PE, PerCP, APC, were from
BD Biosciences. Anti-phosphotyrosine antibody 4G10 was from Upstate Biotechnology.
Antibodies to phospho-Erk (Thr202 and Tyr204), phospho-Akt (Ser473) and phospho-Lyn
(Tyr507) were purchased from Cell Signaling Technology. SH-PTP1 (Santa Cruz C-19),
Hck (Santa Cruz M-28) were from Santa Cruz. Lyn antiserum was gift from C. Lowell Lab.
Rabbit antiserum to the Src Family Negative Regulatory pY site was from Invitrogen.

Isolation of bone marrow neutrophils

Bone marrow cells were suspended in Ca* and Mg2*-free HBSS and were layered on the
top of 62% Percoll. After centrifugation, neutrophils were harvested from the bottom layer
of the Percoll gradient. The purity of the neutrophils, which were detected as Gr1*, Ly6G™,
was more than 80%.

In vivo skin abscess infection model

A total of 2x107 early exponential phase S. aureus (ATCC stain SA113) were injected into a
7-day air pouch created by subcutaneous injection of 5 ml of sterile air on day 1 and
reinflation with 3 ml on day 4. After 24 hours (or other indicated time points), the air pouch
was lavaged with 3 ml of 0.315% sodium citrate in HBSS. Lavaged cells were enumerated,
stained with Ly6G and CD11b for flow cytometry, and an aliquot was lysed in LB with
0.1% Triton X-100. Dilutions were plated on LB agar for viable colony counts. For in vivo
chemotaxis assays, S. aureus organisms were heat-inactivated at 80°C for 20 minutes before
injection.

Neutrophil functional assays

Induction of neutrophil adhesion, oxidative burst, phagocytosis and bactericidal assays were
preformed as described before (Lowell et al., 1996; Van Ziffle and Lowell, 2009).

EZ-TAXIScan chamber assay

Bone marrow neutrophils were purified as described before. The EZ-Taxiscan chamber
(Effector Cell Institute, Tokyo, Japan) was assembled as per manufacturer instructions.
Neutrophils and fMLF in RPMI1640 containing 2% BSA and 20mM HEPES were loaded in
opposing chambers and cell migration (at 37°C) was recorded every 30s for 40 min. 260 um
terrace length chips were used with #1.5 Gold Seal cover glasses. The migration movies
were analyzed by two independent methods: Cell Tracker software (developed in-house by
Angi Chau) and Volocity software (Perkin Elmer). Results presented in this paper were
output by Volocity and plotted in statistical graphing software (GraphPad Prism). Only cells
that were correctly tracked for at least 50 timepoints (25 minutes) were included in the
analysis. Prior to analysis by Volocity software, ImageJ software was used to Subtract
Background and to Enhance Local Contrast (CLAHE). MATLAB was also used for figure
generation. Movies with cell tracking are available in the supplementary material.

We studied the following migration metrics of interest: track velocity (defined as the total
path length between the start and end points of a cell’s track divided by the time elapsed;
equivalent to the average instantaneous velocity of a cell along its entire track),
displacement rate (defined as the straight-line distance between the start and end points of a
cell’s track divided by the time elapsed), directionality (defined as the straight-line distance
between the start and end point of a cell’s track (displacement) divided by the total path
length.
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Flow Cytometry

Single-cell suspensions were prepared from bone marrow (BM) cells. Fc receptors were
blocked with rat anti-CD16/CD32 (2.4G2). 10 cells were stained with the indicated
antibodies. Intracellular Phospho-ERK and Akt staining of BM cells was performed after
cells were stimulated with medium or fMLP for indicated time intervals and fixed with 2%
paraformaldehyde. Cells were permeabilized with 90% ice-cold methanol, stained with
phospho-ERK or phospho-Akt (Cell Signaling Technology), Grl, and Ly6G antibody and
then analyzed on a FACS Calibur (BD).

Calcium Flux

Purified neutrophils were loaded with Fluo-3 AM (1 pg/ml) for 30 min at 37°C in complete
culture media. Cells were analyzed by flow cytometry (FACS Calibur) at 37°C and activated
by different doses of fMLP. The concentration of intracellular free calcium was measured by
Fluo-3 fluorescence.

Protein immunoprecipitation

15x108 purified BM neutrophils (for SH-PTP-1) or 40x10% BM cells (for Lyn and Hck)
were used for each immunoprecipitation. Cells were rested or stimulated and lysed in 1%
NP-40 lysis buffer, then subjected to immunoprecipitation with 3ug antibody, which was
coupled to protein G agarose beads. SH-PTP1 (Santa Cruz C-19), Hck (Santa Cruz M-28)
and Lyn (from C. Lowell Lab) were used for immunoprecipitation (IP). Phosphotyrosine
4G10, anti-SH-PTP1, phospho-Lyn 507 (cell signaling #2731) and Src Family Negative
Regulatory pY site (Invitrogen 44-912) antibodies were used for western blots.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distinct functions of CD45 and CD148 in bacterial clearance

(A) Mortality curves of mice of the indicated genotypes are shown, where n = 10 for each
genotype. DKO refers to Ptprc 7~ Ptprj™ 7T~ double mutant mice. DKO** were DKO
mice treated with food tablets containing amoxicillin (3 mg), Flagyl (0.69 mg) and bismouth
(1.185 mg) (1 tablet/cage/week). The difference between DKO and DKO** group is
statistically significant (p<0.0001). (B) Animals of indicated genotypes were infected with
S. aureus in the air pouch. After 24hr infection, live bacteria in the air pouch were collected
by lavage. Recovered Colony Forming Units (CFU) of S. aureus from each mouse were
counted and shown. Each symbol represents an individual mouse. Small horizontal lines
indicate the means. Bacterial CFU was normalized between experiments based on their
bacterial input. CFU shown is following an initial 102 dilution. (C) Neutrophil accumulation
in the air pouch after 24 hr of S. aureus infection. Neutrophil counts were determined as
(cell count from infected air pouch) x (percentage of neutrophils, identified as CD11b* and
Gr1* by flow cytometry). (D) Neutrophil recruitment 6 hr after injection of heat inactivated
S. aureus. (C,D) Data are presented as mean + SEM; p values were calculated by the student
t test. For (B) and (C), n=16 wild type mice, n=5 Ptprc 7~ mice, n=12 Ptprj™ “TM~mice,
n=5 DKO mice were used for experiments. For (D), n=9 wild type mice, n=8 Ptprc 7~ mice,
n=9 Ptprj™7TM=mijce, n=6 DKO mice were used for experiments.
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Figure 2. CD45 and CD148 redundantly regulate neutrophil adhesion, phagocytosis, superoxide
production and bacterial killing

(A) Fluorescently labeled BM PMNs from indicated mice were plated on pRGD-coated
wells and allowed to adhere at 37°C for 15 min, then exposed to a series of washes in a
static adhesion assay. The decrease in fluorescence corresponding to the decrease in cell
number was measured and plotted over the series of washes. Error bars represent + SEM of
triplicate samples. (B) Phagocytosis was determined by flow cytometric analysis of FITC-
labeled heat inactivated opsonized S. aureus that were phagocytosed by neutrophils purified
from mice of the indicated genotypes. Phagocytic units were calculated as (MFI of FITC+
neutrophils) X (% of FITC+ neutrophils). The data points shown here were determined 15
min. after bacteria incubation. Data were pooled from six independent experiments. The
graph shows mean £ SEM. (C) Purified neutrophils were plated on microtiter wells in
cytochrome c¢ containing media. Production of superoxide by a respiratory burst following
1um fMLF treatment was measured as the reduction of cytochrome c. Data were pooled
from three independent experiments. (D) Intracellular bacterial killing capacity was assessed
by viable S. aureus colony forming units (CFU). Percentage of killing was calculated as (1-
(remaining CFU/input CFU)) X 100. Data were pooled from three independent experiments.
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Figure 3. CD45 and CD148 regulate neutrophil chemotaxis in a distinct ways

(A) Center-zeroed tracks of individual neutrophils in an EZ-Taxiscan chamber migrating
towards reservoirs, located at the top of the diagrams, containing 3 uM fMLF. The scales of
each graph are equal in um. (B) Statistical analysis for the EZ-Taxiscan migration assay.
Displacement rate (um min 1), track velocity (um min™1) and directionality (ratio of
displacement to track, value 1 as maximum) were calculated by Volocity ™. Each symbol
represents an individual cell; small horizontal lines indicate means. p values were calculated
by the student t test. See also Fig. S1, Movie M1,M2,M3,M4.
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Figure 4. CD45 and CD148 differentially regulate fMLP mediated increase of intracellular ca*
in dose dependent manner

Purified neutrophils from mice of the indicated genotypes were loaded with Fluo3-AM and
Fura Red, then intracellular free-Ca2* concentrations were monitored before and after
addition of different dose of fMLF (A), (B), (C) or ionomycin (D). Data are representative
of three independent experiments.
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Figure 5. CD45 and CD148 differentially regulate signaling events following fMLF stimulation
(A) BM cells from mice of the indicated genotypes were stimulated with fMLF (0.2 uM) for
indicated time, fixed, permeabilized, and then stained with phospho-Akt along with other
surface makers. Neutrophils were identified as CD11b*Gr1*. Phospho-Akt of stimulated
(2.5 min, shown as black lines) and control samples (shown as filled histograms) were
overlaid. Percentages of pAkt* cells over a time course are shown on the right side. Data are
representative of three independent experiments. (B) BM cells were treated same as in (A)
and phospho-ERK was stained similarly. Percentages of pERK™ cells over a time course are
shown on the right side. Data are representative of three independent experiments.
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Figure 6. Disruption of SFKSs results in impairment on fMLF induced signaling

(A) Purified neutrophils from mice of the indicated genotypes were loaded with Fluo3-AM
and Fura Red, and [Ca2*]; concentrations were monitored before and after addition of 0.2
um fMLF. (B) Wild-type neutrophils were treated similarly as in (A), however prior to
addition of fMLF, cells were incubated with or without 10 um PP2 for 3 minutes. (C) (D)
Neutrophils from wild-type, Lyn ™~ (C), or wild-type, Hck 7 Fgr 7~ (D) mice were treated
similarly as in (A). (E) BM cells from mice of the indicated genotypes were stimulated with
fMLF (0.5 uM) for the indicated times, fixed, permeabilized, and then stained with phospho-
ERK along with other surface makers. Neutrophils were identified as CD11b*Gr1*.
Phospho-ERK of stimulated (1 min) and control samples were overlaid as histograms
(control as grey shade and stimulated as black line). Percentages of pERK™ cells over a time
course are shown on the right side. Data are representative of three independent
experiments. (F) fMLF mediated chemotaxis was measured on an EZ-Taxiscan chamber as
shown in Fig. 3. Left panel shows center-zeroed tracks of individual neutrophils on
migrating towards reservoirs, located at the top of the diagrams, containing 0.5 uM fMLF.
The scale of each graph is equal in pm. Right panel is a statistical analysis for the EZ-
Taxiscan migration assay. p values were calculated by student t test. See also Fig. S3, Movie
M5, M6.
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Figure 7.

(A) BM cells (40x10%/sample) were harvested and then lysed. Hck or Lyn was
immunoprecipitated and subject to immunoblotting with antiphosphotyrosine (pTyr) Abs or
anti-Hck and Lyn for loading controls. Specificities of Hck and Lyn Abs were confirmed
with whole cell lysates from Hck =~ or Lyn 7~ mice. Quantification of inhibitory tyrosine
phosphorylation amounts were normalized to loading controls and the fold changes relative
to wild type were graphed. For Hck n=3 and for Lyn n=4. (B) Neutrophils (15x10%/sample)
were treated with fMLP (3um) for indicated times and then lysed. SHP-1 was
immunoprecipitated and subjected to immunoblotting with antiphosphotyrosine (pTyr) Ab
4G10 or SHP-1 as a loading control. Data are representative of three independent
experiments. See also Fig. S4.
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