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Rab17 mediates differential antigen sorting following
efferocytosis and phagocytosis

Charles Yin', Yohan Kim', Dean Argintaru’ and Bryan Heit*"

Macrophages engulf and destroy pathogens (phagocytosis) and apoptotic cells (efferocytosis), and can subsequently initiate
adaptive immune responses by presenting antigens derived from engulfed materials. Both phagocytosis and efferocytosis share a
common degradative pathway in which the target is engulfed into a membrane-bound vesicle, respectively, termed the phagosome
and efferosome, where they are degraded by sequential fusion with endosomes and lysosomes. Despite this shared maturation
pathway, macrophages are imnmunogenic following phagocytosis but not efferocytosis, indicating that differential processing or
trafficking of antigens must occur. Mass spectrometry and immunofluorescence microscopy of efferosomes and phagosomes in
macrophages demonstrated that efferosomes lacked the proteins required for antigen presentation and instead recruited the
recycling regulator Rab17. As a result, degraded materials from efferosomes bypassed the MHC class Il loading compartment via
the recycling endosome - a process not observed in phagosomes. Combined, these results indicate that macrophages prevent
presentation of apoptotic cell-derived antigens by preferentially trafficking efferocytosed, but not phagocytosed, materials away

from the MHC class Il loading compartment via the recycling endosome pathway.
Cell Death and Disease (2016) 7, €2529; doi:10.1038/cddis.2016.431; published online 22 December 2016

Clearance of apoptotic cells in a timely and efficient manner is
essential for preventing the induction of inflammation and the
maintenance of homeostasis.'? The process of apoptotic cell
clearance, termed efferocytosis, is performed by both profes-
sional phagocytes such as macrophages®* and dendritic
cells,>® and by some non-phagocytic cell types such as
epithelial cells.”® Apoptotic cells that are not cleared undergo
secondary necrosis, driving inflammation and autoimmunity
through the release of self-antigens and proinflammatory
intracellular contents into the extracellular milieu.® Efferocy-
tosis is a particularly important physiological function of
macrophages, with defective macrophage efferocytosis
implicated in the development of a number autoimmune
and inflammatory disorders including systemic lupus
erythematosus'®'? and atherosclerosis.>'®"'®  Despite
recognition of the importance of efferocytosis in the main-
tenance of homeostasis, the mechanisms regulating effer-
ocytosis remain poorly elucidated. It is thought that the
molecular mechanisms of efferocytosis resembles those of
phagocytosis, with the important distinction that the ultimate
outcome of phagocytosis is the induction of inflammation and
antigen presentation, whereas efferocytosis is immunologi-
cally silent.2'%"7 While a number of ligands, mediators and
receptors that regulate efferocytosis have been identified and
characterized,° little is known of the maturation process that
degrades efferocytosed cells, or the processes that determine
the ultimate fate of degraded apoptotic cells.

In phagocytosis, the phagosome maturation process
responsible for the degradation of engulfed bacteria is well
characterized (reviewed in Flannagan et al.'®), and the

maturation of efferosomes appears to share much of the
same cellular machinery.”® In both processes the target
microbe or apoptotic cell is internalized into a plasma
membrane-derived vacuole, respectively, termed the phago-
some and efferosome, where these engulfed targets are
degraded. The earliest maturation event following the inter-
nalization of phagocytic and efferocytic cargos is the recruit-
ment of the small GTPase Rab5 to the nascent phagosome or
efferosome, a process driven by the Rab5 GTPase-activating
protein Gapex-5.2° Once activated, Rab5 mediates the fusion
of early endosomes to the phagosome or efferosome via the
Rab5 effectors EEA-1, Vps-34 and Mon1a/b.'®2! Within
minutes of engulfment Rab5 is exchanged for Rab7, upon
which Rab7 then mediates the fusion of late endosomes and
lysosomes with the phagosome or efferosome. While this
latter portion of the efferocytosis pathway has not been fully
characterized, it is believed to proceed in a manner identical to
that of phagocytosis. In phagocytosis, inactive GDP-bound
Rab7 is exchanged for Rab5 by a complex of Mon1a/b and
Ccz-1, and is then activated by the exchange of GDP for GTP,
a process induced by either Ccz-1 or the HOPS complex.?'23
Active Rab7, through effectors such as RILP and ORPLI,
coordinates the movement of lysosomes along microtubules
and their subsequent fusion with the phagosome, thereby
delivering the vacuolar ATPase and catabolic enzymes that
mediate the degradation of phagocytosed materials.?42®
Ultimately, the phagolysosome containing this degraded
phagocytosed material matures into a tubular lysosome in
which the loading of MHC class Il with phagocytosed antigens
occurs.?’
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The consequence of phagosome maturation is the induction
of both inflammatory signaling and antigen presentation by the
phagocyte.?®=%° In contrast, efferosome maturation is known
to be anti-inflammatory and non-immunogenic. Immediately
following the efferocytic uptake of apoptotic cells, PPARy and
the atypical chemokine receptor D6 initiate signaling, which
suppresses early inflammatory processes such as the
oxidative burst.*3=3% This suppression of inflammation is
maintained over intermediary periods of time through tran-
scriptional processes initiated by these receptors. The
upregulation of mIR-21 following efferocytosis inhibits inflam-
matory signaling by silencing PDCD4 and PI3K, resulting in
decreased TNFa expression through p38 MAPK-dependent
signaling, while simultaneously enhancing IL-10 production
and further uptake of apoptotic cells through increased PI3K/
AP-1 signaling.3*® In addition to inducing mIR-21, continued
signaling through PPARYy directly drives the expression of anti-
inflammatory cytokines including IL-10 and TGFB.33%® This
anti-inflammatory state can be maintained over prolonged
periods of time through the polarization of macrophages to an
anti-inflammatory/pro-efferocytic M2 or M2c state.”3® While
these processes contribute to creating an anti-inflammatory
environment, it remains unclear how immunogenicity is
avoided following efferocytosis. Tissue-resident macrophages
constitutively express MHC class Il and costimulatory mole-
cules, as do in vitro unpolarized (M0O) and M2-polarized
macrophages.®”*° Indeed, M2 macrophages are fully com-
petent to present antigens, and can induce naive CD4+ T cells
to differentiate into Th17 effectors.*® Clearly, additional
mechanisms must be in place to prevent the immunogenic
presentation of apoptotic cell-derived antigens. In this study,
we tested the hypothesis that efferocytosed apoptotic cells
undergo a novel maturation process that bypasses the MHC
class Il loading compartment. Using mass spectrometry and
fluorescence microscopy, we identified a Rab17-dependent
maturation process that mediates the transfer of degraded
apoptotic cell materials to the recycling endosome and away
from the MHC class Il loading compartment, thereby prevent-
ing apoptotic cell-derived materials from intersecting the
macrophage antigen presentation machinery.

Results

Efferosomes and phagosomes share a common early
maturation pathway. Phagocytic cargos are degraded by a
well-characterized maturation pathway in which the sequen-
tial acquisition of Rab5 and Rab7 mediates the sequential
fusion of early endosomes, late endosomes and lysosomes
with the phagosome.'® Evidence from Caenorhabditis ele-
gans and mammalian cell lines indicate that this same
maturation pathway degrades efferocytosed apoptotic cells.®
However, these studies did not use professional antigen-
presenting cells (pAPC), which may use an alternative
pathway to avoid antigen presentation following uptake of
apoptotic cells. To test whether apoptotic cells were trafficked
through a novel maturation pathway in pAPCs, we tracked the
recruitment of ectopically expressed Rab5-GFP and Rab7-
RFP in J774.2 macrophages engaged in phagocytosis
(Figures 1a and c) or efferocytosis (Figures 1b and d) of
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5um diameter synthetic phagocytic or efferocytic targets.
Both efferosomes and phagosomes sequentially recruited
Rab5 and Rab7, with efferosomes transitioning from a
Rab5-positive to Rab7-positive compartment with slightly
slower temporal dynamics than phagosomes (Figures 1c and
d). To confirm that both phagosomes and efferosomes were
completing maturation, we immunostained human PBMC-
derived MO macrophages for the lysosomal marker LAMP1
40 min after engulfment of synthetic phagocytic or efferocytic
targets (Figure 1e). Significant LAMP1 accumulation was
observed on phagosomes and efferosomes, confirming that
vacuoles containing both types of cargo fuse with lysosomes.
Last, we assessed the possibility that macrophage polariza-
tion may result in the selective uptake of phagocytic versus
efferocytic targets (Figure 1f). MO and M2 macrophages were
highly efferocytic, while M1 macrophages and primary human
dendritic cells were poorly efferocytic. Furthermore, no
selectivity was observed for phagocytic targets, indicating
that any capacity to differentially present efferosomal versus
phagosomal antigens must occur following both target
engulfment and the canonical Rab5/Rab7-mediated matura-
tion pathway.

Mass spectrometric identification of late regulators of
efferosome and phagosome maturation. Given that
efferosomes and phagosomes shared the same early
maturation pathway, any selective processing of these targets
likely occurs at a later time point. As such, we recovered
efferosomes and phagosomes using 3 um diameter magnetic
bead mimics of efferocytic and phagocytic targets from MO-
polarized human macrophages, 40 min after initiation of
efferocytosis or phagocytosis. Proteins from the recovered
efferosomes and phagosomes were resolved using SDS-
PAGE, revealing a number of proteins selectively recruited to
efferosomes versus phagosomes (Supplementary Figure 1).
These unique proteins were subsequently excised and
identified by liquid-chromatography/mass spectrometry. Pha-
gosomes (Table 1) contained many of the proteins expected
of a vesicle maturing into an MHC class Il loading
compartment, notably MHC class Il and indicators of Golgi-
to-lysosome trafficking (Rabéb, PIK4). In addition, phago-
somes were enriched in a number of proteins involved in
GTPase and kinase signaling. In marked contrast, effero-
somes (Table 2) lacked MHC class Il and the markers of
Golgi-to-lysosome trafficking observed on phagosomes.
Efferosomes instead recruited proteins that mediate vesicular
trafficking, cytoskeletal organization and ubiquitination/
ISG15ylation (Table 2). Of particular interest were the Rab-
family GTPases Rab17 and RASEF (Rab45), both of which
have been implicated in trafficking to recycling endosomes
and exocytosis.*'™** Combined, these results suggest that
efferocytic cargos are intercepted before formation of the
MHC class Il loading compartment and are redirected to a
recycling or exocytic cellular compartment.

Rab17 is persistently recruited to efferosomes but not
phagosomes. To assess the role of Rab17 in phagocytosis
and efferocytosis, we performed live cell microscopy of
J774.2 macrophages ectopically expressing the plasma
membrane marker PM-RFP and Rab17-GFP as they
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Efferosomes and phagosomes share a common early maturation pathway. Fixed and live cell microscopy was used to assess the localization of Rab5, Rab7 and the

lysosomal marker LAMP1 to efferosomes and phagosomes containing 5 zm diameter bead-based mimics of apoptotic cells and immunoglobulin G (IgG)-opsonized pathogens.
(a and b) Recruitment of Rab5 and Rab7 to phagosomes (a) and efferosomes (b) 10, 20 and 30 min following engulfment by J774.2 macrophages. Ex. Beads indicates non-
internalized (i.e. extracellular) beads. (¢ and d) Dynamics of Rab5 and Rab7 recruitment to phagosomes (¢) and efferosomes (d). T= 0 is set as the video frame when complete
sealing of the phagosome/efferosome was observed; data are normalized to maximum Rab5 or Rab7 intensity on each individual phagosome. (e) Immunostaining of LAMP1
accumulation in phagosomes or efferosomes in human peripheral blood mononuclear cell (PBMC)-derived MO macrophages. (f) Uptake of apoptotic cell mimics (Efferosomes)
and IgG-opsonized pathogen mimics (Phagosomes) by human PBMC-derived MO-, M1- and M2-polarized macrophages and DCs, expressed as the number of beads engulfed
per cell. Data are representative of (a, b and e) or quantifies (c, d and f) at least 30 cells imaged across five independent experiments. Data are presented as mean or mean +
S.E.M. *P<0.05 compared with uptake of the same type of target by MO macrophages. Scale bars are 5 yum

engulfed beads mimicking efferocytic or phagocytic targets.
As expected, both phagocytic and efferocytic targets were
internalized into plasma membrane-derived vacuoles demar-
cated by PM-RFP (Figures 2a and b). Rab17 transiently
localized to phagosomes, with dynamics similar to that of
Rab5 (Figures 2a and c). In marked contrast, Rab17 was
persistently recruited to efferosomes, displaying only a
modest decrease in recruitment over the hour following
engulfment of the efferocytic target (Figures 2b and c). Close
inspection of individual efferosomes revealed that this
recruitment was not constant, and rather that Rab17 is
repeatedly recruited in a series of waves, suggestive of

repeat sampling of efferosomes by Rab17 (Figure 2d). Rab17
expression was observed in primary human PBMC-derived
MO-, M1- and M2-polarized macrophages as well as primary
human PBMC-derived DCs, with late recruitment of Rab17
observed to efferosomes in MO- and M2-polarized macro-
phages and DCs (Supplementary Figure 2). RASEF and
Rabéb, the other Rab-family GTPases identified in our mass
spectrometry screen, did not significantly associate with
either phagosomes or efferosomes (data not shown).
Because our model system used non-digestible mimics of
bacterial and apoptotic cells, we could not assess whether
Rab17 altered the trafficking of degraded materials derived
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Table 1 Unique proteins recruited to phagosomes 40 min post-phagocytosis

Protein name Symbol Peptides® % Coverage”®
Vesicular trafficking and antigen presentation
MHC class | MR1 62 34.3
MHC class Il HLADQBH1 58 22.2
Annexin A2 ANXA2 57 19.9
Phosphatidylinositol-4-kinase PIK4 56 20.1
Rab6B Rab6b 83 39.9
CTTNBP2NL CTTNBP2NL 204 31
GTPase and kinase signaling
Insulin-like growth factor binding protein 2 IGFBP2 126 38.8
Misshapen-like kinase 1 MINK1 91 7.01
Cyclin-Y-like protein 2 CCNYL2 58 33.3
Lymphoid enhancer-binding factor 1 LEF1 89 29.4
RalA-binding protein 1 RALBP1 82 17.7
Serine/threonine-protein kinase 4 STK4 29 10.6
NOD3 NLRC3 111 15.5
5’-AMP-activated protein kinase 1 PRKAB1 15 6.05
GIMD1 GIMD1 24 11.1
Cyclin-dependent kinase 4 CDK4 20 18.0
DOCK10 DOCK10 58 10.7
Other
Acylphosphatase-1 ACYP1 37 43.5
Cytotoxic T-lymphocyte protein 4 CTLA4 46 26.4
Type | inositol(1,4,5)trisphosphate 5 phosphatase INPP5A 30 96.8
Abhydrolase domain containing 1 ABHD1 63 33.9
Lactate dehydrogenase c LDHC 41 427
Striatin, calmodulin-binding protein 3 STRN3 48 10.8
CKLF-like MARVEL transmembrane domain-containing protein 1 CMTM1 14 11.5
Interferon-stimulated 20 kDa exonuclease-like 2 1ISG20L2 12 8.70

2peptides = total number of peptides from each protein identified across three independent experiments.

b2, Coverage = portion of protein sequence covered by the identified peptides

from efferosomes or phagosomes. As such, we performed live
cell imaging of Rab17-GFP- and PM-RFP-expressing macro-
phages as they engulfed Escherichia coli or apoptotic cells
covalently labeled with a degradation-resistant, pH-stable far-
red fluorophore. Bacterial phagocytosis did not differ from the
mimics, with E. coli internalized into a compartment that
transiently colocalized with Rab17 and retained PM-RFP for at
least 90 min (Figures 3a, ¢ and d). In marked contrast,
macrophages efferocytosed small fragments (apoptotic
bodies) from apoptotic cells into PM-RFP-demarcated effero-
somes, on which Rab17 was retained for prolonged periods of
time (Figures 3b, c and e). Interestingly, at later time points,
degraded apoptotic cell materials were observed to move into
a compartment negative for PM-RFP (Figure 3d), a phenom-
enon not observed with non-degradable targets (Figure 2b),
suggesting that degraded efferocytosed materials were being
directed out of the canonical maturation pathway — a process
not observed with E. coli (Figure 3e), indicating that the
degraded apoptotic cells and E. coli had been trafficked into
different cellular compartments.

Rab17 mediates the trafficking of degraded apoptotic cell
materials to the recycling endosome. The previous data
are consistent with a model in which phagocytosed materials
traffic through the canonical maturation pathway, whereas
efferocytosed materials are redirected into another cellular
compartment by Rab17. Given that Rab17 has previously
been found to regulate recycling and exocytosis, it was likely
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that efferocytosed materials were being trafficked from the
efferosome to the recycling endosome.*'*? We therefore
assessed the recruitment of Rab17, a recycling endosome
marker (transferrin receptor, TfR) and MHC class Il to
phagosomes and efferosomes. Consistent with the canonical
maturation process, 90 min following engulfment most pha-
gosomes had recruited MHC class Il but not Rab17 or TfR
(Figures 4a and b). In contrast, efferocytosed materials did
not colocalize with MHC class Il, which remained diffusively
distributed throughout the cell (Figure 4c). Instead, effero-
somes strongly colocalized with TfR, with a portion colocaliz-
ing with both Rab17 and TfR (Figure 4d). We next attempted
to knockdown Rab17, but transfection with siRNA concentra-
tions that reliably knocked down Rab17 expression also
inhibited phagocytosis and efferocytosis (Figure 4e). Instead,
we transfected J774.2 cells with a mCherry-tagged dominant-
negative Rab17 at a dose that inhibited ~50% of efferocy-
tosis and phagocytosis (0.5ug per well; Figure 4e).
Dominant-negative Rab17 was not recruited to phagosomes,
and was recruited to a significantly lower fraction of
efferosomes compared with wild-type Rab17 (Figure 4f and
Supplementary Figure 3). Importantly, expression of
dominant-negative Rab17 significantly increased the asso-
ciation of MHC class Il, and decreased the association of TR,
with efferosomes (Figure 4f and Supplementary Figures 3c
and d). Combined, these results indicate that Rab17 is
selectively recruited to efferosomes, where it mediates the
transfer of degraded apoptotic cell material into the recycling
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Table 2 Unique proteins recruited to efferosomes 40 min post-phagocytosis
Protein name Symbol Peptides® % Coverage®
Vesicular trafficking and cytoskeleton
Rab17 Rab17 69 36.3
RASEF (Rab45) RASEF 32 72.7
Vacuolar protein sorting-associated protein 33B VPS33B 95 16.6
Talin 1 TLNA1 198 7.79
Rac2 RAC2 19 12.8
MAP4 MAP4 119 13.9
Liprin 1 PPFIBP1 86 31.6
Prostaglandin F2 receptor-negative regulator PTGFRN 89 11.3
WAS/WASL-interacting protein family member 3 WIPF3 48 14.7
Ubiquitination/ISG 15ylation
E3 ubiquitin/ISG15 ligase TRIM25 TRIM25 85 20.1
Ubiquitin carboxyl-terminal hydrolase 15 USP15 115 12.1
F-box-only protein 6 FBXO6 74 21.9
Kinase and calcium signaling
Serine/threonine-protein phosphatase 2A regulatory subunit B PPP2RC3 46 10.2
MAP kinase-interacting serine/threonine-protein kinase 1 MKNK1 12 5.29
Calsyntenin 2 CLSTN2 49 8.06
Glycogen synthase kinase-38 GSK3B 18 100
Receptors and opsonins
Galectin-3 LGALS3 69 47.3
Mannan-binding lectin serine protease 1 MASP1 13 15.5
CD36 SCARB1 18 58.1
Other
Leucine-rich repeat neuronal protein 1 LRRN1 48 571
Inositol monophosphatase 2 IMPA2 72 27.6
Alkaline phosphatase, tissue-nonspecific isozyme ALPL 10 66.7

2peptides = total number of peptides from each protein identified across 3 independent experiments.

b% Coverage = portion of protein sequence covered by the identified peptides

endosome and away from the MHC class Il loading
compartment.

Discussion

Macrophages are tasked with the engulfment and destruction
of both apoptotic cells and pathogens, and following engulf-
ment must, respectively, generate immunologically silent
versus immunogenic responses. While several processes
that enable macrophages to suppress inflammatory
responses following engulfment of apoptotic cells have been
reported,*”3'7%8 identification of a mechanism preventing
antigen presentation following efferocytosis, but not phagocy-
tosis, remains elusive. In this study, we have identified a
Rab17-dependent pathway in which macrophages redirect
degraded apoptotic cells away from the MHC class Il loading
compartment and towards the recycling endosome, where
disruption of this pathway resulted in degraded apoptotic cell
materials reaching an MHC class ll-positive intracellular
compartment. This mechanism appears to be present in
dendritic cells, as well as macrophages, both of which are
capable of presenting phagocytosed antigens on MHC class
Il. Although previous studies have demonstrated a need for
TLR or cytokine signaling to induce the formation of an MHC
class Il loading compartment and loading of phagosome-
derived antigens onto MHC class 11,27° the selective
recruitment of Rab17 to efferosomes and its exclusion from
phagosomes occurred in the absence of these signals,

suggesting that this pathway is intrinsic to efferocytic receptor
signaling and independent of TLR/cytokine-induced formation
of the MHC loading compartment.

Rab17 function is best understood in polarized epithelial
cells where itis required for both receptor recycling through the
apical recycling compartment and for receptor-mediated
transcytosis.*2*® Disrupting Rab17 in polarized epithelial cells
resulted in the inappropriate basolateral-to-apical transcytosis
of transferrin and an accumulation of normally basolateral
proteins on the apical facet of the cell.***¢ While the role of
Rab17 in non-polarized cells is not completely elucidated, it is
known to localize to the recycling endosome,*2 and is required
for the exocytic processes driving both the release of
melanosomes from melanocytes and the extension of
dendrites from hippocampal neurons.*'*78  Moreover,
Rab17 is required for the formation of bactericidal autophago-
somes following Group A Streptococci invasion of epithelial
cells.*® Our observation that Rab17 is required for the
trafficking of apoptotic cell-derived materials from the phago-
lysosome to the recycling endosome is consistent with
Rab17’s role in mediating traffic through the recycling
endosome, and while it was not observed in this study, it is
possible that the capacity of Rab17 to regulate exocytosis may
mediate the expulsion of degraded apoptotic cell materials
from the macrophage. At this time, the role of Rab17 in other
immune cells has not been investigated. However, the portion
of the maturation process regulated by the sequential
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Figure 2 Rab17 is selectively retained on efferosomes. Live cell microscopy was performed on J774.2 macrophages expressing PM-RFP and Rab17-GFP engulfing
apoptotic cell (Efferosomes) or immunoglobulin G (IgG)-opsonized pathogen (Phagosomes) mimics. (a and b) Representative images of Rab17-GFP recruitment to phagosomes
(a) or efferosomes (b). */Arrowhead tracks the same phagosome/efferosome through successive time points. (€) Dynamics of Rab17 recruitment to phagosomes and
efferosomes. (d) Recruitment dynamics of Rab17-GFP to three representative efferosomes. (c and d) T=0 is set as the video frame when complete sealing of the phagosome/
efferosome was observed and data are normalized to maximum Rab17 intensity on each individual phagosome. Data are presented as mean + S.E.M. (c) or mean (d). Data are
representative of (a, b and d) or quantifies (c) a minimum of 22 cells imaged over four independent experiments. Scale bars are 5 um

acquisition of Rab5 and Rab7 components has been observed
to function in a nearly identical manner following phagocytosis
in macrophages, DCs and neutrophils,® and following
efferocytosis in macrophages and DCs."® Moreover, we have
observed Rab17 recruitment to efferosomes late in the
maturation process in murine macrophage cell lines, primary
human macrophages and primary human DCs, indicating that
Rab17 likely acts to prevent antigen presentation in both
macrophages and dendritic cells. In addition, Rab17 expres-
sion has been reported in other efferocytic cell types, including
epithelial cells.*'*346:49 Although epithelial cells do not
normally present antigens on MHC class I, the presence of
Rab17 in these cells suggests that they may sort apoptotic
cell-derived materials via the recycling endosome, perhaps
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expelling degraded apoptotic cell materials from the apical cell
surface.*®

Rab17 is known to be recruited and activated by Rabex-5, a
guanine exchange factor that can recruit and activate both
Rab17 and Rab5,*”%' and indeed, this pathway likely
accounts for the transient recruitment of Rab17 to phago-
somes observed in this study. This initial wave of Rab17 may
be involved in the rapid recycling of phagocytic and efferocytic
receptors from the nascent phagosome and efferosome, a
process required to maintain phagocytic and efferocytic
capacity by returning receptors to the cell surface.5%® Indeed,
the initial wave of Rab17 recruitment and the deleterious effect
of dominant-negative Rab17 expression on phagocytosis and
efferocytosis that we observed is consistent with the
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Figure 3 Rab17 is selectively retained on apoptotic cell containing efferosomes. Live cell microscopy was performed on J774.2 macrophages expressing PM-RFP and
Rab17-GFP engulfing fluorescently tagged apoptotic cells (AC) or E. coli (E. colior EC). (a) Representative slice from a z-stack of Rab17-GFP and PM-RFP recruitment to E. coli
containing phagosomes 60 min following phagocytosis. Arrow indicates the phagosome magnified in the insert. Insert is 4 um x4 um. (b) Representative slice of a z-stack of
Rab17-GFP and PM-RFP recruitment to an apoptotic cell containing efferosome 5 min following efferocytosis. Arrow indicates the same Rab17*/PM-RFP* efferosome, and
arrowhead indicates the same Rab177~/PM-RFP* efferosome, in all panels. (c) Recruitment dynamics of Rab17-GFP to phagosomes and efferosomes, normalized to the
brightest Rab17* cell structure. (d and e) Portion of E. coli containing phagosomes (d) or apoptotic cell containing efferosomes (e), which are positive for PM-RFP only (PM*),
positive for PM-RFP and Rab17 (PM*/Rab17%) or positive for Rab17 alone (Rab17%). Scale bars are 5 um, small lines indicate the position of the cross-section shown in the
corresponding xy and zimages. (c—e) T=0is set as the video frame when complete sealing of the phagosome/efferosome was observed, and data are normalized to maximum
Rab17 intensity observed in each cell and is presented as mean + S.E.M. Data are representative of (a and b) or quantifies (c-€) a minimum of 52 cells imaged over four
independent experiments. *P<0.05 compared with the 5 min time-point for the same group

established role of receptor recycling in phagocytosis.
Previous studies have shown that Rab11-mediated recycling
is required for maximal phagocytic capacity in macrophages,
with the expression of dominant-negative Rab11 greatly
reducing phagocytosis through FcY receptors.>* Defective
Rab11 signaling resulted in the trapping of receptors in the
recycling endosome, thereby impairing further activity through
sequestering receptors from the cell surface.’® Rab17 is
known to mediate the recycling of other membrane receptors
such as the transferrin, plgR and Fc-like receptors,*>*3

indicating a theoretical capacity to mediate the recycling of
efferocytic and phagocytic receptors. Indeed, we did not
observe any phagocytic receptors, and only weakly detected
two efferocytic receptors (CD36 and Galectin-3°%7), in
phagosomes and efferosomes recovered late in the matura-
tion process. Furthermore, Rab17 knockdown or expression
of dominant-negative Rab17 decreased both phagocytosis
and efferocytosis, consistent with the need for ongoing
receptor recycling to maintain phagocytic capacity.54 Com-
bined, these data suggest that early Rab17 recruitment
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8
recycles receptors from the nascent phagosome or effero- While Rabex-5 mediated recruitment may explain the initial
some, and is required for the maintenance of phagocytic/ wave of Rab17 observed on phagosomes, it is unlikely to be
efferocytic capacity of macrophages. involved in the repeated waves of Rab17 recruitment observed
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Figure 4 Rab17 mediates trafficking of degraded apoptotic cell materials. Z-stacks were captured of fixed J774.2 macrophages expressing Rab17-mCherry and either
coexpressing TfR-GFP (TfR-GFP) or immunostained for MHC class Il 90 min following engulfment of E. coli (EC) or apoptotic cells (AC). (a-d) Localization of Rab17 and MHC
class Il (aand c) or TfR (b and d), relative to phagocytosed E. coli (¢ and d) or efferocytosed apoptotic cells (a and b). Insertis 4 um x4 um. (e) Uptake of E. coli and apoptotic
cells by J774.2 macrophages that were untreated/non-transfected (UT), treated with scrambled (Scm) or Rab17 siRNA (Rab17), or transfected with 0.1-1.0 ug per well of a
construct expressing dominant-negative Rab17, expressed as the number of E. coli or apoptotic cells engulfed per cell. (f) Quantification of the fraction of phagocytosed E. colior
efferocytosed apoptotic cells that recruited Rab17, MHC class Il and TfR in cells expressing mCherry-tagged wild-type or dominant-negative (DN) Rab17. Images are
representative of, and graphs quantify, a minimum of 15 images captured in three independent experiments. Scale bars are 5 um, and small lines indicate the position of the
cross-section shown in the corresponding xy and z images. *P<0.05 compared with the same group in untreated cells (e) or cells expressing wild-type Rab17 (f)
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throughout efferosome maturation. Indeed, the Rab7 adaptor
Mon1 is known to displace Rabex-5 from the phagosome,®®
and our results indicate that Rab17 sampling of the effero-
some temporally overlaps with Rab7 recruitment to the
efferosome. Another Rab GTPase, Rab27, can be localized
to the phagosome,®® activate Rab17*' and drive
exocytosis,®>®" indicating that it may be a candidate for the
recruitment of Rab17 to the efferosome. However, we were
unable to identify Rab27 on efferosomes in either our mass
spectrometry screen or by immunofluorescence (data not
shown), although the sensitivity and temporal limitations of
these methods may have prevented identification of transient
or weak Rab27 recruitment. The enrichment of ubiquitination/
ISG15ylation machinery on the efferosome identified in our
mass spectrometry screen may indicate a third possible
mechanism for Rab17 recruitment to efferosomes. Rab17 is
known to require monosumoylation, a ubiquitin-like post-
translational modification, for its recruitment and activity.*® The
presence of molecular machinery, including E3 ligases that
modify proteins with ubiquitin and ISG15 motifs, may indicate
that Rab17 recruitment and activation on efferosomes may
occur through a SUMO-like post-translational modification
driven by efferosome-resident E3 ligases.

The sorting of apoptotic cell-derived antigens away from the
MHC class Il loading compartment is likely an important
component of peripheral tolerance, as the 60 to 80 billion
apoptotic cells generated daily in the human body represents
a significant antigenic burden dealt with predominantly by
resident phagocytes.®® Unsurprisingly, defects in efferocytic
receptors and signaling molecules are associated with the
onset of autoimmune disorders including rheumatoid arthritis,
multiple sclerosis and systemic lupus erythematosus, 6364
and with chronic inflammatory conditions such as
atherosclerosis.'® %% However, this regulation must be more
nuanced than simply sorting all degraded apoptotic cells away
from the MHC class Il loading compartment, as apoptotic cells
can harbor pathogens and act as vehicles for pathogen
dissemination.®® Furthermore, MHC class |l stability and
trafficking to MHC class Il loading compartments is enhanced
following TLR or cytokine stimulation of dendritic cells,
suggesting that inflammatory signaling may act to enhance
trafficking and loading of MHC class [l following
phagocytosis.®”® The effects of a proinflammatory micro-
environment or the activation of TLR/cytokine signaling on
Rab17-mediated trafficking of efferosomal contents away from
the MHC class Il compartment remains to be characterized.

In summary, we have delineated a Rab17-dependent
pathway that allows phagocytes to selectively divert engulfed
and degraded apoptotic cells away from the MHC class I
loading compartment and into the recycling endosome,
thereby limiting the potential for presenting autoantigens.
These findings suggest that the differential sorting of apoptotic
cell-derived versus pathogen-derived antigens is a hereto
unappreciated mechanism involved in maintaining peripheral
tolerance.

Materials and Methods

Materials. J774.2 macrophages, PM-RFP, Rab5-GFP, Rab7-mCherry and TfR-
GFP expression constructs were gifts from Dr. Sergio Grinstein (Hospital for Sick
Children, Toronto, ON, Canada). E. coli DH5« and ML35 were gifts from Drs. John

Phagosome cargo sorting by Rab17
CYinetal

McCormick and Susan Koval, respectively (University of Western Ontario, London,
ON, Canada). Human Rab17 cDNA was purchased from the Harvard PlasmID
Repository (Boston, MA, USA). RPMI, DMEM, Trypsin-EDTA and fetal bovine serum
(FBS) were purchased from Wisent (St. Bruno, QC, Canada). Recombinant human
M-CSF, GM-CSF, INFy and IL-4 were purchased from Peprotech (Rocky Hill, NJ,
USA). No. 1.5 thickness round coverslips and 16% paraformaldehyde (PFA) were
purchased from Electron Microscopy Supplies (Hatfield, PA, USA). Colloidal
Coomassie Blue was purchased from Bio-Rad (Mississauga, ON, Canada).
Lympholyte-poly, all fluorescent secondary antibodies and fluorescently labeled
streptavidin  were purchased from Cedarlane Laboratories (Burlington, ON,
Canada). Anti-mouse MHC class Il and Cell Proliferation Dye eFluor 670 were
purchased from eBioscience (San Diego, CA, USA). Phosphatidylserine (PtdSer),
phosphatidylcholine (PtdChol) and biotin-phosphatidylethanolamine (biotin-PE) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Salmonella lipopoly-
saccharide and human IgG were purchased from Sigma-Aldrich (St. Louis, MS,
USA). Anti-human LAMP1 was purchased from the Developmental Studies
Hybridoma Bank (lowa City, 1A, USA). Phusion DNA polymerase, FugeneHD,
dithiobis[succinimidyl propionate], dithio-bismaleimidoethane, Permafluor and ON-
TARGETplus siRNA were purchased from ThermoFisher (Mississauga, ON,
Canada). DNA oligos were purchased from IDT (Coralville, IA, USA). Restriction
enzymes and T4 DNA ligase were purchased from New England Biolabs
(Whitby, ON, USA). Silica and silica-functionalized magnetic beads of 3-5 xm were
purchased from Bangs Laboratories (Fishers, IN, USA). Anti-Rab17 was purchased
from Proteintech (Chicago, IL, USA). All other chemicals were purchased from
Canada BioShop (Mississauga, ON, Canada).

J774.2 macrophage culture. J774.2 murine macrophages were cultured in
T25 tissue culture flasks containing 5 ml of DMEM buffered with sodium bicarbonate
and supplemented with 10% FBS. Cells were grown to 80% confluency at 37 °C in
a 5% CO, incubator and passaged by cell scraping. Cells were cultured for no more
than six generations, at which time new cells were revived from liquid nitrogen
stocks. For microscopy experiments, no. 1.5 thickness, 18 mm diameter round
coverslips were placed into the wells of a 12-well tissue culture plate, 1 ml of DMEM
+10% FBS added to each wells and 0.2 ml (~2.5x 10° cells per well) of the above
cell suspension added to each well. Cells were cultured for at least 8 h before
transfection. Transfection with DNA vectors or siRNA was conducted using
FugeneHD, as per the manufacturer’s instructions. Briefly, for each well in a 12-well
plate, 1.1 ug of DNA or 0.75 ug of siRNA was diluted into 100 ul of serum-free
DMEM, followed by 3.3 ul of FugeneHD. The resulting mixture was incubated for
20 min at room temperature, and then added dropwise to the J774.2 cells. Cells
were incubated for at least 18 h at 37 °C in a 5% CO, before imaging.

Human macrophage and DC culture. The collection of blood from
healthy donors was approved by the Health Science Research Ethics Board of the
University of Western Ontario and venipuncture was performed in accordance with
the guidelines of the Tri-Council Policy Statement on human research. Blood was
drawn into heparinized vacuum collection tubes, layered on an equal volume of
Lympholyte-poly and centrifuged at 300 x g for 35 min at 20 °C. The top band of
peripheral blood mononuclear cells was collected, washed once (300x g, 6 min,
20 °C) with phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCI, 10 mM
NaoHPQ,, 1.8 mM KH,PO,), and the cell pellet was suspended in RPMI-1640+10%
FBS and 1% antibiotic-antimycotic solution at a density of ~2x 10° cells per ml.
Monocytes were separated by adhesion to glass by placing 200 ! or 3.6 ml of the
cell suspension, respectively, on sterile 18 mm coverslips or 100 mm diameter
gelatin-coated tissue culture plates, and non-adherent cells removed after a
1 h/37 °C incubation with two gentle washes of warmed PBS. Monocytes were then
differentiated into MO-, M1- or M2-polarized macrophages by culturing for 5 days in
10 ng/ml M-CSF (MO and M2) or 20 ng/ml GM-CSF (M1). After 5 days, the media
were replaced with DMEM+10% FBS supplemented with 10ng/ml M-CSF (MO),
20 ng/ml GM-CSF+250 ng/ml Salmonella lipopolysaccharide+10 ng/ml INFy (M1),
or with 10 ng/ml M-CSF+10 ng/ml IL-4 (M2) and cultured an additional 2 days. Cells
were used between days 7 to 10 of culture. To produce DCs, monocytes were
cultured for 48 h with 100 ng/ml GM-CSF and 100 ng/ml IL-4. Cells were used
immediately following differentiation.

Preparation of synthetic phagocytic and efferocytic targets.
Synthetic targets were prepared as per our previously published methods.® Briefly,
for imaging experiments 5 m silica beads, and for mass spectrometry experiments
3 um silica-functionalized magnetic beads, were coated with lipids or IgG to
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produce beads that mimic apoptotic cells or bacteria, respectively. Apoptotic cell
membrane mimics were prepared by preparing 0.4 mmol of a lipid solution
comprised of 19.8% PtdSer, 80% PtdChol and 0.2% biotin-PE into a glass vial.
Control cell mimics were prepared using a lipid mixture comprised of 99.8% PtdChol
and 0.2% biotin-PE. Ten microliters of the silica or silica-magnetic beads were
added to the lipid mixture, vortexed for 30 s and the chloroform evaporated under a
flow of nitrogen for 1 h. The resulting bead mixture was suspended in 1 ml of PBS,
and washed 3x by pelleting the beads using a 4500 x g/t min centrifugation,
aspiration of the supernatant and resuspension in 1 ml of PBS. Beads were
suspended in 100 ul of PBS after the final wash. IgG-coated beads were prepared
by washing 10 ! of the silica or silica-magnetic beads 3x in PBS, as described
above. Beads were then suspended in 100 4l of PBS+10 ! of a 50 mg/ml human or
murine IgG solution and incubated for 60 min at room temperature with continuous
mixing. Beads were then washed 3x in PBS and suspended in a final volume of
100 ul of PBS, as described above.

Preparation of apoptotic cells and heat-killed E. coli. Jurkat T cells
were cultured in T25 flasks containing 5 ml of RPMI-1640+10% FBS, and split 1:10
into fresh media every 5 days. To induce apoptosis, 1 ml of cultured cells were
pelleted with a 300 x g/5 min centrifugation and resuspended in 1 ml of serum-free
RPMI+1 uM staurosporine. Cells were incubated for 3 to 12 h at 37 °C, washed
three times with PBS and used within 4 h of preparation. If required, apoptotic cells
in PBS were fluorescently labeled by adding 2 ul/ml Cell Proliferation Dye eFluor
670 for 5 min at room temperature, followed by washing 3x in PBS. ML35 E. coli
were grown to stationary phase in LB media at 37 °C with shaking at 200 r.p.m., and
0.1ml (~1x10” bacteria) of the culture was pelleted by a 1500x g/ min
centrifugation and resuspended in 0.1 ml of PBS. The bacteria were then heat killed
by incubating for 10 min at 70 °C, followed by incubation with 0.5 ul/ml Cell
Proliferation Dye eFluor 670 for 5min at room temperature. Excess dye was
quenched by the addition of 0.9 ml of fresh LB media and the cells were washed
3x in PBS. After washing, the cells were opsonized by resuspending the bacteria in
1 ml of DMEM+10% human serum, incubating at 37 °C for 10 min, washed once in
PBS and resuspended in 0.1 ml of PBS. Bacteria were used within 24 h of
preparation.

Mass spectrometry. For mass spectrometry assays, 1.8x107 (~60 ul) of
silica-magnetic bead mimics were added to 100 mm tissue culture plates containing
MO-polarized human macrophages. Targets were mixed into the plates with gentle
shaking, forced into contact with the macrophages by a 1 min/250 x g centrifugation
and then incubated at 37 °C in 5% CO, for 40 min. The samples were then washed
vigorously with PBS+1 mM EDTA to remove non-internalized beads, and
phagosome/efferosome-bound proteins crosslinked to the beads using the ReCLIP
method.” Briefly, after washing PBS+ReCLIP reagent (0.5 mM dithiobis[succinimi-
dyl propionate] and 0.5 mM dithio-bismaleimidoethane) was added to the cells and
incubated for 20 min at room temperature. The ReCLIP reagent was then aspirated
and crosslinking stopped by the addition of 10 ml of quenching buffer (5 mM
L-cysteine+20 mM Tris-Cl, pH 7.4) for 10 min. Cells were suspended in lysis buffer
(250 mM sucrose, 10 mM HEPES, 3 mM MgCl, 1 mM NaVO,, 1:50 DNAse |,
025mM PMSF 200nM okadaic acid, 10 mM NaF phosSTOP and 1x
completeMini phosphatase/protease inhibitors), transferred to an ice-cold nitrogen
cavitator and lysed using a 10min, 300 PSI cavitation. Efferosomes and
phagosomes were then recovered using a magnetic column, washed 3x in lysis
buffer and solubilized for 30 min at 37 °C in 30 ul of 1x Laemmli buffer+50 mM
DTT and 1x phosSTOP/completeMini phosphatase/protease inhibitors.

Recovered efferosomal and phagosomal proteins were boiled for 5 min, loaded
onto a precast 4-20% gradient SDS-PAGE gel and separated for 3 h at 100 V. Gels
were then fixed for 2 h in 40% ethanol+10% glacial acetic acid, incubated overnight
with colloidal Coomassie Blue and destained in ddH,0 for 3 h with gentle agitation.
Gels were stored in ddH,0 at 4 °C before mass spectrometry. Protein bands unique
to the phagosome or efferosome lanes were then picked using an Ettan Robotic Spot-
Picker (GE Health Sciences, Baie d'Urfe, QU, Canada). Gel slices were destained
with 50 mM ammonium bicarbonate and 50% acetonitrile, treated with 10 mM DTT
and 55 mM iodoacetamide, and digested with trypsin. Peptides were extracted by a
solution of 1% formic acid and 2% acetonitrile and freeze dried. Dried peptide
samples were then suspended in a solution of 10% acetonitrile and 0.1%
trifluoroacetic acid. Mass spectrometry analysis of each sample was performed using
an AB Sciex 5800 TOF/TOF System (Framingham, MA, USA). Raw mass
spectrometry data analysis was performed using MASCOT database search (http:/
www.matrixscience.com).
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Rab17 cloning. Human Rab17 was PCR amplified (forward primer: 5'-AAA
AAAAAAGAATTCGATGGCACAGGCACACAGGACCCC-3'; reverse primer: 5'-TTT
TTTTTTGGATCCCTAGTGGGCGCAGCATTTGGCCT-3') using Phusion polymer-
ase as per the manufacturer’s instructions with 35 cycles of denaturation (30 s, 98 °
C), annealing (30 s at 61 °C) and extension (1 min at 72 °C). The resulting amplicon
was gel purified and digested with EcoRI and BamHI for 1 h at 37 °C. The restriction
fragment as well as EcoRl/BamHI-digested pEGFP-C1 was recovered using a PCR
cleanup kit as per the manufacturer's instructions and ligated overnight at 16 °C with
T4 ligase. The resulting construct was transformed into chemically competent
DH5¢, grown on LB agar containing 50 xg/ml kanamycin and insertion confirmed
by Sanger sequencing performed by the London Regional Genomics Centre
(London, ON, Canada). Dominant-negative (N132l) Rab17 constructs*® were
prepared by amplifying the above construct with 5’ phosphorylated primers (5'-
GCCCACCAGCATCACCAGGACTTC-3' and 5'-ATCAAGACGGACCTCAGCCAGG
AGCGG-3') using the same PCR cycle as above, except with a 7 min elongation
time. Parental plasmid was removed by the addition of Dpnl (1 : 50 (vol/vol)) to the
PCR reaction and incubating for 1 h at 37 °C. The resulting PCR product was then
gel purified, recircularized by incubating overnight at 16 °C with T4 ligase,
transformed into DH5a and recovered using LB-kanamycin plates. Mutation was
confirmed by Sanger sequencing.

Efferocytosis/phagocytosis assays. For microscopy-based assays
~1x10° of the efferocytic or phagocytic targets were added to each well of a 12-
well plate (~3 ul of bead mimics or ~10 ul of apoptotic cells or heat-killed
E. coli). Targets were mixed into the wells by gentle shaking and forced into contact
with the macrophages by a 1 min, 250 x g centrifugation. For live cell microscopy
experiments, cell-target mixtures were kept at 10 °C until imaged, whereas samples
for fixed-cell imaging were immediately returned to a 5% CO, incubator at 37 °C. For
live cell imaging experiments, coverslips were transferred to a Leiden chamber filled
with 37 °C imaging buffer (150 mM NaCl, 5 mM KCI, 1 mM MgCl,, 100 M EGTA,
2 mM CaCl,, 20 mM HEPES, 1.5 g/l NaHCO;) and the Leiden chamber placed onto
the heated/CO,-perfused live cell piezoelectric stage of a Leica DMIG000B
microscope equipped with a x 100/1.40 NA objective, photometrics Evolve-512 delta
EM-CCD camera, Chroma Sedat Quad filter set and the Leica Application Suite X
software platform (Leica Microsystems, Concord, ON, Canada). The positions of
5-15 transfected cells were marked using the mark and find feature, and live cell
acquisitions of each marked cells acquired at 0.5-1 frames per min, with recordings
conducted for 60-120 min per coverslip. For fixed-cell imaging, cells were incubated
at 37 °C/5% CO, for the desired time following target addition, washed once with
room temperature PBS, and if required, non-internalized beads labeled by the
addition of 1 ul/ml Alexa-647-labeled streptavidin or 1:1000 Alexa-647-labeled anti-
human/mouse Fab. Cells were then fixed for 20 min at room temperature with PBS
+4% PFA and then blocked for 60 min using PBS+5% human serum or 5% bovine
serum albumin; if permeabilized cells were required, 0.1% Triton X-100 was added
during this step. Proteins of interest were labeled following blocking/permeabilization
by the addition of primary antibodies (1:1000 anti-MHC class I, 1:500 anti-LAMP1,
1:200 anti-Rab17) followed by secondary fluorescently tagged Fab’s (1:000 to
1:2500) for 1 h in blocking buffer, with 3x 15 min washes in PBS performed after
each antibody incubation. All labeling and washing was performed at room
temperature. Labeled samples were mounted on glass coverslips using Permafluor
mounting media, and a minimum of 15 cells imaged on each coverslip.

Image analysis. All image analysis was performed in MATLAB (MathWorks,
Natick, MA, USA) using modified forms of our previously published vesicle-tracking
and intensity quantification algorithms.”*~7® Briefly, 90-120 min time-lapse videos
were captured of macrophages ectopically expressing the plasmalamellar marker
PM-RFP, GFP-tagged Rab17 and far-red-labeled targets for phagocytosis/
efferocytosis. TIFF stacks of individual cells were then exported and a local
threshold applied to the target channel using a local neighborhood 2 x the size of
the targets. Targets were then identified using the 'bwlabel' command in MATLAB
and the targets tracked using a robust tracking algorithm.”2’* Image channels
corresponding to PM-RFP and Rab17 were subjected to a global background
subtraction, with no other processing applied, to maintain linearity of intensity data.
Internalized targets were defined as targets that colocalized with a distinct PM-RFP
structure that was no more than 1.4 x (beads) or 2x (E. coli or apoptotic cells) the
diameter of the phagocytic/efferocytic target, and the first frame in which the target
colocalized with a distinct PM-RFP structure was set as the 0 min time point of
phagocytosis/efferocytosis. All tracks were manually curated to ensure accuracy,
with any tracks lasting < 15 min rejected from subsequent analyses. Recruitment of
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Rab17 to the PM-RFP/target structure was then measured at all subsequent time
points, and normalized to the maximum intensity Rab17 structure in the cell.

Colocalization of signaling molecules with phagosomes and efferosomes in fixed
cells was quantified using a similar technique. Z-stack images of cells were captured
and deconvolved using an iterative deconvolution approach. A region of interest (ROI)
was manually drawn around each cell and the mean + S.E.M. of the fluorescence
intensity of each channel within the ROI determined. Phagocytic/efferocytic targets
were then identified using the local background subtraction and thresholding
approach described above, but using the 'bwlabeln' MATLAB command to identify
targets in the 3D images. Each target was converted into a 3D ROls by identifying the
bounding pixels of each target using the 'convhull' command. These ROIs were then
expanded by a factor of 1.4 x, which was determined experimentally to increase ROI
size such that the bounding PM-RFP and any recruited signaling molecules would be
captured without significant inclusion of cytosolic staining (data not shown). Targets
were scored as associated with a molecule of interest if the mean intensity of the
molecule of interest in each ROl was 2 S.D. higher than the mean intensity of the
molecule throughout the entire cell. As with the live cell analyses, no intensity
adjustments other than a global background subtraction were applied to the images of
the signaling molecules to preserve linearity of the image intensity data.

Statistics. GraphPad Prism software (GraphPad Software, La Jolla, CA, USA)
was used for all statistical tests. Unless otherwise noted, ANOVA with Tukey's
correction was used for analysis. Data are presented as mean + S.E.M. P-values
<0.05 are considered to be significant and are indicated by an asterisk.
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