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NRBF2, a regulatory subunit of the ATG14-BECN1/Beclin 1-PIK3C3/VPS34 complex, positively regulates macro- Received 18 July 2019
autophagy/autophagy. In this study, we report that NRBF2 is required for the clearance of apoptotic cells and Revised 4 March 2020
alleviation of inflammation during colitis in mice. NRBF2-deficient mice displayed much more severe colitis Accepted 9 March 2020
symptoms after the administration of ulcerative colitis inducer, dextran sulfate sodium salt (DSS), accompanied KEYWORDS

by prominent intestinal inflammation and apoptotic cell accumulation. Interestingly, we found that nrbf2™"" Apoptotic cell clearance;
mice and macrophages displayed impaired apoptotic cell clearance capability, while adoptive transfer of inflammatory bowel disease;
nrbf2** macrophages to nrbf2™" mice alleviated DSS-induced colitis lesions. Mechanistically, NRBF2 is required macrophage; MON1-CCZ1;
for the generation of the active form of RAB7 to promote the fusion between phagosomes containing engulfed NRBF2; RAB7

apoptotic cells and lysosomes via interacting with the MON1-CCZ1 complex and regulating the guanine

nucleotide exchange factor (GEF) activity of the complex. Evidence from clinical samples further reveals the

physiological role of NRBF2 in maintaining intestinal homeostasis. In biopsies of UC patient colon, we observed

upregulated NRBF2 in the colon macrophages and the engulfment of apoptotic cells by NRBF2-positive cells,

suggesting a potential protective role for NRBF2 in UC. To confirm the relationship between apoptotic cell

clearance and IBD development, we compared TUNEL-stained cell counts in the UC with UC severity (Mayo

Score) and observed a strong correlation between the two indexes, indicating that apoptotic cell population in

colon tissue correlates with UC severity. The findings of our study reveal a novel role for NRBF2 in regulating

apoptotic cell clearance to restrict intestinal inflammation.
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Introduction

Inflammatory bowel disease (IBD), comprised of Crohn dis-
ease (CD) and ulcerative colitis (UC), is characterized patho-
logically by intestinal inflammation and epithelial injury [1].
Genome-wide association studies (GWAS) have revealed con-
nections between autophagy-related genes and IBD.
Polymorphisms in autophagy-related genes, ATGI6LI [2],
NOD?2 [3], LRRK2 [4], IRGM [5], and ULKI [6], have been
linked to CD. Moreover, atg4b-null mice exhibited increased
susceptibility to dextran sodium sulfate (DSS)-induced colon
colitis [7]. More recently, a study reported that deficiency of
Pik3c3, the class III phosphatidylinositol 3-kinase involved in
vesicle trafficking, in zebrafish caused IBD-like injuries by
disrupting cell-junction protein distribution [8], revealing
the potential involvement of the PIK3C3/VPS34 complex in
IBD pathogenesis. NRBF2 (nuclear receptor binding factor 2),
as a component of ATG14-BECN1/Beclin 1-PIK3C3 complex,
modulates autophagy via regulating ATGI14-linked PIK3C3
activity [9]. Our and other’s studies revealed that NRBF2, as
a regulatory subunit of the ATG14-BECN1-PIK3C3 complex,
is involved in multiple diseases and stress conditions [9,10].
However, the specific role of NRBF2 in the development of
IBD has not been explored.

Apoptotic cells are constantly generated in the body
and rapidly removed by professional and nonprofessional
phagocytes for the maintenance of tissue homeostasis
[11,12]. Under inflammatory conditions, excessive num-
bers of apoptotic cells exacerbate the inflammatory
response by becoming secondarily necrotic and causing
a predisposition to autoimmunity [13,14]. When the intes-
tine is inflamed, a dramatic number of apoptotic cells are
generated, leading to a huge burden on phagocytes to clear
these cells. Defects in apoptotic cell clearance exaggerate
the inflammatory response and suspend tissue restoration
in dextran sulfate sodium (DSS)-induced colitis models
[15]. Conversely, boosting apoptotic cell clearance has
been shown to attenuate DSS-induced colitis in the
mouse model [16]. Several genes involved in apoptotic
cell clearance have been associated with IBD [17], indicat-
ing potential links between apoptotic cell clearance and
IBD. Interestingly, several autophagy genes, including
PIK3C3, have been reported to regulate apoptotic cell
clearance [18-20]; however, the detailed biochemical
mechanism is still unclear.

In this study, we first show that NRBF2-deficient mice
are highly sensitive to DSS-induced colitis damage, with the
dramatic accumulation of apoptotic cells in the colon tis-
sue. Then we reveal a novel role for NRBF2 in regulating
apoptotic cell clearance by modulating MON1-CCZ1 gua-
nine nucleotide exchange factor (GEF) activity. We further
show that the adoptive transfer of WT macrophages into
NRBF2-deficient mice obviously attenuates their DSS-
induced colitis. Finally, we observed that the NRBEF2
expression level is upregulated in UC patients’ colon sam-
ples, especially in the macrophages. Together, the evidence
of our study reveals a critical role for NRBF2 in regulating
apoptotic cell clearance to eliminate intestinal inflamma-
tion during UC damage.
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Results

Loss of NRBF2 sensitizes mice to experimental UC lesions
with prominent inflammatory responses and apoptotic
cell accumulation

To explore the role of NRBF2, a regulatory subunit of ATG14-
BECN1-PIK3C3 complex, in maintaining intestinal homeos-
tasis, we established experimental colitis lesions in WT and
nrbf2”" mice by feeding them with 2% DSS (Figure 1A).
Compared to the WT mice, the nrbf2”" mice exhibited sig-
nificantly higher sensitivity to DSS exposure, with faster
weight loss (Figure 1B), higher disease activity indexes
(DAIs) (Figure 1C) and shorter colon lengths (Figure 1D).
Additionally, the histopathological alterations in the nrbf2~""
mice after DSS treatment were more prominent than those in
the WT mice (more epithelial cell loss and inflammatory cell
infiltration) (Figure 1E,F). Inflammation is the pathological
feature of IBD, and we assessed the inflammatory responses in
the WT and nrbf2”"" mice with UC. Interestingly, the nrbf2™"
mice displayed an overall increased inflammatory response
including spleen enlargement (Figure 1G), increased myelo-
peroxidase (MPO) activity (Figure 1H), and elevated pro-
inflammatory cytokine (IL1B/IL-1f and IL6) concentration
in the colon tissue lysates (Figure 1L]J). Moreover, we also
observed a dramatic accumulation of apoptotic cells in the
nrbf2”"" mice after DSS administration (Figure 1K). These
data indicate that the nrbf2”" mice were more vulnerable to
DSS-induced colitis damage and exhibited an obviously
higher inflammatory response than the WT mice.

NRBF2 is required for apoptotic cell clearance and
facilitates the maturation of phagosomes containing
apoptotic cells

Impairment in apoptotic cell clearance has been associated with
inflammation. The observation that apoptotic cells accumulate
dramatically in nrbf2”" mice colon tissue drives us to question
whether apoptotic cell clearance is impaired in nrbf2”~ mice and
contributes to the inflammation. To determine the role of
NRBEF2 in the regulation of apoptotic cell clearance, we intrave-
nously injected PKH26-stained apoptotic thymocytes into WT
and nrbf2”" mice. As expected, the nrbf2”"" mice exhibited
notably delayed clearance of the PKH26-positive cells in the
liver and spleen (cells in circulation are mostly cleared by macro-
phages in these two organs [21]) cell suspensions (Figure 2A-D).
Moreover, we purified bone marrow-derived macrophages
(BMDMs) from wild-type (WT) and nrbfZ_/ " mice (Fig. S1A)
and incubated the BMDM:s with fluorescently labeled (CMFDA)
apoptotic thymocytes (Fig. S1B) for 48 h. The data showed that
the culture medium of the NRBF2-deficient BMDMs exhibited
a higher residual fluorescence value than that of the WT
BMDMs, which indicated that the apoptotic cell clearance ability
of the nrbf2”"~ BMDMs was significantly impaired (Figure 2E).
Overall, NRBF2 deficiency reduced the efficiency of apoptotic
cell clearance both in vitro and in vivo.

Apoptotic cell clearance includes the steps of recognition,
engulfment and phagosome maturation [22]. To determine the
specific mechanism by which NRBEF2 affects the apoptotic cell
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Figure 1. Nrbf2 knockout mice are susceptible to dextran sulfate sodium (DSS)-induced ulcerative colitis. (A) Western blotting of NRBF2 expression in the colon tissue from
wild-type (WT) and nrbf2 knockout (KO) mice. (B) Body weights recorded daily in different groups (n = 9-11). 2% DSS in drinking water was administrated to DSS treatment
groups in the first 9 d, following 2 d of normal drinking water. (C) Daily disease activity indexes (DAIls) of WT and nrbf2”" mice after DSS treatment (n = 9-11). Mean + S.EM.
(D) Length of colons from the different groups (left), and the representative images (right) (n = 9-11). (E) Representative HE staining images of the colon in each group. Scale
bar: 200 um. (F) Histological scoring according to the HE staining result (epithelium scoring, infiltration scoring, and total scoring) (n = 6-7). (G) Spleen weight indexes of the
different groups (spleen weight/body weight [n = 9-11]). Mean + S.D. (H) Determination of MPO (myeloperoxidase) activity in the colon lysates from the different groups
(n =7-8). Mean +S.E.M. (I and J) Determination of IL6 and IL1B concentrations in colon lysates (n = 7-8). Mean + S.E.M. (K) Representative images of TUNEL staining in the
colon of mice from different groups. (red: TUNEL-positive, blue: DAPI). Scale bar: 100 pm. Right: Quantification of the TUNEL-positive cells in the colon tissue samples from
the different groups (n = 8-11 samples). Mean + S.E.M. In B and C, data were analyzed via two-way ANOVA. In D, E and H-K, data were analyzed via one-way ANOVA with the
Tukey test. In G, data were analyzed via an unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

clearance, we first determined the macrophage engulfment abil-
ities by co-culturing CMFDA-labeled apoptotic thymocytes
with BMDMs for 30 min. The results showed no differences
in the engulfment abilities of the nrbf2”~ and WT BMDMs (Fig.
S1D). We further examined the phagosome maturation process
by allowing the BMDM:s to engulf fluorescent apoptotic thymo-
cytes for 30 min and then tracking the clearance of the apoptotic
thymocytes in the BMDMs via flow cytometry. We noticed that

the fluorescent intensity of WT BMDMs gradually reduced
within 2 h, while the nrbf2”" BMDMs displayed delayed fluor-
escent signal elimination (Figure 2F). The results implied that
NRBF?2 regulated phagosome maturation but not the apoptotic
cell engulfment. Then, we directly tracked the phagocytosis
process by utilizing time-lapse imaging. We first stained
BMDMs with LysoTracker and tracked the fusion of CMFDA-
labeled apoptotic thymocytes with lysosomes in the BMDM:s by
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Figure 2. Nrbf2 knockout inhibits apoptotic cell clearance via impairing the phagocytic maturation. (A) and (C) PKH26-labeled events in isolated hepatocytes and
splenocytes from WT and nrbf2”"" mice at the indicated times after the I. V. injection of PKH26-labeled apoptotic thymocytes (n = 3-5). Mean + S.E.M. (B) and (D)

Representative immunofluorescence images of frozen sections from WT and nrbf2™"

mouse liver and spleen at 24 h after the I. V. injection of apoptotic cells. Scale bar:

50 um. (Red, PKH26-positive events; Blue, DAPI). (E) Residual fluorescence value after co-culturing BMDMs from WT and nrbf2~"" with CMFDA-stained apoptotic thymocytes
for 48 h (n = 3). Mean = S.D. (F) Flow cytometry analysis of WT and nrbf2~ BMDMs at different times after co-culturing with CMFDA-labeled apoptotic cells for 30 min. (G)
Representative time-lapse images after adding CMFDA-labeled apoptotic thymocytes to WT and nrbf2”~ BMDMs. (red: LysoTracker; green: CMFDA-stained apoptotic
thymocytes). (H) The distribution analysis of engulfed-apoptotic thymocytes by recording the time required for lysosome-phagosome fusion in WT and nrbf2™"~ BMDMs
(Start point, green-colored apoptotic thymocytes being engulfed by BMDM; End point, green apoptotic thymocytes become yellow).

time-lapse live-cell imaging. The result showed an obviously
impaired fusion between engulfed apoptotic cells and lysosomes
in the nrbf2”" BMDMs (Movie S1, S2, Figure 2G,H). Together,
these results indicated that the loss of NRBF2 impaired apopto-
tic cell clearance by interrupting the phagosome maturation
process.

NRBF2 regulates RAB7 activity during phagosome
maturation

Phagosome maturation is a highly regulated process involving
a series of proteins. In particular, RAB5A and RAB?7 are respon-
sible for the regulation of the early and late stages of phagocytosis
and mutually facilitate phagosome maturation [23-25]. To

elucidate the specific mechanism by which NRBF2 regulates
phagosome maturation, we allowed the BMDMs from both
WT and nrbf2”"" mice to engulf fluorescent polystyrene beads
and then stained markers of early phagosomes (RAB5), late
phagosomes (RAB7) and lysosomes (LAMPI1). Interestingly,
we observed increased RAB5A and delayed RAB7 or LAMP1
fluorescence intensity surrounding the beads in the nrbf2”"
BMDMs (Figure 3A-D), indicating impaired maturation from
the early endosome to the late endosome/lysosome in the
nrbf2”" BMDMs. LC3-associated phagocytosis has been
revealed to be an important form of phagocytosis in macro-
phages for the clearance of extracellular particles including
apoptotic cells. To figure out whether NRBF2 is involved in the
phagosome maturation of LC3-associated phagocytosis, we
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Figure 3. NRBF2 deficiency inhibits phagocytic maturation by prohibiting RAB7 recruitment. (A—C) Representative immunofluorescence images of RAB5A, RAB7, and
LAMP1 expression around beads in WT and nrbf2~"- BMDMs after treatment with the latex beads for the indicated times. Scale bar: 5 um. (D) Mean fluorescence
density of RAB5A, RAB7, and LAMP1 around beads after treating BMDMs with the latex beads for 2 h (n = 40-45). Mean + S.D. (E) Representative immuno-
fluorescence images of LC3 expression around beads in WT and nrbf2~" BMDMs after treatment with the latex beads for the indicated times. Scale bar: 5 um. (F)
Mean fluorescence density of LC3 around beads after treating BMDMs with the latex beads for the indicated times. In D and F data were analyzed via an unpaired

Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

tracked LC3 expression by staining BMDMs (WT and nrbf2™")
with LC3 antibody. We observed that more LC3 is recruited
surrounding beads in nrbf2”"~ macrophages than WT after 2 h
(Figure 3E,F). The data further proved that phagosome matura-
tion, but not the phagocytic cargo recognition and engulfment,
was impaired in nrbf2”” macrophages. As RAB7 is a GTPase that
replaces RAB5A and activates phagosome-lysosome fusion, we
hypothesized that NRBF2 deficiency impaired RAB7 function
during phagosome maturation. To test our suspicion, we mea-
sured the level of GTP-bound RAB7 on phagosomes using
a fluorescence resonance energy transfer (FRET)-based Raichu-
RAB7 probe, which was designed for the real-time detection of
GTP-RAB?7 in live cells [26]. We monitored the FRET/CFP ratio
around the engulfed apoptotic cells in the BMDMs and found
that there was less GTP-bound RAB7 (active form) recruitment
in the nrbf2”"" BMDMs (Figure 4A,B, Movie S3, and $4). We also
utilized a GTP-binding agarose for pulling down GTP-bound
RAB7 from macrophages, and we found much less GTP-bound
RAB7 was pulled down in NRBF2-deficient macrophages
(Figure 4C). Overexpression of RAB7 and NRBF2 exhibited
a partial colocalization distribution (Figure 4D). To fully confirm
that the impairment of the RAB7 function is responsible for the

impaired phagosome maturation in NRBF2-deficient macro-
phages, we overexpressed the constitutively active form of
RAB7 (RAB7?” 1Y) in the nrbf[/’ BMDMs. The results showed
that the amount of LAMPI1 surrounding the beads was back
to normal in nrbf2”” BMDMs transfected with RAB7?% *
(Figure 4E). Moreover, time-lapse imaging showed a well-
rescued phagocytosis process (apoptotic cells were engulfed
and transported from outward-extended pseudopods to the
central cell body) in the RAB7? 'transfected nrbf2”"
BMDMs (Figure 4F,G and Movie $5-7). Collectively, these data
indicate that the NRBEF2 deficiency decreased RAB7 activity to
inhibit phagosome maturation.

NRBF2 interacts with the MON1-CCZ1 complex and
regulates its activation during phagosome maturation

A critical regulator for the transition from the RAB5A-
positive early phagosome to the RAB7-positive late phago-
some is the MON1-CCZ1 complex [24,25]. This complex is
the guanine nucleotide exchange factor (GEF) that allows
RAB?7 to transition from the GDP-bound form to the GTP-
bound form. The MON1-CCZ1 complex has been identified
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(indicated by arrow). (F) Representative time-lapse images of CMFDA-stained apoptotic cells in WT, nrbf2™", and RFP-Rab7-transfected nrbf2~~ BMDMs after they
were treated with the CMFDA-stained apoptotic cells. (G) Classification of apoptotic cells according to the time required for phagosomes moving into the swelling
cell body. In B, data were analyzed via an unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

as a conserved complex for phagosome maturation during
the apoptotic cell engulfment [20]. To investigate whether
NRBEF2 regulates the MON1-CCZ1 complex during phago-
cytosis, we applied co-immunoprecipitation (Co-IP) to assess
the interaction between NRBF2 and MON1 or CCZ1. We
found that NRBF2 interacts with both MON1 and CCZ1
(Figure 5A,B). Moreover, we treated Raw264.7 cells with
carboxylate-modified microspheres after transfecting cells
with GFP-Monl and HA-Nrbf2 plasmids. We found that
GFP-MON1 and HA-NRBF2 colocalized around the micro-
spheres (Figure 5C). More interestingly, the interactions
between NRBF2 and CCZ1 or PIK3C3 were dramatically
increased after treating the BMDMs with apoptotic cells for
12 h (Figure 5D). Therefore, NRBF2 can interact with the
MON1-CCZ1 complex, and this interaction is increased dur-
ing the apoptotic cell clearance. To confirm whether the GEF
activity of the MONI1-CCZ1 complex is inhibited without
NRBEF2, we established an in vitro GEF activity assay with
immuno-purified MON1-CCZ1 complex using an anti-

CCZ1 antibody. Interestingly, we found that the GEF activity
of the MON1-CCZ1 complex isolated from the nrbf2™"
BMDMs was obviously decreased compared with that from
the WT BMDMs (Figure 5E). The MON1-CCZ1 complex has
been reported to be recruited to PI3P-containing vesicles for
activation in yeast [27]. We hence speculated that the inter-
action between MON1-CCZ1 and PIK3C3 might be inter-
rupted in nrbf2”" cells. Indeed, the co-IP experiment
revealed that the interaction of CCZl and PIK3C3 in
NRBF2-deficient BMDMs is much weaker than that in WT
BMDMs after stimulation with apoptotic cells for 12 h
(Figure 5F). In support of this notion, SAR405 (Specific
PIK3C3 inhibitor) was added when performing the in vitro
GEF activity assay with the CCZ1 antibody-IPed product,
and the inhibition of GEF activity was observed (Figure 5G).
Together, these results indicate that NRBF2 interacts with
the MON1-CCZ1 complex and is required for its GEF activ-
ity to promote the activation of RAB7 for phagosome
maturation (Figure 5H).
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Figure 5. NRBF2 is involved in the GEF function regulation via binding to the MON1-CCZ1 complex. (A) Co-immunoprecipitation of GFP or GFP-NRBF2 with Flag-
MONT1 after co-transfection into HEK293 cells. Cells were co-transfected with Flag-Mon1 and GFP or Flag-Mon1 and GFP-Nrbf2. Using the GFP antibody to detect the
GFP-NRBF2 expression in Flag-MON1 enriched-proteins. (B) Co-immunoprecipitation of GFP or GFP-NRBF2 with Flag-CCZ1 after co-transfection into HEK293 cells.
Cells were co-transfected with Flag-Ccz1 and GFP or Flag-Ccz1 and GFP-Nrbf2. Using the GFP antibody to detect the GFP-NRBF2 expression in Flag-CCZ1 enriched-
proteins. (C) Representative images after adding carboxylate-modified microspheres (2 um) into Raw 264.7 cells that were transfected with GFP-Mon1 and HA-Nrbf2
for 2 h. Scale bar: 5 pm or 1 um. (D) Co-immunoprecipitation of PIK3C3 or CCZ1 with NRBF2 endogenously after treating BMDMs with apoptotic cells at different time
points. (E) In vitro measurement of the CCZ1 antibody-immunoprecipitated GEF activity in WT and nrbf2~"~ BMDMs. Using the CCZ1 antibody to pull down proteins in
WT and nrbf2~"" BMDMs. Then detect the GEF activity of these proteins. (F) Co-immunoprecipitation of PIK3C3 or NRBF2 with CCZ1 endogenously after treating WT or
nrbf2~" BMDMs with apoptotic cells after 12 h. (G) In vitro measurement of CCZ1 antibody IPed GEF activity in the presence or absence of SAR405 (PIK3C3 inhibitor)
for 12 h. Treat BMDMs with DMSO or 1 pm SAR405 for 12 h, then use CCZ1 to pull down proteins for GEF activity determination. (H) A summary diagram shows the
role of NRBF2 in regulating RAB7 GEF activity and apoptotic cell clearance during colitis pathogenesis.

Adoptive transfer of WT macrophages into nrbf2™"" mice
attenuates DSS-induced colitis

In order to confirm the relationship between macrophage
function and IBD in nrbf2”"" mice, we transferred WT or
nrbf2”- BMDM s into nrbf2 ""mice 1 d prior to DSS treatment
following the protocol reported previously [28]. The results
showed that WT BMDMs transfer dramatically rescued the

DSS-induced bodyweight drop, DAI increase, colon shorten-
ing, MPO elevation, and spleen enlargement in nrbf2™"" mice,
compared with nrbf2”" BMDMs transfer (Figure 6A-F).
Moreover, the accumulation of apoptotic cells in nrbf2™"
mice receiving DSS treatment was also alleviated by transfer
of WT BMDMs, compared with nrbfZ’/' BMDMs transfer
(Figure 6G,H). In addition, to evaluate the effects of nrbfZ_/ -
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Figure 6. Adoptive transfer of macrophage from WT mice ameliorates DSS-induced-colitis in nrbf2~~ mice compared to the transfer of nrbf2”" macrophage. WT or

nrbf2”" mice were injected WT or nrbf2~" macrophages (1 x 10° cells) via I. V. injection before the

-ISt

day for DSS treatment. (A) Body weights recorded daily in

different groups (n = 6-8). 2% DSS in drinking water was administrated to DSS treatment groups in the first 5 d, following 2 d of normal drinking water. Mean + S.E.
M. (B) Daily disease activity indexes (DAIs) of WT and nrbf2™"" mice after DSS treatment (n = 6-8). (C and D) Length of colons from the different groups (left), and the
representative images in D (n = 6-8). (E) Determination of MPO (myeloperoxidase) activity in the colon lysates from the different groups (n = 6-8). Mean +S.E.M. (F)
Spleen weight indexes of the different groups (spleen weight/body weight [n = 6-8]. Mean + S.D. (G) Representative images of TUNEL staining in the colon of mice
from different groups. (green, TUNEL positive, blue, DAPI). Scale bar: 100 um. (H) Quantification of the TUNEL-positive cells in the colon tissue samples from the
different groups (n = 6-8 samples). Mean = S.EM. In A-C, E, F, and H, data were analyzed via one-way ANOVA with the Tukey test.

BMDMs in WT mice during DSS-induced UC development,
we have transferred nrbf2”" or WT BMDMs to WT mice
1 day prior. We found that nrbf2”" BMDMs aggravate the
DSS-induced UC development (Fig. S5A-E). We conclude
that macrophagic NRBF2 played a protective role in DSS-
induced colitis.

NRBF2 expression is upregulated in the colon tissue of UC
patients

To further explore the physiological relevance between NRBF2
and UC, we measured NRBF2 expression levels in colon tissue

from UC patients and healthy controls. We confirmed the
pathological characteristics of UC by HE staining (Figure 7A).
Colon tissues from UC patients displayed more TUNEL-positive
cells and more ITGAM-positive macrophage staining (Fig. S2A-
D). Western blotting (WB) analysis showed higher NRBF2
expression in the colon tissue from the UC patients than in the
healthy controls (Figure 7B). Immunohistochemistry staining
revealed that NRBF2-positive cells were mainly distributed in
the lamina propria, and the morphology of the NRBF2-positive
cells resembled that of infiltrated inflammatory cells rather than
the resident colonic cells (Figure 7C and S1 C). We further
performed double staining with the macrophage-specific marker
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Figure 7. NRBF2 expression is upregulated in the colon of UC patients. (A) Representative images of the HE staining of clinically normal and active UC human colon
biopsies (n = 3). Scale bar: 200 um. (B) Western blotting results in the NRBF2 expression in normal and active human UC human colon tissue. Below, Quantification of
the western blotting results for relative NRBF2 expression that normalized with ACTB in normal and active UC human colon tissue (n = 11-13). Mean + S.D. (C)
Immunohistochemistry images of the NRBF2 staining of normal and active UC human colon samples (violets, nuclei; brown, NRBF2; n = 3 samples). Right,
Quantification of IHC staining results of NRBF2 in normal and active UC human colon. Scale bar: 100 pm. (D) Colocalization of NRBF2 and CD68 in active human UC
colon samples (n = 3 samples; red, CD68; green, NRBF2). Scale bar: 100 pm. Mean + S.D. Data in B and C. were analyzed via an unpaired Student’s t-test. *P < 0.05.

CD68 and NRBF2 antibody and observed that almost all
NRBEF2-highly expressed cells were positive for CD68 staining
(Figure 7D), indicating that NRBF2 expression is highly upre-
gulated in macrophages in the UC colon tissue.

Apoptotic cell accumulation in colon biopsies of active UC
patients correlates with disease severity

Increased apoptotic cell number has been observed in UC
patient colon tissue. To provide a more quantitative analysis
of the relationship between apoptotic cell accumulation and
disease severity, we analyzed the apoptotic cell index in colon
tissue sections from UC patients (Table S1) by TUNEL stain-
ing and by determining the UC Mayo score (Figure 8A-C),
the most commonly used disease severity index for UC in
clinical trials [29]. All patients were initially diagnosed with-
out any previous medication. The results showed that the
apoptotic cell index in the colon is positively correlated with
the disease severity of UC. Importantly, we stained the NRBF2
protein on the colon tissue slide after TUNEL staining and

observed some apoptotic cell debris (TUNEL-positive part)
were being engulfed by the NRBF2-positive cells (Figure 8D).
The result provides direct evidence that NRBF2 is associated
with apoptotic cell clearance in UC patient colon tissue.

Discussion

Genetic evidence has revealed the link between autophagy
dysfunction and the development of IBD. However, the
mechanistic connection between autophagy and IBD has not
been well characterized, though multiple pathological
mechanisms have been proposed. In this study, we report
that Nrbf2, an autophagy-related gene, plays a protective
role in alleviating IBD injuries. NRBF2 regulates autophagy
as a regulatory subunit of ATG14 L-BECN1-PIK3C3 complex
[9,30]. Pik3c3 deficiency has been reported to cause IBD-like
injures in zebrafish [8], and our study provides the first
evidence in mammals of a relationship between the NRBF2/
PIK3C3 complex and IBD. Interestingly, different from the
Pik3c3-deficient zebrafish, which are postnatal lethal and
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autonomously develop severe intestinal injuries [8], nrbf2™"
mice survive and, in large, behave normally. Our previous
study revealed that nrbf2”"~ mice developed mild liver injuries
by the age of 10 months [9]. We also observed enlargement of
the spleen in the nrbf2”"~ mice. However, the mice do not
display obvious colitis symptoms under normal conditions.
Hence, nrbf2”" mice can be a good model to study the role of
autophagy-PIK3C3 impairment in the development of IBD, as
well as for the evaluation of therapeutics against intestinal
inflammation associated with autophagy deficiency.
Apoptotic cells emerge daily, which is thought to account
for the necessity of efficient turnover for the maintenance of
homeostasis [31]. During inflammation, there is a dramatic
increase in the number of apoptotic cells in affected tissues,

and this increase recruits residential phagocytes or circulating
immune cells, such as neutrophils and macrophages, thus
enhancing apoptotic cell clearance to avoid the tissue becom-
ing secondarily necrotic, which would cause aggravated
inflammation and a predisposition to autoimmunity [31].
The genetic regulation of apoptotic cell clearance affects tissue
inflammation in the DSS-induced UC mouse model [32],
indicating that efficient apoptotic cell clearance is critical for
preventing colitis injury. The data provided in this study
revealed a novel role for NRBF2 in facilitating apoptotic cell
clearance and alleviating intestinal inflammation during IBD.
Interestingly, we found that nrbf2”" mice showed increased
spleen weight compared to WT mice in normal conditions. As
a previous study revealed, the spleen, among all the lymphoid
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organs, is particularly responsible for the clearance of blood-
borne pathogens and apoptotic cells [33]. We speculate that
the enlarged spleen in nrbf2”"" mice may be a compensatory
response to delayed apoptotic cell clearance. In addition,
a slight increase of TUNEL-positive cells is observed in the
colons of nrbfZ_/ " mice without DSS administration, which
suggests that NRBF2 is involved in apoptotic cell clearance in
the colon tissue under normal physiological condition. We
also found that most of the apoptotic cells in the submucosa
layer in the DSS-induced nrbf2”"~ mice colon can be coloca-
lized with PTPRC/CD45 (Fig. S4A), indicating lots of apop-
totic leukocytes accumulation. Besides, after determining the
sensitivity of WT and nrbf2”" macrophages toward several
cell death triggers, we found that macrophage lacking NRBF2
displayed slightly decreased cell viability, while no obvious
increased cytotoxicity when compared to WT (Fig. S4B-E).
Moreover, evidence from clinical samples showed that apop-
totic cell accumulation is strongly correlated with UC disease
severity. Together, the data presented in this study, as well as
those published elsewhere, highlight the role of efficient apop-
totic cell clearance in inflammation resolution and tissue
recovery during IBD.

The previously unknown role of NRBF2 in regulating
phagosome maturation for apoptotic cell clearance was fully
explored in this study. Three steps are involved in apoptotic
cell clearance: the sensing and recognition of apoptotic cells
by phagocytes, the engulfment of apoptotic cells, and the
degradation of phagosomes [34]. In this study, by tracing
the fusion between engulfed apoptotic cells and lysosomes,
we showed that NRBF2 is specifically required for phagosome
maturation. We further confirmed that the loss of NRBF2
expression interrupts the transition of RAB5A-positive early
phagosomes into RAB7-positive late phagosomes. When
examining the biochemical mechanism, we observed
a dramatic reduction in the level of GTP-bound RAB7 sur-
rounding the engulfed apoptotic cells in nrbf2”" macro-
phages. Overexpressing RAB7 rescued impaired phagosome
maturation, indicating that the reduced level of GTP-bound
RAB7 was responsible for the phagosome maturation impair-
ment in nrbf2”"~ macrophages. MON1-CCZ1 is the GEF that
transforms RAB7 from the GDP-bound form to the GTP-
bound form and has been identified as the conserved regula-
tor of engulfed apoptotic cell clearance [24]. Interestingly, we
found that NRBF2 expression was increased in BMDM after
treating with apoptotic cells for 12 h (Fig. S4 F and S4 G).

Furthermore, NRBF2 interacts with CCZ1 and MONI, and
the interaction is enhanced after treating the BMDMSs with
apoptotic cells. This observation indicates a potentially impor-
tant role for NRBF2 in the regulation of MON1-CCZ1 complex
function during apoptotic cell clearance. The subsequent results
show that the MONI-CCZ1 GEF activity was dramatically
impaired in nrbf2”" macrophages, indicating that NRBE2 is
required for the maintenance of GEF activity to facilitate phago-
some maturation. NRBF?2 is a binding partner of PIK3C3, which
is responsible for the generation of phosphatidylinositol-3-phos-
phate (PI3P). PIK3C3 is an essential factor for the early sorting
and delivery of proteins to the vacuole during phagocytosis [35].
Recent studies have revealed that PIK3C3 is also involved in the
phagosome maturation [36-38]. Interestingly, PI3P has been

reported to recruit the MON1-CCZ1 complex and activate its
GEF activity. Our data shows that NRBF2 is required for the
interaction between the MON1-CCZ1 complex and PIK3C3,
while PIK3C3-specific inhibitor SAR405 inhibited GEF activity
in macrophages. The data reveals a critical role for NRBF2 in
regulating the association of PIK3C3 and MON1-CCZ1 to acti-
vate GEF activity. Furthermore, the transcriptome analysis of
WT and nrbf2”” BMDMs provide more evidence for the role
of NRBEF2 in regulating phagocytosis and inflammation (Fig. S3).
Several genes involved in response to stimulus and phagosome
processes were identified through GO annotations analysis or
KEGG enrichment analysis (Fig. S3).

This study highlights the potential roles for NRBF2 in
macrophage function and UC development. We found that
NRBF2 expression was upregulated in macrophages in UC
patient colon tissue, suggesting the involvement of NRBF2 in
macrophage function and UC development. As a part of the
innate immune system, macrophages govern gut homeostasis
by protecting intestinal tissue from foreign invaders [39]. The
continuous activation of intestinal immune responses by
uncleared invaders is an important event in the triggering of
UC. The fact that UC is characterized by enhanced recruit-
ment and retention of macrophages [40] implies that macro-
phages have a critical role during UC development. To
support this hypothesis, a previous study showed that mice
with ATG16L1-deficient macrophages were more vulnerable
to DSS-induced colitis than wild-type mice [41]. Macrophages
have two major functions as innate immune cells: the regula-
tion of inflammation by releasing cytokines, and the elimina-
tion of invading pathogens and apoptotic cells by efficient
phagocytosis. Most of the studies on the role of macrophages
in UC pathogenesis have focused on the regulation of inflam-
mation function of macrophages [42-44]. However, resident
macrophages are limited to the classic proinflammatory
response [45], and they contribute important functions in
intestinal homeostasis by efficiently engulfing invading bac-
teria and apoptotic cells during UC [46]. Interestingly, we
observed a dramatic accumulation of apoptotic cells in the
colon tissue of nrbf2™" mice, and these mice displayed delayed
apoptotic cell clearance. Studies with purified BMDMs further
confirmed that the apoptotic cell clearance capability of the
nrbf2”- BMDMs is dramatically impaired. Hence, it is reason-
able for us to speculate that the impaired apoptotic cell clear-
ance ability of macrophages at least partially contributes to the
enhanced IBD injury in nrbf2”" mice. The data from the
clinical samples reveal that NRBF2-positive macrophages are
dramatically increased in the UC patients’ colon, further sup-
porting a role for NRBF2 in regulating macrophage function
in IBD.

Materials and Methods
Reagents, plasmids, and antibodies

DSS was obtained from MP Biomedicals (160,110).
Hexadecyltrimethyl ammonium bromide, o-dianisidine dihy-
drochloride, the PKH26 red fluorescent cell linker for general
cell membrane labeling (MINI26), and sodium pentobarbital
(P3761) were purchased from Sigma-Aldrich. DAB (SK-4100)



was obtained from Vector Laboratories. An in situ cell death
detection kit was purchased from Roche (12156792910 and
11684795910). CellTracker™ Green CMFDA (C2925), pHrodo
Red (P36600), Dynabeads Protein G (10007D), LysoTracker Red
DND-99 (L-7528), mant-GDP (M12414), GTP protein
(18332015), and the Clean-Blot IP Detection Kit (21232) were
purchased from Invitrogen. An ANXA5/annexin V and PI stain-
ing kit was purchased from the Miltenyi Biotec (130092052).
Fluoresbrite BB carboxylate latex beads were purchased from
PolyScience (18340-5). Protein A/G Plus-agarose was obtained
from Santa Cruz Biotechnology (sc2003). RAB7 protein was pur-
chased from Abcam (ab103507). A prepared desalting column
(86849), Hoechst 33342 (HI1339) were obtained from
ThermoFisher Scientific. pRaichu-RAB7/A441 was a generous
gift from Takeshi Nakamura (Tokyo University of Science,
Japan), and RFP-RAB7 was purchased from Addgene (14436,
deposited by Ari Helenius) [47]. NRBF2 was subcloned into
pcDNA3-CFP (13030, deposited by Doug Golenbock) [9]. GFP-
CCZ1 and GFP-MONI1 were provided as a gift by Mistunori
Fukuda (Tohoku University, Japan). Flag-MON1 and Flag-
CCZ1 were subcloned into p3xFLAG-CMV'™ 7.1 (Sigma,
E7533). HA-NRBF2 was provided as a gift by Qiong Zhong
(University of Texas Southwestern Medical Center, Dallas,
TX, USA).

An anti-RAB7 antibody (9367), anti-RAB5A antibody
(3547), anti-LAMP1 antibody (9091), anti-ACTB/f-actin anti-
body (4970), anti-rabbit HRP antibody (7074), anti-mouse
HRP antibody (7076) and anti-NRBF2 antibody for WB
(8633) were purchased from Cell Signaling Technology. The
anti-NRBF2 antibody for immunofluorescence (IF) and
immunohistochemistry (IHC) (HPA021670) was obtained
from Sigma-Aldrich. The anti-NRBF2 antibody used for the
Co-IP studies (A301-851) was purchased from Bethyl
Laboratories. An anti-PIK3C3/VPS34 antibody (38-2100)
was obtained from Echelon Biosciences. An anti-MONT1 anti-
body (ab103919) and anti-SQSTM1/p62 antibody (ab109012)
were purchased from Abcam (Cambridge, MA, USA). An
anti-CCZ1 antibody (sc-514290) and anti-CD68 antibody
(sc-20060) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The anti-ITGAM/CD11b antibody
(NB110-89474) for IF was obtained from Novus Biologicals.
The FITC-conjugated anti-ITGAM/CD11b antibody for flow
cytometry (553310) was obtained from BD Biosciences. The
PE/Cy7-conjugated anti-ADGRE1/F4/80 antibody for flow
cytometry (123114) was obtained from Biolegend. Alexa
Fluor 488- or 555-conjugated goat anti-rabbit and goat anti-
mouse antibodies were purchased from Invitrogen (A-11034
and A-21422).

Animal and human tissue specimens

The generation of nrbf2”"~ mice has been previously described [9].
In all experiments, the nrbf2”" mice and their WT littermate
control wild-types (WT) derived from interbreeding of heterozy-
gous C57BL/6 mice were genotyped by PCR with a forward primer
(primer F: 5-GACAGCTATATCAGGGTCCTG-3') and reverse
primers (primer R1 for genomic Nrbf2; 5-GATCAAGCAGTAC
CTCCAAAC-3; primer R2 for pU-21 W; 5-CCGGCTAAAACT
TGAGACCTTC-3"). The WT band was 339 bp in size, and the
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mutant band was 488 bp. All mice were maintained at the
University of Macau animal facility according to the guidelines
of the administrative panel. All the experimental procedures were
approved by the University of Macau animal research ethics
committees.

Human tissues were obtained as formalin-fixed, paraffin-
embedded tissue sections or frozen blocks from the
Department of Gastroenterology, Nanfang Hospital,
Southern Medical University, Guangzhou, China. The
sources of the tissues remained anonymous according to
the guidelines approved by the Hospital’s Research Ethics
Board.

DSS-induced mouse colitis model

Mice (littermates, 10-12 weeks old) were given drinking water
containing 2% DSS for 8 d, followed by normal water for 3
d. Changes in body weight were measured daily. DAI score
was also evaluated daily. Scores were defined as follows:
weight loss: 0 (no loss), 1 (1-5%), 2 (5%-10%), 3 (10%-
20%), and 4 (>20%); bleeding: 0 (no blood), 1 (hemoccult-
positive), 2 (hemoccult-positive and visual pellet bleeding),
and 4 (gross bleeding); stool consistency: 0 (normal), 2
(loose stool), and 4 (diarrhea). After the experiment, the
mice were anesthetized with an L.P. injection of sodium pen-
tobarbital. The colon and spleen were removed and the length
and weight, respectively, were recorded. Each colon was
divided into four parts. 0.5 cm of the distal colon was placed
into 4% paraformaldehyde; the remaining colon was divided
into three parts of equal length from the distal end for MPO
analysis, immunoblotting, and cytokine analysis.

Histology and immunohistochemistry

Colon tissue was fixed overnight in 4% paraformaldehyde,
embedded in paraffin, and then sectioned into 4 pm slices.
Slides were stained separately with HE. The histological score
represents the sum of the epithelial damage and inflammatory
cell infiltration scores, and these scores were evaluated as
described previously [48]. For epithelial damage, the scores
were calculated as: 0, normal morphology; 1, loss of goblet
cells; 2, loss of crypts; and 4, large areas with crypt loss. For
inflammatory cell infiltration, the scoring was as follows: 0, no
infiltration; 1, infiltration around crypt bases; 2, infiltration
reaching the lamina muscularis mucosae; 3, extensive infiltra-
tion reaching the lamina muscularis mucosae and thickening
of the mucosa with abundant edema; and 4, infiltration of the
lamina submucosa. For immunohistochemistry studies, the
slides were deparaffinized and rehydrated. Antigen retrieval
was performed by using 0.05 M citrate buffer (pH 6.0)
(Beyotime, P0083) at 100°C for 15 min. After the slides were
blocked with 3% H,O, (Aladdin, H112517), the sections were
incubated with an anti-NRBF2 antibody overnight at 4°C,
followed by incubation with an HRP-conjugated anti-rabbit
IgG, and reacted with a peroxidase substrate kit for DAB
(Vector, SK-4100).
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Colonic myeloperoxidase (MPO) assay

Tissue samples were thoroughly washed and homogenized in
0.5% hexadecyltrimethyl ammonium bromide in 50 mM potas-
sium phosphate buffer (50 mM K,HPO,, 50 mM KH,PO, pH
6.0) and centrifuged. MPO was detected in the supernatant by
adding 1 mg/mL of o-dianisidine dihydrochloride and 5
x 107*% H,0,; the change in optical density at 450 nm was
recorded. One unit of MPO activity was defined as the amount
that degraded 1.0 mol of peroxide/min at 25°C.

Cytokine analysis

The levels of cytokines (IL6, IL1B) in the colon tissue lysate were
determined by using Bio-plex 23 cytokine mouse array with
a Bio-plex system (Bio-Rad Laboratories, Hercules, CA, USA)
according to the instructions provided by the manufacturer.

TUNEL staining

The paraffin-embedded distal colon region was cut by
a microtome at 4 pm. After de-waxing, the sections were
immersed in 0.1 M citrate buffer (pH 6.0), microwaved at
350 W for 5 min and then incubated with TUNEL reaction
mixture (Roche, 12156792870 or 11684795910) for 1 h at 37°
C using an in situ cell death detection kit according to the
manufacturer’s instructions. The nuclei were counterstained
with Hoechst 33342. Stained images were captured under an
IX73 inverted microscope (Olympus, Tokyo, Japan). For each
mouse, 3 to 5 random fields of the colon were captured
per section. TUNEL-positive signals were quantitatively ana-
lyzed by Image] software (NIH). The apoptotic index was
determined by calculating the TUNEL-positive area normal-
ized to the total nuclear area for each field.

Immunoblotting and co-immunoprecipitation

Tissue or cells were lysed with RIPA buffer (50 mM Tris-HCI,
pH 7.4, 1% NP40 [Sigma, 1175499001], 0.35% DOC [Sigma,
D6750], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, supple-
mented with protease and phosphatase inhibitor cocktails
[ThermoFisher, A32961]). The lysates were denatured in 1
X sample loading buffer and resolved by SDS-PAGE, and then
the proteins were transferred to a polyvinylidene difluoride
membrane (Bio-Rad, 1620177). After blocking with 5% nonfat
milk (Bio-Rad, 1706404) in Tris-buffered saline (Tris 20 mM,
NaCl 137 mM, pH 7.6) containing 0.1% Tween-20 (Sigma,
P2287) (TBST), the membranes were incubated with different
primary antibodies overnight at 4°C. The proteins were
detected by chemiluminescence using an HRP substrate (GE
Healthcare, RPN2232) after incubating the membrane with an
HRP-conjugated secondary antibody and washing with TBST.
Western blotting images were quantified using Imaging
LabTM software (Bio-Rad).

For Co-IP, cells were homogenized in IP lysis buffer
(10 mM Tris-HCI, pH 7.5, 2 mM EDTA, 1% NP40, 150 mM
NaCl supplemented with protease and phosphates inhibitors).
The lysates were incubated with specific antibodies overnight,
followed by incubation with Dynabeads protein G for 4 h. The

beads were washed 3-5 times with IP lysis buffer and dena-
tured in 1 X sample loading buffer before the immunopreci-
pitated proteins were resolved by SDS-PAGE. For the
detection of NRBF2 and CCZ1, the Clean-Blot IP Detection
Kit was used to exclude the interference of the IgG bands
during the immunoblotting steps.

BMDMs

Cells were obtained by flushing the femur and tibia from WT
or nrbfZ’/ " C57BL/6 mice at similar ages (6-8 weeks), and the
isolated cells were cultured in culture medium (Dulbecco’s
modified Eagle’s medium [DMEM] (Gibco, 21063-029) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco,
26140-079), 10% L1929 conditioned medium (prepared
according to the method from Hosoe et al. [49]), and 1%
penicillin and streptomycin (Gibco, 15140122)). The culture
medium was changed every 2 or 3 d. On day 7, the cells were
stained with PE/Cy7-conjugated anti-ADGRE1/F4/80 and
FITC-conjugated anti-ITGAM/CDI11b antibodies and ana-
lyzed by flow cytometry with a FACS Canto flow cytometer
(BD Biosciences, San Diego, CA, USA).

Transfection

BMDMs were transiently transfected with 5 ug of RFP-Rab7
or CFP-Nrbf2 plasmids by using the Amaxa 4D-Nucleofector
X Unit under the pre-tested program. After 24 h of post-
transfection, the cells were prepared for time-lapse imaging
or fixation for confocal imaging.

For the Co-IP of lysates from HEK293 cells (ATCC, CRL-
1573), we transfected the HEK293 cells with plasmids using
Lipofectamine 3000 (Invitrogen, L3000-008) according to the
manufacturer’s manual. The cells were harvested 24 hours
after transfection.

Flow cytometry in vitro engulfment assay

We plated BMDMs (3 x 10° cells) in 24-well plates and incubated
with 3 x 10° CellTrackerTM Green CMFDA-labeled apoptotic
thymocytes for 15 or 30 min. We induced apoptosis in the
thymocytes by keeping them in 1% PBS at 4°C for 48 h (at
which, > 70% of the cells were apoptotic in preliminary
ANXAS5 and PI experiments). We analyzed the detached cells
by flow cytometry (FACSCanto, BD Biosciences).

Determination of the maturation process of phagosomes
containing apoptotic cells

The CMFDA labeled-apoptotic thymocytes were resuspended in
DMEM medium and incubated at a multiplicity of infection
(MOI) of 8 with BMDM s for 30 min. Then, the cells were washed
3 times with PBS, resuspended in complete medium, and incu-
bated at 37°C with 5% CO, for the indicated chase times. We
washed the cells with PBS, quenched the surface green fluores-
cence signal with trypan blue, and we analyzed the intracellular
fluorescence using flow cytometry (FACSCanto, BD Biosciences).



Immunofluorescence staining and analysis

To track phagocytosis in WT and nrbf2”" BMDMs, we used
FBS-coated 4.5 pm Fluoresbrite BB Carboxylate latex beads for
BMDM cells engulfment. After 3 x 10> WT cells or nrbf2”""
BMDM cells were seeded per well into 24-well plates with glass
coverslips, 3 x 10° FBS-coated beads resuspended in DMEM
were added to each well and left for the indicated time points. All
cells were fixed in 4% paraformaldehyde for 10 min at room
temperature and permeabilized in 0.2% Triton X-100 in PBS for
15 min. After blocking with 5% BSA in PBS for 1 h at room
temperature, the cells were stained with a primary antibody
(anti-RAB5A, anti-RAB7, or anti-LAMP1) and left at 4°C over-
night. The cells were washed with PBS 3 times and stained with
a secondary antibody (Alexa Fluor 488 or 555 conjugated) for
1 h. The cells were mounted with 50% glycerol in PBS after
washing 3 times. Fluorescence images were examined under
a confocal imaging microscope (Leica TCS SP8; Leica
Microsystems, Bensheim, Germany). The fluorescence value
around the phagocytosed beads was measured using Leica
Application Suite X (LAS X) software (Leica Microsystems,
Bensheim, Germany). Immunofluorescence staining of UC
patient colon biopsies was performed by firstly de-paraffinizing
the samples and then re-hydrating them in xylene and an alcohol
gradient. Antigen retrieval was performed by using 0.05 M
citrate buffer (pH 6.0) at 100°C for 15 min, and then the sections
were blocked and incubated with the appropriate antibody.

Time-lapse microscopy and analysis

Live imaging was performed using a confocal imaging micro-
scope with LAS X software and an environmental chamber
that maintained the temperature at 37°C and provided
a humidified stream of 5% CO, air. For the live fusion images
of LysoTracker-stained lysosomes and apoptotic thymocytes,
BMDMs were pre-stained with LysoTracker red DND-99, and
LysoTracker was in the solution used during the image cap-
ture. CMFDA -labeled apoptotic thymocytes were added to the
BMDMs, and images were taken every 30 s for 2-3 h. To
quantify the engulfed apoptotic cells, we measured the dis-
tribution of the time required to form the late phagosome
(fusion with Lysotracker) over 2 h. For RFP-RAB7 transfec-
tion, we measured the time required for the apoptotic cells to
move to the central cell body [50]. For time-lapse FRET
imaging, pRaichu-Rab7/A441 was first transfected into WT
and nrbf2”” BMDMs via electroporation. FRET-sensitized
emission (FRET-SE) analysis was performed using a Leica
TCS SP8 tandem scanning confocal microscope and LAS
X software. The FRET efficiency was calculated according to
method 3 in the software (EA[i] = B/A, where EA is the FRET
efficiency, and A and B correspond to the intensities of the
donor and FRET signals, respectively).

GEF assay

Protein A/G Plus-agarose was used to pull down CCZ1-bound
proteins in WT and nrbfZ_/ " BMDMs lysates. RAB7 (50 nM)
was loaded with the fluorescent GDP analogue mant-GDP
(1.5 uM) [51] and incubated in a loading buffer (20 mM
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HEPES [pH 7.5], 150 mM NaCl, and 5 mM EDTA) for 2 h at
room temperature. The reaction was terminated by the addition
of 10 mM MgCl,. Free mant-GDP was removed by gel filtration,
and the buffer was changed to an exchanging buffer (20 mM
HEPES [pH 7.5], 150 mM NaCl, and 0.5 mM MgCl,) by using
a prepacked desalting column. The dissociation of mant-GDP
from WT and nrbf2”" BMDMs in the presence of CCZ1 and
CCZ1-binding proteins were assessed by measuring the
decrease in fluorescence when an excess of GTP (0.5 mM) was
added. Samples were excited at 360 nm, and the emission was
monitored at 440 nm using a plate reader (FlexStation 3 Multi-
Mode Microplate Reader, Molecular Devices, UK).

GDP-agarose binding assay

GTP-binding assays were performed as described [52], with
slight modification. WT and nrbf2”"~ BMDMs were collected
and lysed in the lysate buffer (50 mM Tris-HCl (pH 7.5,
250 mM NaCl, 5 mM Mg acetate, 0.5% Triton X-100, and
protease inhibitors). After centrifugation, the lysates were
incubated with GTP-agarose beads at 4°C overnight. The
GTP-agarose beads were washed and boiled in SDS-loading
buffer before SDS-PAGE. The GTP-binding RAB7 was
detected by incubation with RAB7 antibody.

Apoptotic cell clearance

In vitro, both WT and nrbf2”" BMDMs were co-cultured
with CMFDA-labeled apoptotic thymocytes at a ratio of 1:5
(BMDMs: thymocytes) for 48 h. The medium was collected,
the cells were washed with PBS for three times, and the
washed PBS was collected. The medium and PBS containing
the apoptotic thymocytes were centrifuged at 300 g for
10 min to separate the digested debris. The pellets were
resuspended in PBS. Eventually, the fluorescence value was
detected with a plate reader (Excitation: 492 nm, emission:
517 nm).

In vivo, thymocytes were initially labeled with PKH26, and
these labeled apoptotic thymocytes were injected intravenously
into both WT and nrbf2”"" mice. The number of PKH26 events
in the spleen, and liver were measured by flow cytometry at the
indicated time.

Adoptive transfer of BMDMs

Bone marrow cells from WT and nrbf2™" mice were cultured in
the presence of a 10% L929 conditional medium. Adherent
macrophages were harvest after 7 d. 1 x 10° cells (WT or
nrbf2”") were adoptively transferred via intravenous tail injec-
tion into WT or nrbf2”" mice 1 d prior to 2% DSS treatment.
2% DSS was treated in the first 5 d and followed by 2 d of
normal drinking water. Colitis was assessed as described before.

Statistical analysis

The significance of differences between the two groups was
determined by Student’s t test, and the differences between
multiple groups were determined by ANOVA with Turkey as
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posthoc tests. Calculations were performed with Prism soft-
ware. Statistical significance was taken at p < 0.05.
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