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Type 2 diabetes mellitus (T2DM) occurs when insulin-pro-
ducing pancreatic -cells fail to secrete sufficient insulin to
compensate for insulin resistance. As T2DM progresses, apopto-
tic 3-cells need to be removed by macrophages through effero-
cytosis that is anti-inflammatory by nature. Paradoxically, infil-
trating macrophages are a main source of inflammatory
cytokines that leads to T2DM. It is unclear how apoptotic
B-cells impact macrophage function. We show under diabetic
conditions, phagocytosis of apoptotic B-cells causes lysosomal
permeabilization and generates reactive oxygen species that
lead to inflammasome activation and cytokine secretion in
macrophages. Efferocytosis-induced lipid accumulation trans-
forms islet macrophages into foam cell-like outside the context
of atherosclerosis. Our study suggests that whereas macro-
phages normally play a protective anti-inflammatory role, the
increasing demand of clearing apoptotic cells may trigger them
to undergo proinflammatory reprogramming as T2DM pro-
gresses. This shift in the balance between opposing macrophage
inflammatory responses could contribute to chronic inflamma-
tion involved in metabolic diseases. Our study highlights the
importance of preserving macrophage lysosomal function as a
therapeutic intervention for diabetes progression.

Type 2 diabetes mellitus (T2DM)? is becoming a global epi-
demic. Growing recognition of chronic islet inflammation as a
critical factor in the pathogenesis of T2DM opens up a new area
in B-cell research. It highlights the importance of macrophages
in islet biology (1). In healthy organs, apoptotic cells are rapidly
cleared by phagocytic cells, making the presence of dead cells
rare (2). The process of clearing apoptotic cells is termed effe-
rocytosis, which involves engulfment of apoptotic cells by
macrophages, followed by cell debris targeted to and degraded
by digestive enzymes in the acidic lysosomes. Under normal
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conditions, efferocytosis reprograms macrophages toward an
anti-inflammatory phenotype that results in resolution of
inflammation (3).

Pancreatic B-cells specialize in the synthesis and release of
insulin in response to glucose. Similar to that of lysosomes, the
internal milieu of insulin granules creates an acidic environ-
ment maintained through ATPases and allows for the crystalli-
zation of insulin around zinc molecules (4). Unlike most mate-
rials, insulin crystals are notoriously slow to degrade in the
lysosomes, shown by studies of the B-cells and liver cells as well
as in vitro processing by lysosomal proteases (5). A resting
mouse B-cell has roughly 10,000 insulin granules, each may
contain as many as 20,000 insulin crystals (6). Thus, when pre-
sented with an increased demand for B-cell efferocytosis (phag-
ocytosis of apoptotic 3-cells) in T2DM, macrophages must deal
with the accumulation of insulin crystals that are not readily
degraded by the lysosomes. To date there has been no study
that addresses the impact of long-lived insulin crystals on
macrophage function.

After engulfment, pathogenic crystals (monosodium urate,
calcium pyrophosphate dihydrate, cholesterol, and cysteine
crystals) permeabilize lysosomal membrane and activate the
NLRP3 inflammasomes (7-9). The pathogenicity of a crystal is
influenced by its size and shape, as not all crystal particles acti-
vate the inflammasome (10). In addition to crystals, substances
that are generally thought to be inert can effect lysosomal dys-
function (11). Whether the insulin crystal can behave as a path-
ogenic crystal or lysosomal antagonist prompted us to test the
idea that B-cell efferocytosis may lead to lysosomal defects due
to accumulation of insulin crystals in macrophages.

Chronic islet inflammation contributes to the pathogenesis
of T2DM (1). Pancreatic islets from diabetic patients have
increased macrophage infiltration (12). The proinflammatory
cytokine interleukin-18 (IL-1B) is a major contributor to islet
inflammation and T2DM by reducing B-cell function and pro-
moting B-cell apoptosis (13). IL-18 secretion requires the acti-
vation of NLRP3 inflammasomes, as Nlrp3 knockout mice fed a
high-fat diet showed reduced islet IL-13 protein expression and
B-cell death compared with WT mice (14). However, the mech-
anisms of NLRP3 inflammasome activation in infiltrating
macrophages are not fully understood (15). Endocannabinoids
and human islet amyloid polypeptides are thus far the only
identified activators of the NLRP3 inflammasomes in infiltrat-
ing islet macrophages (16, 17). In this study, we conducted in
vitro experiments to show insulin crystals from (-cell efferocy-
tosis can cause inflammasome activation and release of IL-13
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Figure 1. Experimental models for studying B-cell efferocytosis in vitro. A, co-culture of J7 with apMIN6. apMING cells were labeled with NHS (red) before
incubation with J7 cells overnight, followed by CtB labeling (green) and wide-field microscopy. B, primary islet macrophages from STZ-treated apoptotic islets.
Single islets isolated from STZ-treated mice were seeded individually in imaging dishes and stained with F4/80, insulin, and LAMP-1 antibodies. Shown here is
a confocal image of an islet macrophage that migrated out of the islet. C, interaction of BMMs with apoptotic islets. Isolated islets were cultured for 2 weeks to
induce apoptosis before BMMs were added for 24 h. The co-culture was stained with F4/80 and insulin antibodies, and imaged by confocal microscopy. The
differential interference contrast (DIC) panel shows the imaged portion of the islet. D, verification that NHS-labeled apoptotic bodies were phagocytosed by
macrophages. Floating apMIN6 cells were labeled with NHS (red) before incubation with attached J7 cells for 2 h with or without bafilomycin A1 (BafA1)
followed by extensive rinsing, and imaged by wide-field microscopy. CtB (green) was used to label J7 plasma membrane. NHS fluorescence inside CtB was
quantified from 60 cells. *, p < 0.05. A.U., arbitrary units. Scale bars: 10 um (A and B), 50 um (C and D).

from macrophages, thus acting as a previously unrecognized
cause of islet inflammation in vitro.

Results

In vitro and in vivo experimental models for studying 3-cell
efferocytosis

To study B-cell efferocytosis, we created an in vitro system
using bone marrow-derived primary macrophages (BMMs)
or J774a.1 macrophage-like cells (J7) incubated with UV-
induced apoptotic MING6 cultured B-cells (apMIN®6) or apo-
ptotic-isolated islets. Presented in Fig. 1, A—C are images dem-
onstrating the in vitro experimental systems specifically set up
for this study. Efferocytosis was carried out by overnight incu-
bation of BMMs or J7 cells with apMING® cells, where the J7 cells
were labeled with Alexa 488-cholera toxin subunit B (CtB) and
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apMING6 cells were labeled with succinimidyl esters (NHS) of
Alexa Fluor-546 (18). J7 cells (green) were observed to be
engulfing pieces of apMING cells (red) during efferocytosis (Fig.
1A, enlarged cells to the right). To study primary islet macro-
phages derived in vivo, we induced islet cell death in vivo by
injecting mice with five low doses of streptozotocin 2 weeks
prior to islet isolation (19). We used F4/80, an extensively used
surface marker for mouse macrophages (20), to identify macro-
phages. Because islet macrophages were few in number (12, 21)
and antibody penetration was severely limited for an intact islet,
cells labeled with F4/80 were rarely found inside an islet. There-
fore, we focused on islet macrophages that migrated out of an
islet during in vitro culturing (Fig. 1B, the islet is not shown),
similar to the examples shown in Fig. S1, A and B. We used
F4/80 (blue) to detect macrophages, insulin (red) to verify that
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Figure 2. Phagocytosis of apMING6 cells leads to insulin accumulation and enlarged lysosomes. A and B, incubation with apMING, but not ap3T3-L1 or
monomeric insulin, induced insulin accumulation, and lysosome swelling. One day after efferocytosis, insulin was detected in LAMP-1 positive lysosomes
indicated by the arrows (A). By day 3, enlarged lysosomes (arrowheads) were found in J7 cells incubated with apMING6 (B) by confocal microscopy. Scale bars, 5
um. G, two-dimensional lysosome area was measured by manually tracing the lysosomes outlined by LAMP-1. D, lysosome outlines were determined by
LAMP-1, and those with a diameter greater than 2 um were counted. £, LAMP-1 fluorescence intensity was measured and normalized to lysosome area. C-E,
data are presented as fold-change relative to J7 cells alone. n = 48 lysosomes from 9 cells. *, p < 0.05 versus J7 alone.

efferocytosis had taken place, and LAMP-1 (green) to identify
the lysosomes as the compartment in which ingested insulin
accumulated. To induce islet cell death in vitro, islets were kept
in culture for 2 weeks followed by incubation with BMMs (Fig.
1C). Here we again observed insulin-positive cell debris (green)
inside F4/80-positive BMMs (red). We also used flow cytom-
etry to show insulin accumulation in J7 cells after phagocytosis
of apMING cells (Fig. S1C). Finally, we included bafilomycin A1,
a partial inhibitor of phagocytosis (22), during the incubation of
J7 cells with apMING cells to make sure that the NHS-positive
cell debris associated with macrophages truly reflected phago-
cytosed material versus nonspecific sticking to macrophage cell
surfaces (Fig. 1D). Bafilomycin treatment did not affect cell via-
bility (data not shown).

Phagocytosis of apMING6 cells leads to insulin accumulation
and enlarged lysosomes

Phagocytosis of apMING6 cells led to insulin staining in
LAMP1-postive lysosomes in J7 cells 1 day after efferocytosis
(Fig. 2A, arrows). We used apoptotic 3T3-L1 cells (ap3T3-L1)
as a control for efferocytosis of noninsulin cells. Incubation of
J7 cells with monomeric insulin in solution did not cause accu-
mulation of insulin (Fig. 24, J7+insulin), indicating the insulin
detected in the J7 lysosomes came from phagocytosis of
apMING cells. After removing apMING cells and waiting for 3
days, insulin from B-cell efferocytosis remained in J7 lysosomes
(Fig. 2B, arrows) and caused marked lysosomal swelling (Fig.
2B, arrowheads, Fig. S2A). This phenomenon was not observed
in J7 cells 3 days after phagocytosis of ap3T3-L1 cells (Fig. 2B)
or incubation with monomeric insulin for 3 days (Fig. S2B).
Lysosome size increased in J7 cells after a 1-day incubation with
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either apMIN6 or ap3T3-L1 cells (Fig. 2C, gray bars) in
response to efferocytosis. However, J7 cells incubated with
apMING6 cells but not with ap3T3-L1 cells still had enlarged
lysosomes 3 days (Fig. 2C, black bars) or even 7 days (not
shown) after removal of apMING cells. Quantified by another
method, J7 cells incubated with apMING cells had significantly
more LAMP-1 positive compartments that were greater than 2
pm in diameter (Fig. 2D, black). The comparison with
ap3T3-L1 cells (Fig. 2D, gray) suggested insulin accumulation
as the underlying cause for the change in lysosomal morphol-
ogy. As a marker for lysosome biogenesis, we measured total
LAMP-1 expression. When normalized to the lysosome area,
there was a deficit in LAMP-1 as a result of 3-cell efferocytosis
(Fig. 2E). To see if enlarged lysosomes were observed in macro-
phages from a diabetes mouse model, we isolated pancreatic
islets from wildtype (WT) and db/db diabetic mice, and stained
dissociated islet cells with F4/80 to identify macrophages and
LAMPI1 to label lysosomes. A db/db macrophage shown in Fig.
S2D displayed enlarged lysosomes (yellow arrowheads) com-
pared with that of WT (Fig. S2C). The histogram distribution
analysis of LAMP1 structures (Fig. S2E) within the expected
size range (23) show that whereas the majority of the lysosomes
(<0.5 wm?, Fig. S2F) were similar in size between WT and
db/db, the number of lysosomes that were >0.5 um? (Fig. S2G)
was significantly higher in db/db macrophages. These results
show that the dynamic regulation of lysosomal biogenesis that
normally accompanied efferocytosis was disrupted in cells with
insulin accumulation, which was most likely contributed by
the prolonged presence of slowly degradable insulin crystals
(4, 5, 24).
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Figure 3. LysoTracker staining was decreased by phagocytosis of apMING cells. A, J7 cells were incubated with apMING6 for 24 h, chased for various lengths
of time, labeled with LysoTracker and imaged by wide-field microscopy. LysoTracker fluorescence per cell from 16 imaging fields was quantified. B, J7 cells were
pulsed with fresh apMING6 every 24 h for 96 h before being labeled by LysoTracker, with apoptotic 3T3-L1 (ap3T73) used as a control for general efferocytosis of
noninsulin containing cells. n = 12 imaging fields. C, BMMs were incubated with NHS-labeled apMING6 for 24 h and chased for 3 days before LysoTracker
fluorescence was measured from all cells (gray bars) or NHS-positive cells (black bars). Arrows point to NHS-positive BMMs indicating efferocytosis. At least 20
cells were used for each condition. D, BMMs were incubated with apMING6 for 24 h and chased for 3 days in HG or HGP medium before LysoTracker fluorescence
was measured from all cells. n = 9 imaging fields. All measurement was normalized to that obtained in J7 or BMMs alone (control). *, p < 0.05 versus control.
Scale bars, 50 pm.

Phagocytosis of apMING6 cells induces lysosomal dysfunction Tracker concentrates in acidic organelles and is a general

Because phagocytosis of apMING cells induced morphologi- marker for lysosomal function (25). We performed a time
cal changes in macrophage lysosomes, we examined the conse-  course study in which J7 cells were incubated with apMING6
quences of B-cell efferocytosis on lysosomal function. Lyso- cells and then labeled with LysoTracker (Fig. 34). LysoTracker
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staining first increased immediately after efferocytosis (0 h
chase), consistent with up-regulation of lysosomal biogenesis
that may decrease lysosomal pH to enhance the activity of lys-
osomal enzymes. The level of LysoTracker returned to normal
24 h after efferocytosis and continued to decrease until it was
only half of that in the control cells 96 h after efferocytosis.
When ]7 cells were continuously pulsed with a fresh supply of
apMING cells every 24 h to mimic the continuous presence of
apoptotic B-cells in vivo, LysoTracker staining was still signifi-
cantly decreased after 96 h, which was not the case with
ap3T3-L1 cells (Fig. 3B).

Using NHS-labeled apMING6 cells, there was less Lyso-
Tracker accumulation in BMMs that actively phagocytosed
NHS-apMING cells (Fig. 3C, arrows) compared with NHS-neg-
ative BMMs. When LysoTracker staining was quantified in
NHS-positive BMMs, a significant decrease was detected com-
pared with BMMs alone (Fig. 3C, Day 3). The decrease in Lyso-
Tracker fluorescence was not simply due to an exclusion of
LysoTracker by insulin accumulation, because dextran concen-
trated and co-existed with insulin in the enlarged lysosomes in
both J7 cells and BMMs (Fig. S2A). To study how elevated glu-
cose and excess fatty acids affect macrophage function, we
exposed BMMs to high glucose (HG) or high glucose with
palmitate (HGP). Supraphysiological concentration of glucose
(30 mm) was used as HG because it is a widely used tool to
produce glucose-induced cellular dysfunction in vitro. We
acknowledge that this is purely an in vitro experimental system.
There was no difference in LysoTracker for control versus HG-
treated or control versus apMIN6-exposed BMMs. When
BMMs was treated with HG or HGP, LysoTracker staining was
modestly decreased with statistical significance in BMMs
exposed to apMING cells compared with BMMs alone, quanti-
fied from all the cells (Fig. 3D). This result suggested that addi-
tional metabolic stress could exacerbate lysosomal defects.
Because HG and HGP seemed to affect lysosomal function to a
similar degree, we focused on the HG treatment.

Phagocytosis of apMING6 cells induces functional defects in
lysosomes

An increase in lysosomal pH could contribute to the reduced
intensity of the acidotropic LysoTracker (26). We used fluores-
cence ratio imaging of lysosomes containing endocytosed fluo-
rescein-rhodamine-dextran (27) to determine whether effero-
cytosis altered lysosomal pH. Fluorescein fluorescence
increases as pH increases, whereas rhodamine fluorescence is
pH independent, thus rendering the fluorescein/rhodamine
ratio pH-dependent (Fig. S3). BMMs and BMMs exposed to
apMING cells cultured in normal medium did not show signif-
icant difference in lysosomal pH (data not shown). When cul-
tured in HG medium, BMMs + apMING6 showed larger lyso-
somes with higher fluorescein/rhodamine ratio, indicating
higher lysosomal pH (Fig. 44). When individual lysosomes
were quantified, there were more lysosomes with higher pH
values (Fig. 4B). Because lysosomes with insulin accumulation
were larger, we measured lysosomal pH according to the size of
the lysosomes. Interestingly, all lysosomes have reduced acidi-
fication after B-cell efferocytosis (Fig. 4C), suggesting a general
defect in the lysosomal system.

16164 J Biol Chem. (2018) 293(42) 16160-16173

Because increased pH can greatly compromise the proteo-
lytic power of lysosomes, we next examined if reduced lyso-
somal acidification due to B-cell efferocytosis could lead to
inefficient degradation of lysosomal contents. We took advan-
tage of a fluorogenic substrate for proteases, DQ-ovalbumin.
Hydrolysis of DQ-ovalbumin by lysosomal proteases relieved
the self-quenched BODIPY FL dyes, resulting in increased fluo-
rescence intensity (28) and formation of excimers that can be
visualized using a red emission long pass filter (Fig. 4D, panel
ii). There was a noticeable decrease in the number of excimer
puncta observed in cells exposed to apMING6 cells (Fig. 4D,
panel iv versus panel ii). When quantified, total fluorescence
intensity was reduced from both DQ channels (Fig. 4E), sug-
gesting a diminished proteolytic capacity of the lysosomes.

Lysosome permeabilization in phagocytic macrophages
exposed to high glucose

The reduced LysoTracker staining after B-cell efferocytosis
could be due to either a rise in lysosomal pH or leakage in
lysosomal membrane. To see if there was lysosomal leakage, we
used pH-independent, lysine-fixable dextran compatible with
co-staining with other markers. Although the morphology of
the lysosomes was altered in both J7 cells (Fig. 54) and BMMs
(Fig. 5B, Fig. S2A), dextran was confined to the LAMP-1 posi-
tive compartments and co-existed with insulin aggregates (Fig.
5A, arrowheads). Two of the enlarged lysosomes in a BMM are
shown in Fig. 5B outlined by LAMP-1 (cyan) with dextran (red)
and insulin (green) inside. These results show that although
insulin aggregates caused lysosome swelling, they were not as
potent as other pathogenic crystalline particulates in inducing
lysosome permeabilization (7-9).

We next imaged dextran-loaded BMMs in high glucose cul-
ture (HG-BMMs) to test if additional cell stress would induce
lysosome permeabilization. Dextran remained in distinct
puncta after efferocytosis in control BMMs, indicating intact
lysosomes (Fig. 5C, yellow box). When HG-BMMs were
exposed to apMING, less dextran was found in enlarged insulin-
positive lysosomes (Fig. 5D, arrowhead). More importantly,
dextran appeared as additional diffuse staining in the cyto-
plasm, indicating leakage from lysosomes (Fig. 5D, yellow box).
Even at single confocal planes, dextran was present in the cyto-
plasm (Fig. S4B, yellow box). HG treatment alone did not induce
either enlarged lysosomes or lysosomal leakage (Fig. S4C). We
quantified the distribution of dextran in control and
HG-BMMs after efferocytosis (Fig. 5, C and D). Compared with
BMMs, HG-BMMs had a 21.4 = 4% decrease in the ratio of
dextran intensity in the lysosomes (punctate structures) to total
dextran intensity (# = 8 imaging fields per condition). We next
performed live-cell imaging of BMMs co-cultured with apopto-
tic islets to mimic the in vivo interaction of macrophages with
islets. This would also rule out the possibility that fixation and
permeabilization was the cause for the dextran observed in the
cytoplasm, even when lysine-fixable dextran was used. Shown
in Fig. 5, E and F, are two regions of the same islet co-cultured
with HG-BMMs prelabeled with dextran. BMMs situated out-
side the islet (Fig. 5E, box 1) had small punctate dextran stain-
ing, similar to BMMs cultured alone (Fig. S5A). For BMMs in
contact with the islet cells (Fig. 5F, box 2), either on the cover-
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Figure 4. Lysosomal dysfunction as a result of phagocytosis of apMIN6. A-C, lysosomal pH was measured using FITC-rhodamine dextran in living BMMs by
confocal microscopy (A), and quantified by the ratio of FITC (green) to rhodamine (red) fluorescence in each individual lysosome (B and (). B, histogram of
lysosomal pH values from BMMs alone and BMMs exposed to apMING. C, lysosomes were pooled and an average of their pH values are presented as a function
of lysosome sizes. D and E, the proteolytic capacity of the lysosomes was measured using a fluorogenic substrate for lysosomal proteases, DQ-ovalbumin (DQ),
whose green fluorescence increased dramatically upon hydrolysis by proteases. Concentrated DQ fragments gave rise to red fluorescence emission. BMMs
were treated with HG prior to loading with DQ. DQ fluorescence per cell was quantified from 12 imaging fields. *, p < 0.05; **, p < 0.01. Scale bars, 20 pm.

slip plane (Fig. 5F) or inside the islet away from the coverslip
(Fig. S5B), several BMMs showed enlarged lysosomes (Fig. 5F,
white arrowheads) along with the presence of dextran in the
cytoplasm (Fig. 5F, yellow arrows). It suggested that glucose-
induced cell stress resulted in the weakening of the lysosomal
membrane, thus enabling insulin aggregates to permeabilize
the lysosomal membrane. If this were true, we should see less
dextran in a portion of the lysosomes in phagocytic HG-BMMs
due to insulin-induced permeabilization. When cultured in
normal medium, there was a slight right shift in the dextran
intensity from phagocytic BMMs compared with BMMs alone
(Fig. 5G). On the other hand, when BMMs were pretreated with
HG, there was a significant left shift in the dextran intensity in

SASBMB

phagocytic BMMs, indicating reduced dextran in the permea-
bilized lysosomes (Fig. 5H).

High glucose induces pro-inflammatory responses from
phagocytic BMMs

Lysosome permeabilization by pathogenic crystals results in
NLRP3-inflammasome activation and IL-1( secretion. To see if
efferocytosis-induced lysosomal leakage would promote
macrophage inflammation, we show altered gene expression of
TNFa, IL-18, and IL-10 (Fig. S6A). For control BMMs, B-cell
efferocytosis had little effect on IL-13 release, most likely due to
the very low levels of cytokine production in unprimed macro-
phages (3). When BMMs were primed with bacterial lipopoly-
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saccharide (LPS) to stimulate cytokine production, an increase
in IL-1p secretion was detected. Interestingly, B-cell efferocy-
tosis significantly decreased LPS-stimulated IL-18 secretion
(Fig. 6A), exhibiting an anti-inflammatory response usually
elicited by efferocytosis. Similar results showed that efferocyto-
sis of apoptotic neutrophils by BMMs inhibited cytokine
release (3). If BMMs were first cultured in HG, efferocytosis of
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MING6 but not 3T3-L1 significantly increased IL-18 secretion
(Fig. 6B, Fig. S6B). HG treatment did not further increase IL-13
secretion from LPS-treated samples (208 = 36 versus 196 * 41
pg/ml). The absolute concentrations of secreted IL-18 are
shown in Fig. S6, Cand D. Please note the physiological effect of
IL-1B secretion cannot be evaluated based on the concentra-
tions of IL-18 collected in solution in vitro, because in vitro
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IL-1P secretion is measured during a fixed time period in an
arbitrary volume. Even when in vivo circulating IL-18 is low,
local concentration at the interface between islet macrophages
and islet B-cells could be high enough to result in a significant
effect, especially from continuous exposure. For example, it is
shown that the IL-1 receptor is expressed at a particularly high
level in the islet B-cells, which can respond to low levels of
IL-1B8 to induce hyperinsulinemia and proinflammatory
responses during prediabetes (29, 30). Although HG treatment
alone did not induce IL-18 secretion (Fig. 6B), it promoted I/1b
gene expression (Fig. 6C), consistent with the finding that the
mRNA and protein expression of major inflammasome compo-
nents NLRP3, caspase-1, and IL-1 were up-regulated by high
glucose treatment (31). These results suggested that high glu-
cose and -cell efferocytosis together were sufficient to trigger
IL-1B release.

IL-1B processing and release from macrophages depend
on the NLRP3-inflammasome, whose activation requires the
assembly of the proteolytic complex containing active
caspase-1. To directly examine inflammasome activation, we
used a fluorescent probe (FAM-YVAD-FMK FLICA) to detect
specifically the activated caspase-1 enzyme (Fig. 6, D—G). Upon
inflammasome assembly, active caspase-1 translocated to
punctate “specks” in HG-BMMs (Fig. 6D, arrows), suggesting
NLRP3-inflammasome activation (32). Although the total cell-
associated fluorescence increased slightly (Fig. 6E), there was a
significant increase in the number of specks from HG-BMMs
(Fig. 6F). When NHS-labeled apMING6 cells were used, we
detected phagocytosed NHS within the specks that contained
active caspase-1 (Fig. 6G) in 64.6 = 2.1% of the cells (1 = 194),
consistent with the finding that inflammasome activation can
lead to colocalization between inflammasomes and autophago-
somes (33). The high degree of colocalization between FLICA
and NHS was not an artifact of signal crossover, as shown in Fig.
S6E.

Many of the known mechanisms for NLRP3-inflammasome
activation converge in the production of reactive oxygen spe-
cies (ROS), which is also a requisite for inflammasome activa-
tion (34). Using NHS to indicate apMING6 cell fragments, we
show that phagocytic HG-BMMs displayed significantly higher
intensity of carboxy-H,DFFDA, a fluorescent probe for ROS
(35), than cells with less NHS (Fig. 6H, arrows). For control
BMMs, B-cell efferocytosis induced ROS production; when
BMMs were pretreated with HG, B-cell efferocytosis caused a
dramatic increase in ROS production (Fig. 61). Finally, when
cells were treated with trehalose, a disaccharide that induces
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lysosome biogenesis (36), or the antioxidant N-acetylcysteine
(NAC), IL-1P secretion was significantly reduced (Fig. 6)).

HG-BMMs undergo foam cell-like transformation after 3-cell
efferocytosis

Compared with BMMs alone, 3-cell efferocytosis increased
free cholesterol (labeled by filipin, Fig. 7A4) and neutral lipids
(labeled by LipidTOX, Fig. 7B), as quantified in Fig. 7C. How-
ever, it did not induce lipid droplet formation (no puncta in Fig.
7B). HG treatment induced the formation of a massive number
of lipid droplets in BMMs after B-cell efferocytosis (Fig. 7, D
and E). This result suggested that when high glucose was pres-
ent, macrophages accumulated lipids and took on foam cell
characteristics as a consequence of clearing apoptotic 3-cells.
We next verified that the increased LipidTOX staining was
detected in islet macrophages. When apoptotic islets contain-
ing native islet macrophages cultured in HG were imaged, there
were cells that stood out with substantial amounts of lipid drop-
lets labeled by LipidTOX. They were much larger than the
majority of islet cells, most of which were B-cells (Fig. 7F). This
was observed in 17 of 19 LipidTOX-positive cells. The number
and size of these lipid-laden cells were consistent with them
being macrophages (12, 21), although it is possible that they are
not. Because LipidTOX labeling was not compatible with anti-
body staining, we identified islet macrophages by F4/80 in sep-
arate images, which showed that F4/80-positive islet macro-
phages were indeed larger than their surrounding cells (Fig. 7G)
in all the islets stained with F4/80 (z = 5). The islet macro-
phages were also readily distinguishable in the DIC images (Fig.
7, Fand G, Fig. S7), likely due to their lipid accumulation.

Phagocytosis of apMING6 cells induces cellular characteristics
of inflammation

As we examined through hundreds of images of phagocytic
BMMs, we observed that B-cell efferocytosis resulted in dra-
matically more BMMs that were multinucleated (Fig. 84,
arrows) and enlarged in size (Figs. 5, A and F, 6D, and 84). The
multinuclear morphology was specific to phagocytosis of insu-
lin-containing apMING cells, as it did not occur with ap3T3-L1
cells (Fig. 8B). Interestingly, the lipid-laden cells after B-cell
efferocytosis were also more likely to be multinuclear (Fig. 8C).
All LipidTOX-labeled cells that were multinuclear had distinct
lipid droplets (n = 92 cells examined). Macrophages become
multinucleated in response to crystals and when poorly degrad-
able materials are present (37). It is a hallmark of chronic
inflammation (38, 39). Furthermore, many of these BMMs no

Figure 5. High glucose induces lysosomal permeabilization in phagocytic macrophages. A and B, dextran and insulin aggregates co-exist in intact
lysosomes. J7 cells (A) or BMMs (B) were loaded with lysine-fixable rhodamine dextran (red) after phagocytosis of apMING6 cells, fixed, and labeled with insulin
(green) and LAMP-1 (cyan) antibodies before being imaged by wide-field (A) and confocal (B) microscopy. The yellow arrows in A show two cells with insulin
aggregates in enlarged lysosomes filled with dextran (arrowheads). The two cells are expanded in the bottom panels in A. Single plane images are shown in B.
Two lysosomes are expanded to the right, which show co-existence of dextran and insulin. C and D, BMMs were incubated with apMIN6 cells and cultured in
either normal medium (C, BMMs+apMIN®6) or high glucose medium for 3 days (D, HG-BMMs+apMIN6). They were then loaded with lysine-fixable rhodamine-
dextran and labeled with insulin and LAMP-1 antibodies. Shown here are summation projection images by confocal microscopy. The yellow boxes show a
region of the cell in which the dextran shows punctate staining in the lysosomes (C) or additional diffuse staining in the cytoplasm (D). The merged images show
insulin in green and dextran in red. Scale bar, 10 um (A-D). E and F, HG-BMMs loaded with rhodamine-dextran were added to apoptotic islets and imaged live
by confocal microscopy.Imagesin Eand F focused on the BMMs that were outside (box 7) and inside (box 2) the same islet, respectively. White arrowheads show
enlarged lysosomes and yellow arrows show diffuse dextran in the cytoplasm (F). Scale bars, 50 um. G and H, quantification of dextran intensity in lysosomes of
BMMs (G) or HG-BMM s (H) with or without phagocytosis of apMING cells. Lysosomes of all cells under the same condition were pooled from one experiment;
the results are representative of three experiments.
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medium were cultured overnight alone or with apMIN6 in the presence or absence of 10 mm trehalose or 0.5 mm NAC. Medium was collected after 24 h for ELISA
of secreted IL-18. %, p < 0.05 by ANOVA test.

longer had the elongated morphology (Fig. 8, A and C), which
has been shown to indicate a transition to the proinflammatory
phenotype (40). Transcription factor EB (TFEB) is a master
regulator for many lysosomal and autophagy genes (41). TFEB
was activated by B-cell efferocytosis, demonstrated by nuclear
translocation of TFEB (Fig. 8D). As positive control, J7 cells
were starved for 2 h to induce TFEB nuclear translocation
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(Fig. 8D). Efferocytosis of apMIN6 but not ap3T3-L1 cells
induced long-term up-regulation of LAMP-1, a target of TFEB
(Fig. 8E). The compensatory mechanism activated by lysosomal
dysfunction (25) induced by B-cell efferocytosis would in turn
promote macrophage inflammasome activation (9). Consistent
with the finding that macrophages with active inflammasome
complexes often undergo a form of cell death that is inherently
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proinflammatory (42), we observed increased propidium iodide
(PI) staining, a marker for cell death, specifically in phagocytic
BMMs culture in HG (Fig. 8F).

Discussion

In this study, we show that phagocytosis of apoptotic 3-cells
by macrophages, a process that is significantly increased in
T2DM, could contribute to islet dysfunction by macrophage
proinflammatory reprogramming. Although there is abundant
knowledge about the role of adipose tissue macrophages in
T2DM, information on islet macrophages is critically lacking.
By investigating how B-cell efferocytosis and elevated glucose
work in synergy to impact macrophage function, we propose
that the normally protective physiological process of apoptotic
B-cell removal could generate destructive proinflammatory
responses under diabetic conditions in vitro. Please note that
this study was conducted entirely in vitro and validation of our

SASBMB

findings in vivo is important in understanding how islet macro-
phages contribute to diabetes.

Many pathogenic crystals have been shown to induce lyso-
somal membrane permeabilization. However, they have only
been studied in systems in which they were in direct contact
with the macrophages. To our knowledge, this study is the first
to examine the accumulation of crystals in the macrophage
lysosomes by phagocytosis of apoptotic cells. Our data show
insulin aggregates stayed in macrophage lysosomes for days
after phagocytosis, indicating resistance to lysosomal degrada-
tion. This prompted us to test the idea that 3-cell efferocytosis
could activate the NLRP3 inflammasomes in macrophages via
lysosomal destabilization, as do other nondegradable materials
(17). Surprisingly, our results show that although accumulation
of insulin crystals induced lysosomal swelling, it did not desta-
bilize lysosomal membrane to the extent that caused significant
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lysosomal leakage. This might be because insulin crystals were
much smaller in size compared with many of the established
pathogenic crystal clusters. A more likely explanation may be
that the anti-inflammatory nature of efferocytosis provided
anti-oxidative measures to protect the macrophage lysosome
(3, 43). On the other hand, when macrophages were exposed to
high glucose, lysosomal leakage was clearly detected after 3-cell
efferocytosis. Similarly, we detected inflammasome activation,
cytokine release, and lipid accumulation only when metabolic
stress was present in addition to -cell efferocytosis.

It has been suggested that the metabolic and inflammatory
phenotypes of a macrophage are interdependent (44). Choles-
terol crystals induce phagolysosomal damage and inflam-
masome activation, contributing to inflammation and athero-
sclerosis (9). It is unknown whether ingested insulin, by its
crystalline nature, behaves similarly to cholesterol crystals in
inducing inflammatory responses. Inflammatory activation
from foam cells has been studied extensively yet almost exclu-
sively in the context of atherosclerosis. Because lysosomal dys-
function inhibits cholesterol efflux (45), we showed formation
of lipid-laden macrophage cells was induced by -cell efferocy-
tosis, but only under hyperglycemic conditions, suggesting that
elevated glucose shifted B-cell efferocytosis from an anti-in-
flammatory to a pro-inflammatory mediator in macrophage
polarization. This may contribute to the acceleration of athero-
genesis in patients with T2DM (46).
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ROS lies at the interface of metabolic and inflammatory
pathways. Because all NLRP3-inflammasome activators exam-
ined to date trigger ROS generation, whereas ROS scavengers
inhibit NLRP3 activation (34), it has been proposed that multi-
ple activation pathways of NLRP3-inflammasomes converge on
ROS signaling (47). Our data showed an increase in ROS pro-
duction in BMMs after B-cell efferocytosis, especially with high
glucose treatment. Among the various signals that activate
NLRP3-inflammasomes, the lysosome rupture model is
associated with pathogenic particulates (e.g. silica crystals,
aluminum salts, and B-amyloid). Our data support lysosome
leakage induced by B-cell efferocytosis in hyperglycemic
macrophages.

This study shows that phagocytosis of apoptotic 3-cells dis-
rupts macrophage immune homeostasis, and that a diabetic
milieu may tip the balance between pro- and anti-inflammatory
responses. Slowly degradable insulin crystals can switch the
anti-inflammatory action of efferocytosis to the pro-inflamma-
tory action of inflammasome activation. This challenges our
understanding of how apoptotic -cells uniquely impact islet
macrophage biology in the face of metabolic stress. Our results
provide a new perspective on the causes of islet inflammation
and highlight the importance of preserving macrophage lyso-
somal function as a therapeutic intervention for diabetes
progression.
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Experimental procedures
Cell culture

J774a.1 macrophage-like cells (American Type Culture Col-
lection, Manassas, VA) were maintained in DMEM supple-
mented with 10% FBS, 50 units/ml of penicillin, and 50 wg/ml of
streptomycin in a humidified, 5% CO, atmosphere at 37 °C.
MING6 cultured B-cells were grown in DMEM supplemented
with 100 units/ml of penicillin, 100 wg/ml of streptomycin, 10%
FBS, 2 mM L-glutamine, and 50 uM 2-mercaptoethanol. Mouse
bone marrow macrophages were differentiated as previously
described (48). Briefly, fibula and tibia bones were dissected
from euthanized mice. The bone marrow was flushed using a
25-gauge needle and syringe under aseptic conditions. Bone
marrow cells were incubated in DMEM supplemented with
10% heat-inactivated FBS and 20% L929-conditioned media.
After 3 days, cell cultures were supplemented with an addi-
tional dose of L929-conditioned media (20% of volume). After 6
days of total culture, cells were visually inspected for attach-
ment to untreated culture plates. For treatment with HG or
HGP, DMEM containing 30 mm glucose or 30 mm glucose and
0.1 mM palmitate (49) was used after exposure to 11 mm glucose
for 1 day. The control cells were kept in 11 mm glucose. The
high glucose concentration does not represent a human physi-
ologic condition; rather, it is a widely used tool in B-cell studies
for glucotoxicity.

Materials and methods

Primary antibodies used were rabbit anti-LAMP-1 (Abcam),
rat anti-F4/80 (Abd Serotec), guinea pig anti-insulin (Dako),
and mouse anti-TFEB (Santa Cruz). LipidTOX, Alexa Fluor
NHS Ester, cholera toxin subunit B Alexa Fluor 488, Lyso-
Tracker, CellTracker, DQ-ovalbumin, dextran conjugated to
fluorescein and rhodamine, carboxy-H,DFFDA, and all fluo-
rescently labeled secondary antibodies were from Thermo
Fisher Scientific. Collagenase P was from Roche Applied Sci-
ence. IL-1B ELISA was from R and D systems (Minneapolis,
MN). FAM FLICA activity assay was from Immunochemistry
Technologies (Bloomington, MN). Hoechst 33342, Histopaque
1077 and 1119, and all other chemicals were from Sigma. KRBH
buffer (128.8 mm NaCl, 4.8 mm KC], 1.2 mm KH,PO,, 1.2 mm
MgSO,, 2.5 mm CaCl,, 5 mm NaHCO,, 10 mm HEPES, pH 7.4)
was used for all experiments. Palmitate solution was prepared
as described previously (49).

Islet isolation

Animal protocols were approved by the Institutional Animal
Care and Use Committee at Weill Cornell Medical College.
Islet isolation was performed with minor modifications (50).
Collagenase P was first perfused through the common bile duct
for digestion. Islets were separated from exocrine cells by gra-
dient centrifugation using Histopaque 1077 and 1119, and fur-
ther purified by manual picking.

Efferocytosis assay

Imaging of efferocytosis was carried out as described with
modification (18). To induce apoptosis, MING6 cells were irra-
diated with A365 UV for 30 min, and then cultured for 16 h to

SASBMB

Macrophage reprogramming by apoptotic 3-cells

allow apoptosis to develop. To induce islet apoptosis in vivo,
ICR mice were injected intraperitoneally with 40 ug of STZ/g of
body weight daily for 5 days to induce B-cell death (19). Two
weeks after the last injection, islets were isolated, and seeded in
imaging dishes overnight. To induce islet apoptosis in vitro,
we cultured isolated islets with or without high glucose for 2
weeks. Apoptotic MIN6 (apMING6) cells were incubated with
J7 cells or BMMs at a ratio of 1:5 for 24 h, after which the
co-culture was washed 4 times to remove floating cells.
Imaging took place at the indicated time points after wash-
ing. To label with Alexa NHS dye, apMING6 cells were incu-
bated with Alexa Fluor NHS Ester diluted in 1 m NaOH, pH
9.0, for 2 h at 37 °C, 5% CO,. After incubation, cells were
washed 2 times to remove NaOH. CtB-Alexa Fluor 488 was
used to label J7 cells on ice for 2 min followed by fixation for
15 min in 3% paraformaldehyde.

Fluorescence labeling

Cells were incubated with 500 nm LysoTracker or 10 ug/ml
of DQ-ovalbumin for 30 min before imaging in KRBH buffer.
For ROS, cells were incubated in 20 um carboxy-H,DFFDA for
1 h in culture media prior to imaging. Cells were washed and
counterstained with Hoechst 33342 to quantify nuclei. Lyso-
somal pH was determined by FITC/rhodamine dextran as
reported previously (27). To image dextran with antibody stain-
ing, BMMs were first cultured overnight alone or with apMING6,
then pulsed with 0.5 mg/ml of lysine-fixable tetramethylrhod-
amine-dextran for 16 h with a 4-h chase period, followed by
fixation in 4% paraformaldehyde for 15 min, then blocking and
permeabilization in 0.1% Tween 20 supplemented with 10%
goat serum for 30 min. Cells were incubated with primary anti-
body for 1 h and with secondary antibody for 30 min, with the
concentrations described below.

Immunofluorescence of islets containing BMMs

BMMs were identified by F4/80 or by preloaded dextran.
Where dextran is shown, BMMs were first labeled with lysine-
fixable dextran overnight and then added to islets in control or
HG medium for 7 days. Islets containing BMMs were fixed in
3% paraformaldehyde for 1 h, permeabilized in 0.1% Triton
X-100 for 30 min, and blocked with 10% goat serum in 0.2%
Tween 20 for 1 h, all at room temperature. The following pri-
mary antibodies were used overnight at 4 °C: anti-F4/80 (1:100),
anti-insulin (1:300), anti-LAMP-1 (1:125), and secondary anti-
body used at room temperature for 4 h at 1:400 with Alexa 546
anti-rat, Alexa 488 anti-guinea pig, and Alexa 633 anti-rabbit,
respectively.

Fluorescence microscopy

Cells and islets were seeded in MatTek imaging dishes.
Wide-field fluorescence microscopy utilized a Leica DMIRB
microscope (Leica Mikroscopie und Systeme GmbH, Ger-
many) equipped with a Princeton Instruments (Princeton, NJ)
cooled charge coupled device using MetaMorph Imaging Sys-
tem software (Molecular Devices). Images were acquired at
room temperature using an oil-immersion 40 X 1.25 NA oil-
immersion objective. Hoechst and filipin images were cap-
tured using the UV filters. The green probes (DQ Ovalbu-
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min, Alexa Fluor 488, LysoTracker, FITC, FAM FLICA,
carboxy-H,DFFDA, CellTracker) were imaged using a stan-
dard fluorescein filter cube (Chroma) on the wide-field micro-
scope, and a 488 -nm laser excitation with a 505-530 —-nm
emission filter on the confocal microscope. The red probes
(Alexa Fluor 546, Alexa Fluor 555, LipidTOX, tetramethylrho-
damine, and DQ Ovalbumin excimers) were imaged using a
standard rhodamine filter cube (Chroma) on the wide-field
microscope, and a 543-nm laser excitation with a 560 —615—nm
emission filter on the confocal microscope. Alexa Fluor 633 was
imaged using a standard Cy5 filter cube (Chroma) on the wide-
field microscope and a 633—nm laser excitation with a 650 -nm
long pass emission filter on the confocal microscope. For con-
focal microscopy, the channels were scanned alternately with
only one laser line and one detector channel on at a time.
Images were corrected for background (51) and analyzed using
MetaMorph software (Molecular Devices). Images were quan-
tified either as individual cells or whole fields normalized to cell
counts.

Gene expression

For quantitative RT-PCR, total RNA from macrophage
cells was extracted from tissues using the Purelink® RNA kit.
Total RNA (1 pg) was reverse transcribed using the Super-
Script® Reverse Transcription system. Real-time PCR was per-
formed on the cDNA on a Bio-Rad iCycler using SYBR Green
master mix. All reagents were from Thermo Fisher Scientific.
1l1b was expressed using Gapdh as reference: Il1b (forward,
5'-AAGGAGAACCAAGCAACGACAAAA-3', reverse, TGG-
GGAACTCTGCAGACTCAAACT-3'); Gapdh (forward, 5'-
ACTCCCACTCTTCCACCTTC-3', reverse, 5'-TCTTG-
CTCAGTGTCCTTGC-3').

Flow cytometry

UV-induced apMING cells were stained with Alexa Fluor 647
NHS ester and added to J7 cells. After 24 h co-culture, the
mixture was stained with cholera toxin subunit B conjugated
with Alexa Fluor 488. Next, the cells were fixed and stained with
insulin antibody and secondary antibody conjugated with
Alexa Fluor 546. After staining, the cells were examined
with flow cytometry (BD Fortessa). The gate was first set for
cells double positive for Alexa 488 and Alexa 647. The
selected population was analyzed for insulin staining by
Alexa 546 intensity.

Statistical analysis

Unless otherwise indicated, each experiment was repeated
three times. The number of cells or imaging fields used for
quantification under each condition, i.e. the value of 7 used for
statistical analysis, are listed in the figure legends. When indi-
vidual lysosomes were quantified, the sample sizes were similar
among groups, and the reported # refers to the smallest n used.
Data are presented as the mean * S.E. Statistical significance
was analyzed using unpaired two-tailed Student’s ¢ tests for
comparison between two groups and one-way repeated mea-
sures ANOVA with post hoc comparisons using the Tukey
HSD test for data from more than two groups, with p values less
than 0.05 deemed significant.
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