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Abstract

Autophagy, a vital catabolic process, plays a crucial role in maintaining pancreatic g cell function
and is disrupted in established type 1 diabetes. However, it is unclear when and how this

critical cell process becomes defective during type 1 diabetes pathogenesis. To study the nature

of autophagy dysfunction in the context of autoimmune diabetes, we used real-time intravital
microscopy to study autophagic flux in vivo. We generated an AAV8-packaged mCherry-eGFP-
LC3B biosensor driven by the insulin promoter for B cell-selective expression. For real-time
autophagic flux evaluation, fluorescent signals from eGFP and mCherry fluorophores were
correlated in space and time to follow the process of autophagosome-lysosome fusion. We
observed autophagic flux defects in the B cells of the nonobese diabetic (NOD) mouse model of
type 1 diabetes before hyperglycemia onset at both baseline and in response to interferon-a.. These
defects were still present, although less apparent, in immunodeficient NOD/scid/ilZrg (NSG) mice.
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We also observed heterogeneous autophagic flux in human donor islets transplanted under the
kidney capsules of NSG mice. In sum, the ability to visualize autophagic flux in B cells over time
in vivo revealed impairments in those P cells that preceded the onset of autoimmune diabetes.

INTRODUCTION

Autophagy is a complex and dynamic process that all cells, including insulin-producing
cells (1, 2), use to degrade and recycle damaged and aging cellular components, including
those damaged by reactive oxygen species. During the process of autophagy, cytosolic
components are packaged into double-membraned vesicles called autophagosomes and
delivered to lysosomes for recycling and degradation (3-5). Functional autophagy is critical
for cellular homeostasis and stress response, and defects in autophagy can lead to an
accumulation of undegraded cargo and proteins, ultimately leading to apoptosis (6, 7). It is
therefore expected that dysfunctional autophagy has been linked to a broad array of human
diseases (8), including autoimmune diseases (9). However, excessive autophagy can also
lead to cell death (10), highlighting the importance of regulating it within a narrow window
to afford its benefits and thereby minimize its negative effects.

Type 1 diabetes (T1D) is an autoimmune disease characterized by immune attack of the
insulin-producing pancreatic p cells, leading to their destruction and the development of
clinical hyperglycemia. An emerging concept is that g cell dysfunction may play a causative
role in T1D pathogenesis by altering the § cell-immune cell crosstalk, thus contributing

to the autoimmune attack of B cells (11, 12). We recently observed that autophagy is
disrupted in the context of human T1D and that disposal of damaged and dysfunctional B
cell components is perturbed in autoantibody-positive human organ donors even before T1D
onset (13). These data suggest that defective  cell autophagy may play a causative role in
the onset of hyperglycemia, rather than being a mere consequence. We observed histologic
evidence of dysfunctional p cell autophagy in a mouse model of spontaneous autoimmune
diabetes, the nonobese diabetic (NOD) mouse, before the development of hyperglycemia.

It is well established that disruption of murine B cell autophagy leads to impaired { cell
function and glucose intolerance in response to pathological stress (14-16). However,
despite indications that defects in autophagy may contribute to p cell dysfunction and
autoimmune diabetes pathogenesis, a limitation of prior work is the use of standard
approaches to study autophagy, which primarily assess in vivo tissues as snapshots in time
(17). Given that autoimmune diabetes development is a stochastic process in both humans
and NOD mice, this effectively provides a “moving target” when it comes to determining the
relationship between autophagy disruption and p cell dysfunction.

To address this limitation and test whether defective autophagic flux precedes
hyperglycemia, we used a p cell-selective fluorescent autophagy biosensor coupled to
intravital imaging to visualize B cell autophagic flux in vivo in real time using two-photon
microscopy (17-19). We aimed to quantify both baseline and acutely stimulated autophagic
flux in the native B cells of NOD mice and immunodeficient NOD/scid/ilZrg (NSG) mice
as well as in human islets transplanted under the kidney capsules of NSG mice. In addition,
given the strong association of type | interferons, particularly interferon-a (IFN-a), and
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early T1D pathogenesis (20-23), we sought to determine how IFN-a exposure modulates 8
cell autophagic flux in the models described above. Through this integrated approach, we
aimed to define the dynamics of P cell autophagy before clinical onset of diabetes and assess
whether alterations in autophagic flux may contribute to early p cell dysfunction in T1D.

An autophagy biosensor successfully labels LC3B protein in the B cell autophagosome
membrane in vitro and ex vivo

The set of available fluorescent proteins to study autophagy is constantly growing (24-27),
allowing functional assessment of autophagy in addition to more comprehensive observation
of different autophagic vesicles. Here, we used a dual-fluorescent biosensor (18, 28)
combined with real-time fluorescence microscopy (29) to understand the complex kinetics
of autophagic flux in vivo. We used the previously designed (30, 31) dual-fluorescent
enhanced green fluorescent protein (eGFP) (32) and mCherry (33) biosensor conjugated

to the critical autophagosome membrane component, microtubule-associated protein 1B-
light chain 3 (LC3B). eGFP is a green fluorescent protein with enhanced stability in the
cytoplasm, but it is sensitive to low pH (34). During autolysosome formation (the fusion

of the autophagosome with the lysosome), the eGFP fluorescence is therefore quenched
because of the decreased lysosomal pH. Conversely, the red mCherry fluorescence is less
sensitive to pH and remains stable during autolysosome formation (Fig. 1A). The biosensor
thus changes from emitting both red and green fluorescent signals when the LC3B protein
is connected to the autophagosome to carrying the sole red signal when the autophagosome
becomes fused with the lysosome.

The eGFP-mCherry-LC3B biosensor was packaged in adeno-associated virus serotype 8
(AAV8) and delivered to B cells, as described using other sensors in our previous work (35).
We first validated the biosensor in vitro and ex vivo using rat insulinoma cells [INS-1 832/13
cells (36)], a model cell line for pancreatic B cells (Fig. 1, B and C), the human EndoC-BH1
B cell line (37) (Fig. 1D), isolated mouse islets (Fig. 1E), human islets (Fig. 1F), and human-
induced pluripotent stem cell (iPSC)—derived B cells (Fig. 1G). In all systems, detectable
biosensor expression was evident within 24 hours of transduction. Consistent with reported
autophagosome sizes in primary mammalian cells (0.5 to 1.5 um) (5), the puncta detected
by the biosensor fell within this range, supporting accurate reporting of autophagosome
dynamics. In INS-1 cells, we benchmarked flux using complementary manipulations: serum
starvation and MSL-7, a small-molecule autophagy stimulator that acts via calcineurin
activation and transcription factor E box-binding (TFEB) dephosphorylation (38, 39). Serum
starvation typically activates autophagy in many cell types (40, 41); however, it has been
reported to block autophagy in INS-1 cells (42, 43). Our biosensor recapitulated this
phenotype, with serum starvation decreasing the red/yellow puncta count and increasing

the Pearson correlation coefficient (indicative of reduced flux), whereas MSL-7 produced
the opposite pattern, an increase in red/yellow puncta and a decrease in Pearson (fig. S1).
We then challenged biosensor-expressing cells/islets with additional standard modulators

to further assess functionality: bafilomycin A1 [vacuolar H*-adenosine triphosphatase (v-
ATPase) inhibitor] (44, 45), chloroquine (CQ; lysosomal deacidifier) (46, 47), and IFN-a.,
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a proinflammatory cytokine reported to activate autophagy during early antiviral responses
(48, 49). For analysis of autophagic flux, two parameters were quantified. First, the Pearson
correlation coefficient of red plus green (red + green) colocalized signal was used to assess
the presence of autophagosomes over time in B cells. The ratio of red-only to colocalized
(red + green) puncta was used to assess the conversion to autolysosomes and, thus, the rate
of autophagosome degradation. During autophagy stimulation, a decrease in the Pearson
correlation coefficient (indicating fewer autophagosomes) and an increase in the ratio of
red-to-colocalized puncta (indicating more autolysosomes) were expected. Conversely, when
autophagy was inhibited, we expected the Pearson coefficient to remain unchanged or to
slightly increase and the ratio of red-to-colocalized puncta to remain unchanged.

Across 1 to 3 hours of treatment, inhibitory conditions (bafilomycin and CQ) produced

a decrease in the red/yellow ratio with a concomitant increase in Pearson, whereas
activation (IFN-a and, similarly, MSL-7) yielded an increase in the red/yellow ratio with
a decrease in Pearson (Fig. 1, B to F, and fig. S1). Mirroring the INS-1 results, MSL-7
also stimulated autophagy in EndoC-pH1 cells (fig. S1). Collectively, these data show that
coupling a B cell-selective promoter to the eGFP-mCherry-LC3B reporter does not impair
sensor performance, that the sensor operates across multiple p cell model systems, and
that it enables flux-level readouts, rather than static markers alone, making it useful for
interrogating autophagy dynamics.

The autophagy biosensor successfully labels LC3B protein in the g cell autophagosome
membrane and can be used to detect flux in vivo

We proceeded to validate the biosensor function in vivo to determine its validity for
real-time monitoring of autophagic flux under physiological conditions. A cohort of wild-
type C57BL/6J mice was intraperitoneally injected with the AAV8 packaged biosensor,
followed by intravital imaging on the native pancreas 3 weeks later. Detectible biosensor
expression was observed in several islets throughout the pancreas (Fig. 2A). After this
confirmation of sensor expression, mice were retro-orbitally injected with saline and imaged
in four dimensions [ X+ Y+ Z+ time (XYZT)] to measure the basal level of autophagy,
thus providing an internal control for each islet. Autophagic vesicle turnover events have
been evaluated previously in immortalized cell lines (50, 51), and these data suggest that
autophagic turnover occurs within ~10 to 15 min in these cells. Therefore, taking into
consideration the autophagy turnover time frame, images were acquired every 2 min for

30 min to account for one full autophagy turnover process of at least one vesicle in each
cell. We can evaluate changes in autophagic flux using compounds that stimulate (IFN-a.)
or inhibit autophagy (CQ), as demonstrated in vitro above. Therefore, imaging was briefly
paused, then these same mice were injected with recombinant mouse IFN-a,, and autophagic
flux was continually monitored for an additional 20 min (Fig. 2B and movies S1 to S8).

In line with this biosensor readout analysis described above, saline infusion had no effect on
autophagic flux, whereas IFN-a infusion rapidly stimulated autophagy. This was evidenced
by a reduction in autophagosomes (red + green signal) and a corresponding increase in
autolysosomes (red signal normalized to red + green; Fig. 2C, blue profiles). In contrast,

in the presence of the autophagy inhibitor CQ, the autophagosomes remained unchanged
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after IFN-a treatment, whereas autolysosome levels were reduced and similarly unchanged
by IFN-a (Fig. 2C, yellow profiles). To statistically analyze these data, we calculated the
ratio of the Pearson coefficient at the final IFN-a time point to the last saline/CQ time
points for each animal, because this should allow us to accurately characterize autophagic
flux in response to stimulation. Student’s ftest revealed a statistically significant difference
between the saline- and CQ-treated groups (£ = 0.0302), confirming the stimulatory effect
of IFN-a on autophagy and the inhibitory properties of CQ (Fig. 2D). The same analysis
was applied to the ratio of red-to-colocalized puncta. However, the temporally increased red
signal was more variable and therefore not significantly different, likely because of the rapid
and cyclical nature of degradation after fusion of the autophagosome with the lysosome.

After imaging, we performed immunofluorescence staining to validate biosensor expression
in the collected tissues. Pancreatic tissue collected after imaging with preserved mCherry
biosensor expression was stained for insulin and autophagy-related protein 12 (ATG12),

an autophagy marker involved in autophagosome formation (52, 53). We observed that

all residual mCherry signal in insulin-positive p cells colocalized with ATG12, further
confirming that the biosensor specifically targets autophagosomes in the islets and
demonstrates B cell selectivity (Fig. 2E).

The autophagy biosensor successfully labels LC3B protein in the B cell autophagosome
membrane of NOD mice in vivo

Our prior data from static evaluation of prediabetic NOD mice and autoantibody-positive
human donors suggested that autophagic flux may be disrupted before the onset of
hyperglycemia (13). Therefore, we turned our attention to determining whether autophagic
flux is impaired in NOD mice before hyperglycemia. A series of NOD mice, and
immunodeficient NSG mice as a control, was injected with the autophagy biosensor as
above. Intravital imaging of the pancreata in NSG mice indicated that islets could be readily
identified by biosensor expression (Fig. 3A). Pancreata were collected from a series of
animals injected with biosensor and then embedded and sectioned to evaluate infection
efficiency throughout the entire pancreas in these models. As demonstrated above (Fig. 2E),
the mCherry signal from the biosensor persists upon tissue processing and can be used

to mark biosensor-infected cells, whereas insulin antibody can be applied to specifically
mark the B cells. We therefore used this approach to quantify infection efficiency and
demonstrate localization selectively in the insulin-positive area in the NOD and NSG models
(Fig. 3B). Quantification of multiple tissue sections across the entire pancreas revealed

a large proportion of B cells expressing biosensor in individual islets (Fig. 3C), which

was representative of 40 to 80% of islets throughout the pancreas expressing biosensor

in at least 30% of their B cells (Fig. 3D). Collectively, these data demonstrate that the
biosensor efficiently infects islets across the mouse strains evaluated through intravital
imaging and that the biosensor specifically targets B cells, reinforcing its suitability for
studying autophagic flux in  cells.

Autophagic flux is impaired in prediabetic NOD mice in vivo

To investigate autophagic flux in the B cell before diabetes onset, we proceeded to
perform intravital imaging of normoglycemic 10-week-old NOD mice injected with the
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autophagy biosensor. We included both female and male NOD mice, which develop diabetes
stochastically at different rates. Female NSG mice were used as genetically matched
controls. During the intravital imaging, pancreatic islets expressing biosensor were identified
in the endogenous pancreas as above for the C57BL/6J model, and baseline z-stacks of each
selected islet were collected. We then injected a series of mice with saline or CQ followed
by IFN-a and collected images over time, as above (Fig. 4A). The Pearson correlation
coefficient and punctum count analyses were then performed to assess autophagic flux

in four dimensions (XYZT). We observed that IFN-a was able to stimulate a significant
reduction in autophagosomes (£ = 0.0254) and a concomitant, but delayed, increase in
autolysosomes in female NSG mice, although these effects were blunted compared with
those observed in mice on the B6/J background (Fig. 4B). We observed that female NOD
mice exhibited no response to IFN-a.,, whereas male NOD mice had a reduced, although still
significant (P = 0.0497), response relative to the NSG controls. Together, these data suggest
impaired autophagic flux in the NOD genetic background that is likely further impaired

in the presence of autoimmunity. This conclusion is further supported by the inhibition of
response to IFN-a by CQ in the p cells of female NSG and male NOD mice but a lack

of effect in the B cells of female NOD mice (Fig. 4, C to E). Individual mouse data are
presented in fig. S2 (A and B). To better account for the time-dependent nature of these

flux changes, we next applied functional data analysis specifically to the Pearson correlation
time courses and red/colocalized punctum tracking data for the saline- and IFN-a—treated
groups (fig. S2, C and D). Principal components analysis (PCA) was first used to summarize
the main temporal pattern, followed by functional analysis of variance (ANOVA) on the

full trajectories. This approach, which compares the entire time series rather than a single
terminal time point, showed that statistically significant (£ < 0.05) separation between
groups emerged toward the end of the IFN-a injection period. These findings indicate that
the late IFN-a time points capture the principal divergence between conditions and therefore
support the use of the final Pearson value (IFN-a versus saline/CQ) as a summary measure
of autophagic flux. On this basis, the same end-point comparison strategy was applied as a
statistical assessment of the IFN-a—evoked response.

To evaluate the level of insulitis in each mouse type, we performed CODEX (codetection
by indexing) multiplex imaging (54) using a panel of antibodies specific to pancreatic
markers and immune cell markers on pancreata from one animal in each group that
underwent intravital imaging (Fig. 5A). Consistent with published studies (55, 56), the

level of insulitis was most prevalent in female NOD mice. As expected, NSG mice did

not show any signs of insulitis. However, insulin-positive cells were still present in all

mice, confirming the continued presence of B cells despite immune infiltration and further
demonstrating that the defective autophagic flux observed in vivo represents these residual
B cells in the infiltrated islets. We quantified the numbers of CD8* and CD3* cells around
all visible islets and included major histocompatibility complex (MHC) class | staining as
an additional cell stress indicator in each mouse strain using the high-resolution, multiplexed
capabilities of the CODEX system. These data confirmed a more advanced prediabetic state
in the female NOD mice compared with NSG mice, whereas males showed no significant
enrichment (Fig. 5, B and C; CD3* £=0.0032; CD8* P=0.0109). We also performed
standard immunohistochemistry on pancreata from the mice subjected to intravital imaging,
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computed a per-mouse insulitis score (see Materials and Methods), and correlated it with
each animal’s intravital autophagy response, quantified as the saline-to—IFN-a change

in Pearson colocalization (Pearson fold change; Fig. 5D) and in the red/yellow punctum
metric (punctum fold change; Fig. 5E). Per-animal scatterplots with Spearman correlations
indicated that greater insulitis burden was not consistently associated with a weaker IFN-
a response. These data support the conclusion that immune infiltration contributes only
modestly to impaired autophagic flux in individual NOD mice. Collectively, these results
demonstrate impaired B cell autophagic flux before the onset of hyperglycemia in NOD
mice that is not predictable by the degree of active insulitis alone.

Autophagic flux is heterogeneous in human islet g cells in an in vivo setting

Many limitations preclude the in vivo study of islet autophagic flux in the human pancreas.
However, as a proxy to studying human B cells in their native niche, our approach to
studying autophagic flux in vivo in real time can also be used to study human  cells by
transplanting them into NSG mice. Although human islets can be effectively transplanted in
several sites (57), one of the most successful and easily accessible sites is the space under
the kidney capsule. We therefore transduced human donor pancreatic islets ex vivo with the
autophagy biosensor and then transplanted them under the kidney capsules of NSG mice.
Islets from each individual donor were transplanted into four mice. After 2 weeks to allow
for islet engraftment, mice were subjected to intravital kidney imaging of the transplanted
islets (Fig. 6A).

Using a similar treatment approach as above for the mouse pancreas, we proceeded to
evaluate autophagic flux in the transplanted human islets. For each donor (Table 1), a set
of animals was first injected with saline to evaluate baseline autophagic flux, followed

by an injection of recombinant human IFN-a to stimulate autophagy and allow for four-
dimensional (4D; XYZT) imaging. A parallel set of islet-engrafted mice was injected with
CQ before IFN-a.. When evaluating all donors together (Fig. 6B), we observed a modest
stimulation of autophagic flux by IFN-a. (P=0.0192) compared with what was observed
with native mouse islets, which was abolished by CQ (Fig. 6C).

It is well established that interindividual variability between human donors can affect islet
physiology and function (58). Therefore, we also evaluated autophagic flux in each donor
individually. When individual donor data were plotted (Fig. 6, D and E), we observed a
heterogeneous response to IFN-a, which was consistently abolished by CQ for all donors.
Ex vivo analysis of human islet autophagy stimulation by IFN-a confirmed the ability of
IFN-a to acutely stimulate flux, as evidenced by a significant increase in LC3:LAMP1
(lysosome associated membrane protein 1) colocalization within 15 min (Fig. 6F; P=
0.0001) using an antibody-based approach, we previously validated for quantification of flux
(13). Consistent with these findings, quantification of LC3 puncta and LAMPL1 puncta in
the insulin-positive area demonstrated increased autophagosome formation and lysosomal
engagement after IFN-a treatment (Fig. 6F; LAMP1 P=0.0025, LC3 £=0.0001), with
representative images shown in Fig. 6G. In contrast, p62 levels in the insulin-positive

area remained largely unchanged at this early time point (Fig. 6H), despite induction of
autophagic flux. This likely reflects the short duration of IFN-a exposure and the temporal

Sci Transl Med. Author manuscript; available in PMC 2026 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Melnyk et al.

Page 8

delay between autophagosome formation and measurable cargo degradation, suggesting
that p62 turnover may not yet be detectable under these acute conditions. However, use
of the biosensor revealed a more heterogeneous real-time response between donors, likely
reflective of the dynamic system and suggesting that the in vivo heterogeneity is unlikely
to be due to engraftment efficiency (fig. S3). Collectively, these data demonstrate that
autophagic flux can be stimulated by IFN-a in human islets similar to that in mouse
pancreatic islets and that this can be imaged in an in vivo setting in real time.

DISCUSSION

T1D has classically been viewed solely as an immune-driven disease. However, emerging
evidence suggests that B cells may play an active role in their own demise (59-61).
Autophagy plays an important role in § cell homeostasis and survival (1). Autophagy has
been extensively studied in the context of type 2 diabetes, p cell homeostasis (2), and
endoplasmic reticulum stress response (62). However, autophagy has only recently been
investigated in the context of T1D (63), and we ultimately know very little about the role of
B cell autophagy in human disease pathogenesis.

Multiple approaches can be used to study autophagy such as collection and preservation of
tissues for further investigation with established techniques of immunofluorescence, Western
blotting, and electron microscopy (17, 18, 64). However, limitations exist in that many of
these approaches provide only a static snapshot of the dynamic autophagy process. Virally
packaged fluorescent biosensors are a useful and versatile alternative to study dynamic
processes, and we have previously used this approach successfully to evaluate reactive
oxygen species dynamics and calcium oscillations in B cells in vivo (35, 57, 65, 66).
Fluorescent autophagy sensors have also been used successfully to study autophagic flux
in B cells in vitro by us and others (67, 68). Therefore, we reasoned that this approach
could be used to enable the investigation of the dynamic nature of autophagy and allow the
visualization of autophagic flux in vivo.

Autophagy sensors have been used to evaluate autophagy in vivo using isolated tissues
from transgenic mice (69, 70). Although these studies provide useful information, they fall
short in truly evaluating real-time dynamic autophagic flux in the presence of systemic
modulators. Here, we have coupled the use of a validated p cell-selective dual-fluorescent
biosensor with intravital imaging to interrogate the dynamics of autophagic flux in real time
in vivo. The use of viral packaging of the sensor allows us to study p cell autophagy in

any mouse model or in isolated islets with high infection efficiency but without complicated
breeding to genetically introduce the sensor or the risk of negative consequences from
prolonged expression of multiple fluorescent proteins (Fig. 3). We therefore used this
versatile approach to selectively study p cell autophagic flux in vivo in both native mouse
islets and xenografted human islets.

To study autophagy dynamically in the context of T1D, we used the NOD mouse model
of spontaneous autoimmune diabetes. Using both male and female mice, we evaluated
cell autophagy at different stages of the immune attack on pancreatic islets before diabetes
onset in the NOD mice. We chose to inject animals with the cytokine IFN-a because of
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its established relevance to human T1D pathogenesis (22, 23), with the hypothesis that it
should stimulate autophagic flux as part of the innate response preceding hyperglycemia
but only under conditions where autophagy is able to be physiologically stimulated. Our
testing in wild-type C57B6/J mice demonstrated the stimulation of B cell autophagy by
IFN-a.. However, we observed an impairment in autophagic flux by IFN-a in prediabetic
female NOD mice compared with age- and sex-matched NSG controls. This demonstrates
that autophagy is impaired before diabetes onset in the NOD model, consistent with our
previous ex vivo observations using pancreas tissue sections from NOD mice and islets of
autoantibody-positive human donors (13).

Although these previous observations established that autophagy is defective before diabetes
onset in the NOD model, whether autoimmunity affects autophagy suppression remained
unaddressed. In other words, our previous work was unable to fully distinguish between
the effects of genetic predisposition and immune-mediated repression of  cell autophagy.
Therefore, we evaluated autophagic flux in age-matched male NOD mice. It is well known
that male NOD mice develop diabetes much later and with a lower penetrance than females
(55), concomitant with reduced insulitis. We observed increased stimulation of autophagic
flux by IFN-a in the B cells of male versus female NOD mice. However, the ability to
stimulate autophagy in these animals was still somewhat repressed compared with that in
NSG and C57B6/J mice. These observations may suggest a combination of genetics and
autoimmunity that contributes to autophagy suppression in the NOD model.

Although human islets cannot be studied in vivo in the same way as mouse islets for
ethical reasons, human islets are widely studied in an in vivo context after transplantation
into NSG mice (57). Therefore, we used this approach to perform real-time 4D autophagy
monitoring in human B cells in intact islets in an in vivo setting after transplantation
under the kidney capsules of NSG mice. Using IFN-a., we observed that although we
could sometimes stimulate autophagic flux, there was substantial donor heterogeneity in
autophagy in the nondiabetic donors evaluated. This is perhaps expected and may be
reflective of interindividual biological variability that is not replicated in inbred mouse
models. Nonetheless, we demonstrated an ability to stimulate autophagic flux in human
islets in vivo, thus establishing our platform for future studies in islets from donors with
clinical or preclinical (autoantibody-positive) T1D and for testing therapeutic autophagy
modulators.

Several limitations of this study should be considered. First, although our findings
demonstrate impaired B cell autophagic flux before hyperglycemia, direct causality between
autophagy defects and diabetes progression cannot be established using the current models.
Additional longitudinal studies will be required to determine whether impaired autophagic
flux is a driver or a consequence of disease development. Second, although transplantation
of human islets into NSG mice enables in vivo analysis, islet isolation and engraftment

may introduce cellular stress that could influence autophagic responses. Metabolic stress
has been reported to modulate autophagic activity in a heterogeneous manner (70, 71),
which may contribute to the variability observed across human donors. Last, although
donor-dependent differences in IFN-a—induced autophagic flux were observed, the factors
underlying this heterogeneity remain to be defined. Future studies incorporating longitudinal
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imaging approaches and well-characterized donor cohorts will be important to address these
questions and further clarify the role of autophagy in T1D pathogenesis.

In summary, we demonstrate in four dimensions that B cell autophagic flux is impaired
before hyperglycemia in an established model of autoimmune diabetes. Furthermore, we
can monitor human B cell autophagy in four dimensions in an in vivo setting. Collectively,
our observations raise important questions regarding how impaired autophagic responses to
IFN-a may contribute to early p cell dysfunction and the progression of autoimmunity and
provide a platform for evaluating the efficacy of therapeutic strategies aimed at restoring
this critical process. The potential for studies such as these to evaluate not only acute drug
response but also long-term response and functional outcomes through the incorporation of
abdominal imaging windows (35, 72, 73) remains to be addressed. However, we anticipate
that future studies grounded in this work will contribute to our understanding of T1D
pathogenesis.

MATERIALS AND METHODS
Study design

This study was designed to dynamically assess autophagic flux in vivo in endogenous

mouse pancreatic B cells and in transplanted human B cells. The overall goal was to
determine whether defective B cell autophagic flux precedes the onset of hyperglycemia

and to evaluate how IFN-a modulates autophagic flux in models relevant to T1D. We
hypothesized that dynamic in vivo assessment of B cell autophagic flux would reveal early
defects associated with autoimmune diabetes pathogenesis and define p cell responses to
IFN-a.. Sex was considered as a biological variable during the planning of all animal
experiments. Male and female NOD mice and female NSG mice were used as indicated

for each experiment. Human islets from both male and female donors were included in
transplantation studies, as indicated in Table 1. All animal experiments were approved by the
Indiana University School of Medicine Institutional Animal Care and Use Committee. Mice
were housed in a temperature-controlled facility with a 12-hour light/12-hour dark cycle and
were given free access to food and water. C57BL/6J (RRID:IMSR_JAX:000664) and NOD
(RRID:IMSR_JAX:001976) mice were purchased from the Jackson Laboratory at 6 weeks
of age. NOD.Cg-Prkdcse@ 112rg?™IWjSz) (NSG; RRID:IMSR_JAX:005557) mice were
obtained from the on-site breeding colony at the Preclinical Modeling and Therapeutics Core
at the Indiana University Simon Comprehensive Cancer Center at 6 weeks of age. Blood
glucose in NOD mice was monitored biweekly with an AlphaTrak2 glucometer (Zoetis),
and animals were classified as diabetic after 2 consecutive days of blood glucose readings
greater than 250 mg/dl. For biosensor imaging studies, male and female NOD mice and
female NSG mice were injected at 7 weeks of age with ~2.31 x 1012 genome copies (GC) of
AAV8 biosensor, and intravital imaging was performed at 10 weeks of age. All animals from
which imaging data were collected were included in the final analysis. Human islets used

in this study were deidentified specimens exempt from Institutional Review Board approval
and were obtained through the Integrated Islet Distribution Program (11DP) or the Alberta
Diabetes Institute IsletCore. All experiments were performed with at least three biological
replicates. For human islet studies, a biological replicate was defined as islets from an
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individual donor, whereas for cell line—based studies, a biological replicate corresponded
to an independent passage of cells. Several experiments also included technical triplicates
to assess consistency in individual donor islets. Statistical significance was determined on
the basis of biological replication. Image analysis was performed in a blinded manner to
minimize bias.

Generation of a p cell-selective fluorescent autophagy biosensor

AAVS has previously been shown to have pancreas tropism (74), and we previously used

a hybrid insulin/rabbit p-globin promoter (75), which we refer to as RIP1, to enable p cell-
selective sensor expression in vivo (35). Here, we generated AAV8-RIP1-mCherry-EGFP-
LC3B plasmid by cloning the insulin/B-globin promoter and the mCherry-EGFP-LC3B
construct [from Addgene construct no. 22418; (31)] into an AAV8 packaging plasmid. The
plasmid was then packaged into the AAV8 at the Vector Core of the Gene Therapy Program
at the University of Pennsylvania.

Transduction of cell lines, islets, and iPSC-derived B cells

INS1 cells were cultured and maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum (Gibco, catalog no. A5256701), 10 mM Hepes (Gibco, catalog no.
15630080), 2 mM L-glutamine (Gibco, catalog no. 25030081), 1 mM sodium pyruvate
(Gibco, catalog no. 11360070), 0.05 mM 2-mercaptoethanol (Gibco, catalog no. 21985023),
and 1% antibiotic-antimycotic (Gibco, catalog no. 15240062). Cells were transduced with
AAV8-RIP1-mCherry-EGFP-LC3B at a multiplicity of infection (MOI) of 5000 for 24
hours. After transduction, the viral medium was removed, and cells were treated with
autophagy modulators on the microscope stage during imaging for 1 hour. Throughout
imaging, cells were maintained at 37°C with 5% CO,. Autophagy was modulated by treating
cells with mouse recombinant IFN-a (2000 IU/ml; BioLegend, catalog no. 752802) or

100 nM bafilomycin Al (Sigma-Aldrich, catalog no. B1793) or 50 nM of wortmannin
(MedChemExpress, catalog no. HY-10197).

EndoC-BH1 cells were cultured as previously described (37). Briefly, cells were maintained
on plates coated with Matrigel (100 mg/ml; Corning, catalog no. 356237) and fibronectin
(2 mg/ml; Sigma-Aldrich, catalog no. F1141) in Dulbecco’s modified Eagle’s medium

(5.6 mM glucose) supplemented with 2% albumin from bovine serum fraction V (Equitech-
Bio, catalog no. BAH66) [bovine serum albumin (BSA)], nicotinamide (10 mM; Sigma-
Aldrich, catalog no. N0636), transferrin (5.5 mg/ml; Sigma-Aldrich, catalog no. T8158),
sodium selenite (6.7 ng/ml; Sigma-Aldrich, catalog no. S5261), 2-mercaptoethanol (50
mM; Sigma-Aldrich, catalog no. M3148), and penicillin/streptomycin (100 U/ml and

100 mg/ml, respectively; Thermo Fisher Scientific, catalog no. 15140122). Passages

were performed weekly, and mycoplasma contamination was periodically tested (Applied
Biological Materials). During 1 hour of imaging, cells were kept at 37°C with 5% CO»

and treated with human recombinant IFN-a (2000 1U/ml; Novus Biologicals, catalog no.
NBP2-26551), 100 nM bafilomycin Al (Sigma-Aldrich, catalog no. B1793), or 100 uM
MSL-7 (Axon Medchem, 2932).

Sci Transl Med. Author manuscript; available in PMC 2026 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Melnyk et al.

Page 12

Mouse islets were isolated after enzymatic digestion of the pancreas with collagenase,
prepared by the IU Diabetes Center Islet Core as previously described (76) or isolated in
house using a Ficoll gradient. Briefly, the pancreas was inflated with collagenase solution
[0.75 to 1 mg/ml; in Hanks’ balanced salt solution (HBSS)/0.02% BSA], dissociated in a
37°C shaking water bath. Islets were washed in ice-cold HBSS/0.02% BSA and filtered
through a 500-um mesh to remove debris. Islets were further purified with a Ficoll gradient,
then washed with HBSS/0.02% BSA, and resuspended in islet medium containing RPMI
(no glucose; Gibco, catalog no. 11875093) with 6.7 mM glucose, 8% heat-inactivated fetal
bovine serum (Gibco, catalog no. 16140071), and 0.8% penicillin-streptomycin (Gibco,
catalog no. 15140122). Islets were cultured at 37°C with 5% CO, and rested overnight
before experimentation.

Human islets were obtained from the 1IDP or the Alberta Diabetes Institute Islet Core.
They were cultured in Prodo islet medium (5.8 mM glucose; Prodo, catalog no. PIM-
S001GMP) with 5% human AB serum supplement (Prodo, catalog no. PIM-ABS001GMP),
1% glutamine and glutathione supplement (Prodo, catalog no. PIM-G001GMP), and
ciprofloxacin (10 pg/ml; Thermo Fisher Scientific, catalog no. MT61277RG). Upon receipt,
the islets were centrifuged at 350g for 5 min, resuspended in complete islet medium, and
allowed to recover overnight before infection with the AAV8-packaged biosensor.

After overnight recovery, mouse and human islets were suspended in Accutase (Innovative
Cell Technologies, catalog no. AT-104) and incubated for 1 min at 37°C to loosen, but not
fully dissociate, the cells, thus enhancing biosensor infection efficiency. The enzyme was
inactivated with serum-containing medium. Islets were then transduced with AAV8-RIP1-
mCherry-EGFP-LC3B at an MOI of 5000 for ~16 to 18 hours at 37°C in fresh complete
islet medium. During 1 hour of imaging, islets were maintained at 37°C with 5% CO, and
treated with recombinant human IFN-a (2000 1U/ml; Novus Biologicals catalog no. NBP2—
26551) or recombinant mouse IFN-a (BioLegend, catalog no. 752802), along with 20 pM
CQ diphosphate (Thermo Fisher Scientific, catalog no. J64459.14).

Undifferentiated human pluripotent stem cells (iPSCs) were maintained in Essential 8 (E8)
medium (Thermo Fisher Scientific, catalog no. A1517001) on Matrigel-coated plates and
passaged using EDTA. B cell differentiation was carried out using a six-stage protocol,
which includes the definitive endoderm, primitive gut tube, pancreatic progenitor stage
(S)1, pancreatic progenitor S2, pancreatic endocrine, and lastly mature stem cell (SC) islet
cells (77). For differentiation, iPSCs were dissociated with EDTA and seeded onto new
Matrigel-coated plates in E8 medium supplemented with 10 uM Y-27632 (Rho-associated
kinase inhibitor; Tocris Bioscience, catalog no. 1254) at a density of 2.0 to 2.5 x 108

cells per well in six-well plates. To initiate stage 1 (definitive endoderm) differentiation,
the medium was replaced with DO medium, consisting of basal medium 1 with activin

A (100 ng/ml; MedChemExpress, catalog no. HY-P703994) and CHIR99021 (500 nM;
Sigma-Aldrich, catalog no. SML1046). On day 1, cells were fed again with DO medium,
followed by refeeding on days 2 and 3 with basal medium 1 containing only activin A. The
further differentiation from S2 to S6 followed the stepwise protocol detailed by Hogrebe et
al. (77). Medium changes were performed daily until S5, with medium refreshed every other
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day beginning on the first day of S6. Treatments were performed exactly as above during 1
hour of live imaging.

Transduction of native mouse islets

To induce B cell-selective expression of the RIP1-mCherry-EGFP-LC3B biosensor, animals
were given intraperitoneal injections of AAV8-packaged sensor 3 weeks before the intravital
imaging session. All injections were given to animals at 7 weeks of age and between 9:00
a.m. and 11:00 a.m. to ensure consistency of sensor expression in the tissue. This enabled
robust expression of sensor specifically in the pancreatic p cells that lasted for at least 20
weeks beyond the injection time (fig. S4).

Transplantation of human islets

After transduction as described above, human islets were centrifuged at 350¢g for 5 min,

and viral islet medium was removed. The islets were then transferred to virus-free islet
medium and transplanted under the left kidney capsules of NSG mice. Approximately 1000
IEQ (islet equivalents) were transplanted per mouse. Briefly, mice receiving the transplants
were subcutaneously treated with Ethiga XR (3.25 mg/kg; 800-MIDWEST product number
267.10000.3) before starting the surgery. During the surgery, mice were anesthetized through
isoflurane inhalation and kept on a warming blanket until they regained reflexes postsurgery.
The left flank of the mouse (around the kidney area) was shaved, and excess hair was
removed with Nair hair removal cream (Church & Dwight Co. Inc.). The shaved area was
cleaned with an alcohol swab, a small incision on the skin was created, and the left kidney
was gently externalized. The distal end of a sterile polyethylene (PE-50) tubing was attached
to a Hamilton screw syringe containing a blunt needle tip. The tubing containing the islets
was cut at an angle to make the tubing beveled. Then, a small nick was made on the kidney
capsule with a 30-gauge needle, and the beveled end of the tubing containing the islets was
carefully placed under the kidney capsule, all while keeping the tissue moist with saline.
Then, a small air bubble was delivered very carefully and slowly under the capsule followed
by islets. The kidney was then placed back into the peritoneal cavity, and the muscle and
skin were sutured using 5-0 VICRYL sutures. After surgery, the animals were treated with
analgesics/anti-inflammatories and were monitored until they regained reflexes. The animals
were singly housed in a clean cage and provided with wet feed and were subcutaneously
administered carprofen (5 pg/kg) as necessary for pain management postsurgery.

Intravital imaging of endogenous mouse pancreas

Mice were anesthetized by isoflurane inhalation, then a small flank incision was made,

and pancreata were gently externalized as we have previously described (35). Each animal
was placed such that the externalized pancreas could rest on the surface of a glass-bottom
imaging dish (0.17-mm thick, 40 mm in diameter; WillCo, catalog no. GWST-5040). The
temperature and humidity of the externalized organ were monitored throughout the imaging
session. Throughout the surgery and imaging, ophthalmic ointment was applied to avoid
drying of the animal’s eyes. To reach the deeper pancreas tissue, two-photon microscopy
was used, with penetration depth reaching from 500 um up to 1 mm into the tissue (78, 79).
Animals were imaged using a Leica TCS SP8 DIVE confocal multiphoton system mounted
on an inverted stand equipped with a Spectra-Physics MaiTai DeepSee laser and mounted

Sci Transl Med. Author manuscript; available in PMC 2026 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Melnyk et al.

Page 14

with a 40x 1.1 numerical aperture (NA) water objective. Intraperitoneal and retro-orbital
injections were performed on the animals during the imaging. Initially, pancreatic islets were
identified through the eyepiece by looking for the “red” and “green” fluorescence of the p
cells expressing the autophagy biosensor. We collected 512 pixel-by-512 pixel images at
400-Hz scanning frequency with 900- and 1050-nm wavelength excitation lasers, whereas
emission signal from the biosensor was collected on the Power HyD detectors at 490- to
530-nm and 575- to 625-nm emission windows for eGFP and mCherry signals, respectively.
Next, a baseline 4D z-stack of each selected islet was collected (2- to 3-um thick) nonstop
for a duration of 3 min. After this, animals were intraperitoneally injected with 100 pl of
saline or CQ diphosphate (50 mg/kg; Tocris Bioscience, catalog no. 4109), and a selected
islet was imaged for a total duration of 30 min, with images collected at time intervals of

2 min. Animals were then given retro-orbital injections of 2.75 x 10° IU of recombinant
mouse IFN-a (BioLegend, catalog no. 752802), and the final 20 min of images with the
same time intervals was collected. To evaluate islet architecture, retro-orbital injection of
albumin conjugated with Alexa Fluor 647 was performed at the end of saline/CQ/IFN-a
imaging. Images of the vasculature were collected using an 840-nm laser wavelength, with
emission collected in the 650- to 700-nm wavelength window of the photomultiplier tube
detector.

Analysis of intravital images

Images were collected in sequential order: The first excitation of the 900-nm laser was

set, and appropriate emission spectra were collected; the next 1050-nm laser excitation

was set. The images were collected sequentially between laser lines, but fast switching
allowed overall image collection to be performed almost simultaneously. FIJI was used for
all analyses (80). The maximum intensity projection of the collected z-stacks of the islet
was created first for further image analysis. Collected image channels from 900-nm laser
excitation and 490- to 530-nm emission and 1050-nm laser excitation and 575- to 625-nm
emission were then separated and analyzed for colocalization and punctum count. As an
initial step, background subtraction was performed on both images: Image background was
identified in the places of images where no signal was visible, and the average intensity of
background pixels was subtracted from the whole image. Next, rolling ball background
subtraction was performed with the FIJI plugin, of radius 25 pixels. For the red and

green colocalization in space, the Pearson correlation coefficient was measured for the
selected images using the colocalization threshold plugin in Imagel. The Pearson correlation
coefficient for the positive area was used as a measured parameter. Next, a median filter

was applied to the images for punctum identification in both channels. Using the Image
calculator plugin in FLJI, the “and” image of red and green channels was created (only pixels
that have positive intensity simultaneously in both channels are shown) and identified as a
colocalized signal. The particles analysis plugin in ImageJ was then used to calculate puncta.
To avoid punctum overcounting, a percentage of the positive area was used as a measuring
parameter for the punctum count. The red-only image was created as a difference between
colocalized and red signal images, to count only red puncta that did not have green signal
associated with them. The same particle analysis plugin was used to count the red-only
puncta. Next, the ratio of the red-only/colocalized puncta was plotted for each time data
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point. Last, data were represented as a fold change of the time 0 data point (baseline image
collected for 3 min before any injections were administered to the animals).

The Pearson correlation coefficient is insensitive to the intensity difference between two
channels; thus, we only analyzed the co-occurrence in space of the two fluorophores. The
punctum count specifically evaluates the autophagic flux. With an increase in the autophagic
flux, the number of red puncta will increase and that of yellow will decrease simultaneously,
leading to an increased ratio. In the case of autophagy inhibition with CQ, the number of red
puncta will not change significantly, but the number of yellow puncta will increase, leading
to a decreased ratio.

For each image and each outcome (Pearson correlation; red-only/colocalized punctum
ratio), we treated the 60-min acquisition as a single continuous time course (saline or

CQ first and then IFN-a). Per-cell trajectories were converted to smooth functions. We
first compared mouse models with principal components of the functional data [PCA of
smoothed curves; functional principal components analysis (FPCA)] to visualize dominant
temporal patterns (PC2 panels shown). To identify when models differed, we performed a
functional ANOVA using a permutation, max-T procedure: At each minute, we computed
the classical ~statistic across mouse models and obtained family-wise error—controlled ~
values from the permutation distribution of the maximum Fover time. Figures display A9
with top peaks highlighted and a reference for £< 0.05.

For summary treatment effects, we compared end points in the same groups: the last time
point before IFN-a (end of saline/CQ) versus the last recorded time point after IFN-a.
Changes were tested by paired ftest. Statistical analyses were conducted in R (version =4.2)
using the fda, tidyverse, and mgcv packages, with a custom script to generate the functional
ANOVA curves and FPCA panels.

Immunofluorescence staining of mouse islets after intravital imaging

After imaging, pancreata were collected and flash-frozen in optimal cutting temperature
(OCT) compound (Thermo Fisher Scientific, catalog no. 23-730-571). OCT compound-
embedded pancreata were sectioned at 8-um thickness, and then the tissues were
permeabilized with 1% phosphate-buffered saline (PBS) containing Triton X-100 (Thermo
Fisher Scientific, catalog no. AAA16046AP) for 15 min. Slides were then blocked with
Dako blocking buffer (Agilent Technologies, catalog no. X0909) before incubation with
antibodies in Dako antibody diluent (Agilent Technologies, catalog no. S3022) overnight

at 4°C in a humidified chamber with the following primary antibodies: guinea pig anti-
insulin antibody (1:250; Bio-Rad, 5330-0104G) and rabbit ATG12 antibody (1:100; Cell
Signaling Technology, D88H11). After overnight incubation, the slides were washed with
PBS, and secondary antibodies goat anti-guinea pig Alexa Fluor 647 (Invitrogen, catalog
no. A-21450) or donkey anti-rabbit Alexa Fluor 488 (Invitrogen, catalog no. A-21206) were
added at 1:500 dilution together with 4,6-diamidino-2-phenylindole (DAPI; Thermo Fisher
Scientific, catalog no. D1306) at a 1:2000 dilution to stain nuclei. The slides were incubated
in the dark with secondary antibodies for 1 hour at room temperature and then mounted
using a hard-set mounting medium (Everbrite, catalog no. NC0965689). All images were
acquired using a Zeiss LSM 700 confocal microscope, with 40x 1.3 NA oil objective.
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Collected 10-um-thick z-stacks (with 1-um step) of the islet images from the tissue slices
were projected as a maximum intensity on one plane, then background subtraction was
performed (by measuring the mean intensity of the not fluorescent part of the image and
subtracting that value from the whole image) for all channels separately, and an insulin

mask was created to measure the insulin area. The insulin mask was then applied over the
mCherry channels, and the area of each signal was calculated over the insulin mask. Data are
presented as a ratio of each channel area over the insulin-positive area.

CODEX staining of the mouse tissues after intravital imaging

After intravital imaging, mouse tissues (pancreas and spleen) were flash-frozen in OCT
on a bed of dry ice. Tissues were sectioned at a thickness of 8 um and mounted onto
positively charged microscope slides precoated with CellTak (Corning, catalog no. 354240)
at a concentration of 3.5 pg/cm? of the slide surface area. CODEX staining was then
performed according to the manufacturer’s instructions for the PhenoCycler/Phenolmager
platform (Akoya Biosciences) (81), using a multiplex antibody panel against pancreatic
and immune cell markers. After completion of the automated staining and fixation steps,
flow cells were mounted, and slides were equilibrated in 1x PhenoCycler buffer (Akoya
AKO-AR600250ML) before imaging on the PhenoCycler Fusion system. The following
antibodies are shown: rabbit anti-insulin antibody (EPR17359)—BSA and azide free
(Abcam, catalog no. ab202760), rabbit anti-glucagon antibody (EP3070)—BSA and azide
free (Abcam, catalog no. ab167078), mouse anti-MHC class | (BioLegend, catalog no.
114602), anti-CD3 (Akoya, catalog no. 4550109), and anti-CD8 (Akaoya, catalog no.
4250017).

Immunohistochemistry and insulitis scoring

Frozen pancreas tissue sections from mice exposed to intravital imaging were equilibrated
to room temperature and then fixed/permeabilized in ice-cold methanol for 20 min.
Endogenous peroxidase activity was quenched using freshly prepared methanol containing
0.45% H,0,, sections were blocked with Dako blocking buffer (Agilent Technologies,
catalog no. X0909) in a humidified chamber, and then slides were incubated overnight at
4°C with primary antibody [1:200; rabbit anti-CD3 epsilon antibody (SP7), Abcam). The
next day, slides were incubated with SignalStain Boost IHC Detection Reagent (rabbit; Cell
Signaling Technology, catalog no. 18653). Color development was performed with DAB
Substrate Working Solution (Cell Signaling Technology DAB Kit, catalog no. 8059) for up
to 10 min until the desired signal intensity was reached. Sections were counterstained with
a Hematoxylin and Eosin Staining Kit according to the manufacturer’s instructions (\Vector
Laboratories, catalog no. H-3502). Slides were then mounted with Permount mounting
medium (Thermo Fisher Scientific, catalog no. SP15-100) before imaging on a Keyence
BZ-X810 microscope in brightfield using a 10x 0.3 NA objective.

For each section, tissue boundaries were registered via the instrument’s MultiPoint stitching
workflow; autofocus, autobrightness (with manual refinement), and white balance were
applied before capture. Images were acquired with z-stack autofocus capture, stitched, and
then exported at original scale. The micrometer-per-pixel calibration was recorded from the
BZ-Analyzer “Scale” settings and used downstream for analysis. Whole-slide images were
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analyzed in QuPath. Images were set to Brightfield H-DAB, and stain vectors (hematoxylin,
DAB, and background) were standardized by sampling representative regions of interest for
each slide. Islets were annotated manually, and a 50-um peri-islet region was generated by
expanding each islet annotation. Positive cell detection was run with the requested pixel size
matched to the Keyence calibration; nuclei per cell expansion was set to ~1 to 2 um. Insulitis
scoring was derived per islet and aggregated per mouse after established criteria (82, 83).

Intravital imaging of human islets

A similar procedure as the intravital imaging for mouse pancreata was performed for the
human islet imaging. During the surgery before the imaging session, mice under inhaled
isoflurane anesthesia underwent gentle externalization of the left kidney, which was placed
on the glass-bottomed imaging dish. The kidney was kept moist throughout all procedures
with saline, and the temperature of the imaging dish was kept near body temperature levels
(36° to 37°C). Next, each animal was placed on the microscope and imaged using a 25x 0.95
NA water objective. Transplanted human islets were identified first through the eyepiece,
and then a z-stack of 2- to 3-um-thick slices was imaged for 3 min nonstop at a 400-Hz
frequency to obtain a baseline sensor readout. Intraperitoneal injection of the saline or CQ
was performed as above, and then a chosen islet was imaged for 30 min at 2-min time
intervals. Next, retro-orbital injection of recombinant human IFN-a (2.75 x 10° 1U; Novus
Biologicals, catalog no. NBP2-26551) was performed, and the last 20 min of images of the
same islet at the same time interval was collected.

In vitro analysis of autophagy in human islets

Human islets (1000 IEQ per treatment group) were treated with either PBS or IFN-a (2000
IU/ml; Novus Biologicals, catalog no. NBP2-26551) for 15 min. After treatment, islets were
washed three times with PBS and fixed with 4% paraformaldehyde. Fixed islets were then
cryoprotected in 30% sucrose at 4°C overnight, embedded in OCT, and sectioned at 6-um
sections. The sections were then subjected to immunofluorescence staining after blocking
and permeabilization and incubated with primary antibodies overnight at 4°C against
LAMP1 (1:100; BD Biosciences, catalog no. 555798), LC3 A/B (1:100; Cell Signaling
Technology, catalog no. 12741), SQSTM1 (p62) (1:100; Abcam, catalog no. ab91526), and
insulin (1:2; Dako, catalog no. IR002). Secondary antibodies were diluted 1:500 in antibody
diluent (Abcam, catalog no. 64211) and incubated at room temperature for 1 hour: Alexa
Fluor 647 donkey anti-rabbit immunoglobulin G (IgG), Alexa Fluor 594 goat anti-mouse
1gG, and Alexa Fluor 488 goat anti-guinea pig 1gG. DAPI was used to stain the nuclei.
Images were acquired using a Leica Stellaris confocal microscope with 40x 1.3 NA oil
objective. Collected z-stack images of human islets (~10-um total thickness, 1-um step
size) were projected into a single plane using maximum intensity projection. Background
subtraction was performed independently for each channel by measuring the mean intensity
of a nonfluorescent region and subtracting this value from the entire image. An insulin
mask was generated by thresholding the insulin channel, and this binary mask was used to
restrict all subsequent analyses. The insulin mask was applied to the LC3, LAMPL, and p62
channels to quantify signal specifically in B cells. For LC3 and LAMPL1 analysis, puncta
were identified after median filtering to reduce noise. LC3 puncta and LAMP1 puncta were
quantified in the insulin-positive area using the analyze particles function in FIJI, with
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consistent thresholding parameters applied across all conditions. Colocalization between
LC3 and LAMP1 was assessed using the image calculator to generate an “and” mask, and
the resulting signal was quantified as a measure of autophagosome-lysosome interaction. For
p62 analysis, total fluorescence in the insulin-positive area was measured after background
subtraction. All measurements were normalized to the number of nuclei presented in the
image.

Statistical analysis

Individual-level data are provided in data file S1. Statistical analyses were performed using
GraphPad Prism (version 11.0.0, GraphPad Software) and R (version =4.2). For comparisons
between two groups, Student’s #test was used, and for multiple-group comparisons, one-
way ANOVA followed by Dunnett’s or Tukey’s post hoc test was applied, as appropriate.
Normality of data distributions was assessed using the Shapiro-Wilk test and by visual
inspection of Q-Q and frequency distribution plots. When repeated measures were present,
mixed-effects ANOVA was used. For intravital imaging data, time-resolved measurements
of the Pearson correlation coefficient and red-only/colocalized punctum ratio were analyzed
as continuous trajectories. Functional data analysis was performed by first smoothing
individual time courses, followed by FPCA to identify dominant temporal patterns. Group
differences across time were assessed using functional ANOVA with a permutation-based
max-T procedure to control for family-wise error across time points. To summarize
treatment effects, end-point comparisons were performed in each group by comparing the
final time point before IFN-a. stimulation (end of saline or CQ treatment) with the final time
point after IFN-a exposure using paired ftests. This approach was selected on the basis

of functional analysis indicating that the primary divergence between conditions occurred

at later time points. For correlation analyses, simple linear regression was used where
appropriate, and statistical significance was assessed using Spearman’s rank correlation test.
Data are presented as mean = SEM unless otherwise indicated. All statistical tests were
two-sided, and £ < 0.05 was considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Autophagy biosensor successfully labels the autophagosomal membrane and functions as
expected in B cellsin vitro.

(A) Schematic showing the macroautophagy process with AAV8-LC3B-eGFP-mCherry
biosensor-binding site and expected fluorescence change. (B) Qualitative images of INS-1
cells transduced with the autophagy sensor at an MOI of 5000 and then serum-starved

in HBSS or treated with the autophagy-stimulating compound MSL7 over a 3-hour

time course. (C) Qualitative images of INS-1 cells transduced with 5000 MOI of the
autophagy biosensor and then treated with the autophagy inhibitor bafilomycin Al and
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proinflammatory cytokine IFN-a.. (D) Qualitative images of endo-CpH1 cells transduced
with 5000 MOI of the autophagy biosensor and then treated with the autophagy inhibitor
bafilomycin Al and proinflammatory cytokine IFN-a.. (E) Qualitative images of isolated
islets from NSG mice transduced with 5000 MOI of the autophagy biosensor and

then treated with the autophagy inhibitor CQ and proinflammatory cytokine IFN-a. (F)
Qualitative images of isolated human islets transduced with 5000 MOI of the autophagy
biosensor and then treated with the autophagy inhibitor CQ and proinflammatory cytokine
IFN-a. (G) Qualitative images of iPSC-derived B cells transduced with 5000 MOI of the
autophagy biosensor and then treated with the autophagy inhibitor bafilomycin Al and
proinflammatory cytokine IFN-a. The enlarged site is shown in the frame for each image.
Scale bars, 50 um.
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Fig. 2. The autophagy biosensor effectively measures autophagic flux in wild-type mice.
(A) Tiled representative image of a large area of a C57BL/6J mouse pancreas expressing the

AAV8-packaged autophagy biosensor, with multiple islets identified. Individual islets (white
dashed line boxes) are enlarged as maximum intensity projections of the collected z-stacks.
Scale bars, 500 pm (left) and 50 pm (right). (B) Representative images of islets at various
time points during intravital imaging. = 35 is representative of basal exposure to either
saline or CQ as indicated, whereas ¢= 60 is representative of the same islet after IFN-a is
added after the saline or CQ exposure. Selected cells (white dashed line boxes) are enlarged
in the corner of each image. Scale bars, 50 um. (C) Quantitative analysis of autophagic

flux in wild-type mice. Pearson correlation coefficient and the punctum count in the form

of red/colocalized punctum ratio fold change are shown for mice injected with either saline
followed by IFN-a or CQ followed by IFN-a.. (D) Statistical comparison of the Pearson
correlation coefficient and the punctum count at the end time points of saline/CQ and IFN-a
treatment. (E) Representative images of islets in pancreas sections from C57BL/6J mice
after intravital imaging stained for insulin and ATG12, with quantification of the colocalized
area of mCherry and ATG12 on the insulin-positive/negative area of the islet. Scale bars,

50 pum. Data points are mean + SEM, n= 3 animals per condition. Data were analyzed by
Student’s ftest; *P < 0.05 and ****P < 0.001; ns, not significant. ip, intraperitoneal.
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Fig. 3. NOD and NSG B cells efficiently express the autophagy biosensor.
(A) Intravital image of a large area of biosensor-infected NSG mouse pancreas with two

individual islets denoted (white dashed line boxes). One islet is shown at higher resolution as
a maximum projection of the collected z-stack. Scale bars, 500 um (left) and 50 um (right).
(B) Representative images of islets in pancreas sections from female NSG and NOD mice
after intravital imaging. Scale bars, 50 pm. (C) Quantification of (B) showing the proportion
of B cells in a given islet that are also expressing biosensor (i.e., the mCherry-positive area).
Each point represents a single islet. Means £ SEM are shown for 7= 6 mice per group. (D)
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Quantification of the per-centages of the islets throughout the pancreas expressing biosensor
in at least 30% of the B cells. Means + SEM are shown for /7= 6 mice per group.

Sci Transl Med. Author manuscript; available in PMC 2026 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Melnyk et al. Page 35

B
Rl | S e— |1 E— £
5 <08 5
£po8 ig
E9 °
86001 i3
OF | 88
Sa 04 * -3
als o8
58 5, - remaenss Q= 0.5 Female NSG
& =927 . wawnon 3 + MaleNoD
-»- Female NOD o -+ Female NOD
X UREESURES S s s 0. RESUSER R e e
0 10 20 30 40 5 60 70 0 1 20 30 40 5 60 70
Time (min) ns Time (min)
c 2.0 s 3
- ©
By 0.0497 5 ns
5 gtS- 0.0254 * ns 23, ns —
g5 | = iz .
O E 1.0 ooe o ¢ e 56 o o
ca H e gz o e
a5 23 11 2 .3
S o 0.5 o= . =
& (“ © T o
. 9 o
J of o 3
0. T T T T T -y
t=351=60  =35(=60 =35 =60 t=35=60 t=35=60  t=35 t=60
D 19 [Chioroquine PN 20
k]
£ < 08 g
SE 25 157
5 2 06 32
8o 88 Libiglitat 1T
© E R s I g
5 & 04 S VI el Seie Lalont
[ °8 3
$2 0.2 Fomalo NsG O = 0.5 Fomale NSG
a o MaoNoD 3 + MaloNOD
o Fomalo NoD & o FomaloNOD
X USRS e e [X SRS B e e s
0 10 20 30 40 50 60 70 0 1 20 30 40 5 60 70
Time (min) Time (min)
E 1.5 1.59
- . ” s
g2l . - 3 R
1 R R B | i
SE SE
sa o a
85 05+ oyt 2 i 0.5
] ]
g 3
2 + a 5
0. T T =t 0. T T =
=351=60  t=35t=60 =35 t=60 t=351=60 t=35t=60 =35 t=60

Fig. 4. Autophagic flux isimpaired in female NOD mice.
(A) Representative images of the analyzed islets are shown for female NSG, female NOD,

and male NOD mice after saline (£=35 min) and IFN-a (¢= 60 min) injections. Single-cell
images depicted in the frames are enlarged. Scale bars, 50 um. (B) Quantitative analysis

of autophagic flux is shown for female NSG, female NOD, and male NOD mice after

saline and IFN-a injections. (C) Statistical comparison of the Pearson correlation coefficient
and the punctum count at the end time points of saline and IFN-a treatments. Pearson
correlation coefficient as a function of time and red/colocalized punctum fold change over
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time is shown. Means + SEM are plotted for each animal strain. 7= 4 or 5 for each strain,
one or two islets per animal analyzed. (D) Quantitative analysis of autophagic flux after
CQ and IFN-a injection is shown. (E) Statistical comparison of the Pearson correlation
coefficient and the punctum count at the end time points of CQ and IFN-a treatment.
Pearson correlation coefficient as a function of time and red/colocalized punctum fold
change over time is shown. Means + SEM are plotted in (B) to (E) with Student’s #test
performed for statistical analyses in (C) and (E); 7= 4 or 5 animals per strain with one or
two islets per animal analyzed. *£< 0.05.
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Fig. 5. Insulitisin male and female NOD mice broadly correlates with in vivo autophagic flux.
(A) Set of overview images collected after CODEX panel to evaluate the pancreata of

female NSG, female NOD, and male NOD mice after intravital imaging. Inserts on the
right show whole scanning area overview. Single-islet views show different cells identified
for quantification. CD3™ cells are shown with red margins, and CD8" cells are shown

in purple. Scale bars, 200 um (left and middle) and 20 pm (right). (B) The quantitative
analysis of CD3" cells per islet is shown and compared between strains with the one-way
ANOVA test, where each dot represents immune cells in a single islet. (C) The quantitative
analysis of CD8" cells per islet is shown and compared between strains with the one-way
ANOVA test, again where each dot represents immune cells in a single islet. Data in

(B) and (C) are presented as mean £ SEM and were analyzed by one-way ANOVA with
Tukey multiple comparisons test; *£< 0.05 and **~< 0.01. 7= 9 to 11 islets from one
representative animal in each group. (D) Spearman correlation between insulitis score and
the Pearson coefficient fold change (IFN-a/saline) obtained from intravital imaging for the
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male and female NOD mice. Each point represents data from a single animal. (E) Spearman
correlation between insulitis score and the red/colocalized punctum metric (IFN-a/saline)
obtained from intravital imaging for the same mice as in (D) where, again, each point
represents data from a single animal. The solid lines in (D) and (E) indicate the fitted linear
regression, with 95% confidence bands shown as dashed lines.
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Fig. 6. Human islet autophagic flux is heterogeneousin vivo.
(A) Representative large-scale image of an NSG mouse kidney containing transplanted

human islets infected with the autophagy biosensor with a region of interest (white dashed
line box) further highlighted to show the EGFP (green) and mCherry (red) of the biosensor.
The vascular network in and around the islets is labeled by albumin conjugated to Alexa
Fluor 647 (white). Scale bars, 1000 um (left) and 50 pm (right). (B) Quantitative analysis
of autophagosomes (left) and autolysosomes (right) in all donor islets exposed to saline
followed by IFN-a (blue) or CQ followed by IFN-a (gold). (C) Statistical comparison
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of the Pearson correlation coefficient and the punctum count at the end time points

of saline/CQ and IFN-a treatments. Means + SEM are shown for 7= 5 donors, with

data representative of two mice per donor per condition. (D) Quantitative analysis of
autophagosomes (left) and autolysosomes (right) separated by individual donor showing
response to saline followed by IFN-a.. Means + SEM are shown for each donor. (E)
Quantitative analysis of autophagosomes (left) and autolysosomes (right) separated by
individual donor showing response to CQ followed by IFN-a. Means = SEM are shown

for each donor. (F) Quantification of LAMP1:LC3 colocalization (left), LAMP1 puncta
(middle), and LC3 puncta (right) in the insulin-positive area of human islets after saline or
IFN-a treatment. Each point is representative of a single islet. Means + SEM are shown

for n= 4 donors, with 7= 2 to 4 islets per donor, per condition. (G) Representative
immunofluorescence images of human islets stained for insulin (white), LAMP1 (red), and
LC3 (green) under saline and IFN-a conditions, with merged images. Nuclei are stained
with DAPI (blue). Scale bars, 50 um. (H) Representative immunofluorescence images of
human islets stained for insulin (white) and p62 (magenta). Nuclei are stained with DAPI
(blue). Scale bars, 50 pm. Quantification of p62 signal in the insulin-positive area (right).
Each point is representative of a single islet. Means + SEM are shown for 7= 4 donors, with
n=2to 4 islets per donor, per condition. Student’s #test was performed in (C), (F), and (H);
*P<0.05, **P<0.005, and ***P < 0.001.
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