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Adipsin preserves beta cells in diabetic mice and
associates with protection from type 2 diabetes

in humans
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Type 2 diabetes is characterized by insulin resistance and
a gradual loss of pancreatic beta cell mass and function'2.
Currently, there are no therapies proven to prevent beta cell
loss and some, namely insulin secretagogues, have been
linked to accelerated beta cell failure, thereby limiting their
use in type 2 diabetes®‘. The adipokine adipsin/comple-
ment factor D controls the alternative complement pathway
and generation of complement component C3a, which acts
to augment beta cell insulin secretion®. In contrast to other
insulin secretagogues, we show that chronic replenishment
of adipsin in diabetic db/db mice ameliorates hyperglycemia
and increases insulin levels while preserving beta cells by
blocking dedifferentiation and death. Mechanistically, we
find that adipsin/C3a decreases the phosphatase Dusp26;
forced expression of Dusp26 in beta cells decreases expres-
sion of core beta cell identity genes and sensitizes to cell
death. In contrast, pharmacological inhibition of DUSP26
improves hyperglycemia in diabetic mice and protects
humanislet cells from cell death. Pertaining to human health,
we show that higher concentrations of circulating adipsin
are associated with a significantly lower risk of developing
future diabetes among middle-aged adults after adjusting
for body mass index (BMI). Collectively, these data suggest
that adipsin/C3a and DUSP26-directed therapies may rep-
resent a novel approach to achieve beta cell health to treat
and prevent type 2 diabetes.

Most treatments for type 2 diabetes (T2D) target insulin resis-
tance or promote insulin secretion from beta cells, but none have
been shown to prevent beta cell failure®’. T2D patients with beta
cell failure require insulin injections to maintain euglycemia and
become ‘insulin dependent™®®”.

Adipokines are secreted proteins from adipocytes that play a
central role in metabolism'. Adipsin/complement factor D was
the first described adipokine. It maintains adipose tissue homeo-
stasis and increases insulin secretion in response to glucose’. Adipsin
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controls the alternative complement pathway to catalyze the pro-
duction of C3a (an active form of complement component 3, C3),
an insulin secretagogue®. However, it is unknown if chronic adipsin
treatment would be a durable antihyperglycemic or lead to premature
beta cell failure.

To assess the effect of adipsin on long-term beta cell maintenance,
we transplanted pancreatic islets into the anterior chamber of the
eyes of mice and tracked these reporter islets in real time'"'?. db/db
mice represent a model of T2D with obesity that develops beta cell
failure, characterized by reduced beta cell mass, marked hypoinsu-
linemia, severe hyperglycemia and adipsin deficiency'>'*. Pancreatic
islets from donor db/db mice were transplanted into recipient db/db
mice, which were then treated with adeno-associated virus (AAV)
expressing adipsin (db/db-Adipsin) or control GFP (db/db-GFP)".
Additionally, to assess the effect of adipsin overexpression in a non-
diabetic model, wild-type (WT) mice were transplanted with WT
islets and treated with AAV-Adipsin (WT-Adipsin) or AAV-GFP
(WT-GFP). Importantly, db/db-Adipsin mice showed improve-
ments in hyperglycemia (nearly reaching WT glucose levels by 4
months) and increased fasting insulin levels at 2-3 months post-
treatment with an overall trend up to 5 months compared to db/db-
GFP mice (Fig. 1a,b). Reporter islets in three out of five db/db-GFP
mice showed progressive decline in islet area starting at 2 months,
whereas adipsin-treated diabetic mice uniformly showed no signs
of ocular islet atrophy (Fig. 1c,d). Moreover, transplanted islets
in all the db/db-Adipsin mice showed a gradual increase in ocular
islet area to more than 150% of the initial size (Fig. 1c,d). Notably,
the db/db-GFP mice that had progressive ocular islet atrophy
showed accompanying features of pancreatic beta cell failure such
as marked hyperglycemia, insulinopenia, altered islet microarchi-
tecture and dramatically reduced pancreatic beta cell area (Fig. le
and Extended Data Fig. 1la-d). Our results demonstrate that the
reporter islets in the eye reflect events transpiring within the pan-
creatic islets. Finally, no differences in fasting glucose, insulin, ocu-
lar islet morphology and growth were noted between WT-Adipsin
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Fig. 1| Adipsin prevents islet atrophy and ameliorates hyperglycemia in diabetic mice. a,b, Fasting glucose (a) and fasting insulin (b) levels

of db/db-GFP, db/db-Adipsin, WT-GFP and WT-Adipsin at the indicated time points (n=5 db/db-GFP, n=5 db/db-Adipsin, n=6 WT-GFP,n=5
WT-Adipsin). Data were analyzed by two-way analysis of variance (ANOVA) with repeated measures and unpaired t-test at the indicated time points
(db/db-Adipsin versus db/db-GFP P= 0.018 (a)). ¢, Reporter islets transplanted into the anterior chamber of the eyes of db/db-GFP and db/db-Adipsin
mice were serially imaged by light microscopy. Representative images are from a single mouse in each treatment group at the indicated time points.
Islets are outlined within dashed white circles. Islets are magnified inside the white box. Scale bars, Tmm. Eye imaging was repeated at least three
times, independently, with similar results. d, Quantification of islet area in the eye over time in db/db-GFP and db/db-Adipsin mice (n=5 per

group). Data were analyzed by two-way ANOVA with repeated measures. e, Representative immunohistochemistry (IHC) images of insulin (brown)
performed in pancreatic sections from the same mouse as the eye islet images in c. Scale bars, 100 um. IHC was performed twice, independently,
with similar results. f, Western blot for adipsin from sera of db/db mice injected with GFP-AAV or Adipsin-AAV after 6 months. WT and adipsin
knockout (KO) mice sera serve as controls. Note: Adipsin-AAV has an epitope tag, which is why it migrates at a higher apparent molecular weight
than the endogenous Adipsin. Western blot was performed at least five times in independent cohorts with similar results. g,h, Western blot (g) and
quantification (h) of uncleaved C3 and C3a in the sera (n=4 per group). Data were analyzed with two-tailed unpaired test. (Ratio of serum C3a/total
C3 GFP versus adipsin P=0.0138, serum C3a GFP versus adipsin P=0.0399.) Western blots were performed at least twice in independent cohorts
with similar results. i, Fasting glucose and fasting insulin levels in db/db mice in both treatment groups at the indicated time points (pre-AAV and O
months (baseline): n=7 db/db-Adipsin, n=28 db/db-GFP; 0.5 months post-AAV: n=13 db/db-Adipsin, n=17 db/db-GFP; 1.5 months post-AAV: n=15
db/db-Adipsin, n=16 db/db-GFP; 3 and 5 months post-AAV: n=14 db/db-Adipsin, n=17 db/db-GFP). Data were analyzed by two-tailed unpaired
t-test at each time point. (Glucose: 1.5 months post-AAV P=0.0025, 3 months post-AAV P=0.027, 6 months post-AAV P=0.0012; insulin: 1.5
months post-AAV P=0.025, 3 months post-AAV P=0.0065, 5 months post-AAV P=0.0005.) j,k, Glucose uptake rates (j) and endogenous glucose
production (k) measured during a hyperinsulinemic euglycemic clamp of db/db mice transduced with adipsin or control (n=5 db/db-Adipsin,n=6
db/db-GFP) per group. Data are expressed as mean +s.e.m. *P<0.05, **P < 0.01, ***P < 0.001.
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and WT-GFP mice, suggesting that pharmacologically raising
adipsin levels may be safe (Fig. 1a,b and Extended Data Fig. le-g).
Together, these findings establish that overexpression of adipsin can
successfully restrict pancreatic islet atrophy and conserve beta cells
in a mouse model of T2D with beta cell failure.

AAV-Adipsin robustly sustained adipsin expression for the dura-
tion of the experiment (6 months) after a single injection of AAV
(Fig. 1f and Extended Data Fig. 2a,b). Replenishment of adipsin
resulted in almost double the amount of cleavage of total serum
C3 into its active form C3a, suggesting AAV-Adipsin was catalyti-
cally active (Fig. 1g,h). Adipsin treatment consistently resulted in
reduced fasting glucose and increased fasting insulin levels from
1.5 to 6 months post-transduction (Fig. 1i), without affecting body
weight (Extended Data Fig. 2c). We performed hyperinsulinemic
euglycemic clamps and observed no differences in glucose infusion
rates, whole-body glucose uptake and endogenous glucose pro-
duction (Fig. 1j,k and Extended Data Fig. 2d) between control and
adipsin groups, indicating that adipsin had no significant effect on
insulin sensitivity. Taken together, these results suggest that chronic
adipsin replenishment ameliorates hyperglycemia predominantly
by enhancing insulin levels.

Strikingly, db/db-Adipsin mice showed 35% higher beta cell
mass at 1.5 months post-transduction (early diabetes) and nearly
double that of controls at 6 months post-transduction (late dia-
betes) (Fig. 2a,b). The difference in beta cell mass at 6 months
was driven by ~40% of mice in the control group that developed
severely diminished beta cell mass and distorted islet architecture
(Fig. 2a-c). Importantly, these control mice developed bona fide
beta cell failure, defined as low beta cell mass (<3 mg), severe hyper-
glycemia (>450mgdl™") and profound insulinopenia (<3 ngml™)
(Extended Data Fig. 2e-g). Remarkably, none of the mice receiving
AAV-Adipsin developed beta cell failure (Fig. 2c).

To discern how adipsin might lead to sustained preservation of
beta cell mass, we assayed for changes in beta cell death and prolif-
eration. At 1.5 months post-AAV, there was no significant differ-
ence in beta cell death between the groups (Fig. 2d,e and Extended
Data Fig. 3a,b). By contrast, at 6 months post-transduction when
more beta cells show signs of cell death, adipsin robustly decreased
the number of TUNEL* and cleaved caspase 3 (CC3)* beta cells
by three- to fourfold compared to GFP, indicating protection from
cell death (Fig. 2d,e and Extended Data Fig. 3a,b). We found no
difference between the groups in beta cell proliferation as ascer-
tained by Ki67 staining (Extended Data Fig. 3¢,d) or 5-bromo-2’-
deoxyuridine (BrdU) labeling (Fig. 2f,g). Taken together, our results

indicate that adipsin does not affect beta cell proliferation but con-
serves beta cell mass by inhibiting beta cell death.

Alterations in the alpha-to-beta cell ratio within the pancreatic
islet and hyperglucagonemia may also contribute to the pathogen-
esis of T2D'*"'8. We found decreased alpha cell mass at 1.5 months
and a similar trend at 6 months post-transduction in the db/db-
Adipsin mice compared to controls (Extended Data Fig. 3e(f).
Critically, the alpha-to-beta cell ratio was maintained at WT levels
at 6 months in adipsin-treated mice, whereas control mice had an
elevated alpha-to-beta cell ratio without changes in serum glucagon
levels (Extended Data Fig. 3g,h). This raised the possibility that the
higher alpha-to-beta cell ratio in the db/db-GFP mice may be due to
beta cell dedifferentiation and that adipsin might promote beta cell
maintenance’’. We found a significant presence of Ins*Geg* cells in
the islets of db/db-GFP mice compared to virtually none in db/db-
Adipsin mice, suggesting upregulation of non-beta cell programs in
control mice (Fig. 2h). Previous work has shown that beta cells lose
key beta cell transcription factors in the context of T2D. To inves-
tigate whether adipsin has an effect on the maintenance of beta cell
transcriptional identity, we performed immunostaining for MAFA,
NKX6.1 and NKX2.2. db/db-Adipsin mice exhibited increased
numbers of beta cells positive for MAFA (Extended Data Fig. 4a,b),
NKX6.1 (Fig. 2i) and NKX2.2 (Extended Data Fig. 4c,d) compared
to controls. We also performed immunostaining for aldehyde
dehydrogenase 1a3 (ALDH1A3) and gastrin, which are molecular
markers of failing or dedifferentiated beta cells’"**. Adipsin treat-
ment decreased the number of ALDH1A3" beta cells (Fig. 2j) and
virtually eliminated the presence of gastrin* cells (Extended Data
Fig. 4e,f). Our results suggest that adipsin protects against beta
cell failure by maintaining beta cell transcriptional identity and
blocking dedifferentiation.

We have previously shown that adipsin increases the genera-
tion of C3a, which acts on the pancreatic islets to promote insu-
lin secretion®. We now demonstrate that C3a can act directly on
INS-1 beta cells to induce insulin secretion (Extended Data Fig. 5a).
Furthermore, we tested whether C3a could protect beta cells from
death. We subjected INS-1 cells and pancreatic islets to palmitate
(lipotoxicity) and cytokine toxicity. Remarkably, C3a treatment
reduced caspase-3 activation to half in INS-1 cells (Fig. 3a,b) and
reduced the expression of cell death markers in pancreatic islets
(Fig. 3¢ and Extended Data Fig. 5b). To elucidate the molecular
mechanisms behind the protective effects of C3a on beta cells, we
performed RNA-seq analyses on isolated WT islets cultured in
vehicle and palmitate conditions with or without recombinant C3a.

>
>

Fig. 2 | Adipsin prevents beta cell failure in db/db mice by blocking beta cell death and dedifferentiation. a, Representative IHC staining for insulin
(brown) in pancreases of control and adipsin transduced db/db mice. Scale bars, Tmm (left), 100 um (right). IHC was performed at least twice,
independently, with similar results. b, Quantification of beta cell mass in B6 WT mice, db/db mice pre AAV treatment, db/db mice treated with control

or adipsin AAV at the indicated time points. Each point represents a mouse. (Pre-AAV: n=4 db/db, n=4 B6 WT mice; at 1.5 months post-AAV: n=6 for
both db/db groups, n=3 B6 WT; at 6 months post-AAV: n=21db/db-GFP, n=18 db/db-Adipsin, n=4 B6 WT.) Data were analyzed by two-tailed unpaired
t-test at each time point (1.5 months post-AAV P=0.049, 6 months post-AAV P=0.0018). ¢, Percent of control or adipsin-treated db/db mice with beta
cell failure defined as severely diminished beta cell mass (<3 mg), severe hyperglycemia (>450 mgdl~") and profound insulinopenia (<3ngml™") (n=18
db/db-Adipsin, 21 db/db-GFP). Data were analyzed by two-sided Fisher's exact test (P = 0.004). d, Representative images of immunofluorescence (IF)
staining for insulin and cleaved caspase 3 (CC3) in pancreases of both indicated groups of mice. IF was repeated at least twice, independently, with similar
results. e, Quantification of CC3* beta cells as determined by IF (n=5 mice per group at 1.5 months, 9 mice per group at 6 months). Data were analyzed
by two-tailed unpaired t-test (P=0.047). f, Representative images of IF staining for insulin and BrdU in pancreases from the indicated groups of db/db
mice. IF was repeated at least twice, independently, with similar results. g, Quantification of BrdU* beta cells as determined by IF (n=6 mice per group).
h, Left: Representative confocal microscopy images of pancreatic islets stained for insulin (Ins) and glucagon (Gcg) in adipsin and GFP transduced db/db
mice. Arrows indicate Ins*Gcg* cells. The white box indicates the region magnified in the far right panels. Images are separated by channels. Outlined is
an Ins*Geg* cell. Right: Quantification of InstGceg* cells as determined by IF in the indicated groups. Each point represents an individual mouse (n=5 mice
per group). Data were analyzed by two-tailed unpaired t-test (P=0.043). i, Representative images of NKX6.1 and insulin IF in B6 WT mice, db/db mice
treated with AAV-GFP and db/db mice treated with AAV-Adipsin along with quantification of NKX6.1* beta cells (n=4 for B6 WT mice, n=12 mice per
db/db group). Data were analyzed by two-tailed unpaired t-test (P=0.009). j, Representative images of ALDH1A3 and insulin IF in B6 WT mice, db/db
treated with AAV-GFP or AAV-Adipsin and quantification of ALDHTA3" beta cells (n=5 per group). Data were analyzed by two-tailed unpaired t-test
(P=0.0041). Scale bars in d fh,ij, 100 um. Data are expressed as mean +s.e.m. *P<0.05, **P<0.01, ***P < 0.001.
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We found a subset of genes that were significantly altered by palmi-
tate and further counter-regulated by C3a (Extended Data Fig. 5¢).
Interestingly, unbiased gene ontology (GO) molecular function
analysis on the set of genes whose expression was downregulated by
palmitate and counter-regulated (increased) by C3a revealed that
positive regulation of glycolytic processes and coenzyme metabolic

NATURE MEDICINE

processes were the top associated pathways (Extended Data Fig. 5d).
Previous reports have shown that palmitate interferes with glucose
metabolism, calcium signaling and insulin secretion in beta cells,
leading to cell dysfunction and death®’. Furthermore, GO analysis
on the set of genes whose expression was induced by palmitate and
counter-regulated (decreased) by C3a showed negative regulation
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of calcium-dependent exocytosis as the top pathway, further sug-
gesting that C3a may oppose palmitate’s negative effect on insulin
secretion (Extended Data Fig. 5e).

To further explore the molecular mechanisms behind the pro-
tective effects of adipsin/C3a, we isolated pancreatic islets from
db/db-GFP and db/db-Adipsin mice and performed unbiased tran-
scriptomic profiling at 1 month post-transduction, when serum
glucose levels were similar between both groups. RNA-seq analyses
revealed six genes that were significantly changed by adipsin. The
only gene whose expression was downregulated was dual speci-
ficity protein phosphatase 26 (Dusp26; Fig. 3d). Interestingly, our
pathway analysis of C3a-treated islets showed that C3a regulates the
expression of protein substrates of DUSP26 (Extended Data Fig. 5f).
Additionally, we found that C3a downregulated Dusp26 expres-
sion in beta cells. Interestingly, palmitate increased the expression
of Dusp26, while C3a counter-regulated Dusp26 in this lipotoxic
condition (Fig. 3e).

To determine if DUSP26 plays a role in beta cell homeostasis,
we performed gain and loss of function experiments with DUSP26
in beta cells and pancreatic islets. Forced expression of Dusp26
resulted in a significant decrement in the expression of core
beta cell genes such as Ins2, Mafa, Nkx6.1 and Nkx2.2 (Fig. 3f).
Similarly, forced expression of Dusp26 in islet cells decreased
the expression of Ins2 and increased the expression of Gcg
(Extended Data Fig. 5g). Remarkably, beta cells overexpressing
Dusp26 showed double the amount of CC3 (Fig. 3g,h) and exhib-
ited decreased cell viability when exposed to palmitate (Extended
Data Fig. 5h) compared to controls. In stark contrast, knockdown
of Dusp26 (Extended Data Fig. 5i,j) significantly increased the
expression of key beta cell factors such as Ins2, Mafa, Nkx6-1
and Nkx2-2 (Fig. 3i) and halved caspase-3 activation in response to
palmitate (Fig. 3j,k).

DUSP26 expression is enriched in neuroendocrine tissues*. We
explored the possibility that DUSP26 phosphatase activity may con-
tribute to beta cell failure by using NSC-87877, a pharmacological
inhibitor of this phosphatase in beta cells*>*. Notably, NSC-87877
partially reversed the effects of palmitate, increasing cell viability

(Fig. 31). To investigate a potential role for pharmacological inhi-
bition of DUSP26 in vivo, we treated db/db mice with NSC-87877
(Extended Data Fig. 5k). Remarkably, mice receiving NSC-87877
exhibited decreased glycemia compared to saline-treated controls,
which exhibited worsening hyperglycemia relative to baseline
(Fig. 3m). In support of DUSP26 inhibition improving beta cell
function, circulating insulin levels were dramatically reduced
in control mice, whereas this reduction was attenuated in NSC-
87877-treated mice (Fig. 3n). To assess if antagonism of DUSP26
can block beta cell failure, we performed ALDH1A3 staining and
found that NSC-87877 reduced ALDH1A3" cells by 80% compared
to controls (Fig. 30,p). To test whether DUSP26 inhibition could
translate to improved beta cell outcomes in humans, we treated
human islets with NSC-87877. Importantly, NSC-87877 completely
protected against palmitate-induced beta cell death in human islets
(Fig. 4a,b). To explore the potential substrates and factors associ-
ated with DUSP26 in beta cells, we purified DUSP26 from INS-1
cells overexpressing DUSP26 and a catalytically inactive DUSP26
(C152S) mutant as a substrate trap and performed proteomic
analyses (Extended Data Fig. 51). Mass spectrometry analysis of
the DUSP26-interacting proteins showed enrichment of proteins
involved in metabolic and cell death pathways, suggesting a possible
mechanism by which DUSP26 regulates beta cell function and sur-
vival (Extended Data Fig. 5m,n). Future work will be needed to more
broadly define and functionally assess the DUSP26 interactome and
substrates that contribute to beta cell homeostasis. Our genetic gain
and loss of function studies show that Dusp26 promotes cell death
and decreases the expression of core beta cell identity genes. A pre-
vious study, by contrast, showed that miR-200 regulates Dusp26 in
beta cells and silencing Dusp26 reduced beta cell viability, poten-
tially through a mechanism involving p53 phosphorylation”. We
present further supporting evidence for a deleterious role of Dusp26
in beta cells, as pharmacological manipulation of this enzyme with
a chemical inhibitor protected beta cells from lipotoxicity and led to
improved beta cell function in diabetic mice and human islets. Our
study provides a proof of concept that DUSP26 inhibition could
serve as a pharmacological target for T2D.

>

>

Fig. 3 | Adipsin/C3a regulates Dusp26, a phosphatase that regulates beta cell identity and survival. a, INS-1 beta cells were treated with vehicle (Veh) or
palmitate (Pa) (0.5mM) with or without recombinant C3a (100 nM), and CC3 expression was determined by western blot. A representative immunoblot
is shown. The experiment was repeated three times, independently. b, Quantification of CC3 expression from three independent experiments. Data were
analyzed by two-tailed unpaired t-test (Veh versus Pa P=0.0002, Pa versus Pa+ C3a P=0.0371). ¢, Flow cytometry analysis for annexin V and 7-AAD in
isolated islets from WT mice treated with palmitate (0.5 mM) with or without recombinant C3a. Data are representative of two independent experiments.
d, Scatterplot of RNA-seq analyses from islets of db/db mice treated with adipsin or control AAV. Genes significantly induced by adipsin are in red and
those that are downregulated in blue (n=3-4 per group). e, Dusp26 mMRNA levels were quantified by gPCR in INS-1 cells treated in Veh or Pa conditions
with or without C3a (n=4 per group). Data are representative of three independent experiments. Data were analyzed by two-tailed unpaired t-test

(Veh versus Veh+ C3a P=0.004, Veh versus Pa P=0.026, Pa+ Pa+C3a P=0.017). f, Beta cell identity genes in INS-1 cells transduced with Dusp26
versus control were determined by gPCR (n=4 per group). Data are representative of three independent experiments. Data were analyzed by two-tailed
unpaired t-test (Ins2 P=0.007, Mafa P=0.008, Mafb P=0.001, Nkx6-1 P=0.016, Nkx2-2 P=0.048, Pdx-1P=0.001). g, INS-1 cells transduced with Dusp26
or control were treated with Veh or Pa and CC3 was determined by western blot. A representative immunoblot is shown. Data are representative of at
least three independent experiments. h, Quantification of CC3 expression from three independent experiments. Data were analyzed by two-tailed unpaired
t-test (GFP in Veh versus GFP in Pa P=0.011, GFP in Pa versus Dusp26 in Pa P=0.031). i, gPCR analysis of beta cell identity genes in INS-1 cells treated
with shRNA targeting Dusp26 versus control shRNA (n=3 per group). Data are representative of three independent experiments. Data were analyzed

by two-tailed unpaired t-test (Dusp26 P=0.0002, Ins2 P=0.009, Mafa P=0.046, Mafb P=0.01, Nkx6-1 P=0.0015, Nkx2-2 P=0.019, Pdx1 P=0.027).

j, Representative western blot analysis for CC3 in INS-1 cells treated with shRNA against Dusp26 versus controls under Veh or Pa conditions. Data are
representative of three independent experiments. k, Quantification of CC3 expression from three independent experiments. Data were analyzed by two-
tailed unpaired t-test (sh-Ctrl in Veh versus sh-Ctrl in Pa P=0.017, sh-Ctrl in Pa versus sh-Dusp26 in Pa P=0.045). I, Cell viability was determined in WT
islets treated with Veh or Pa (0.5mM) in the presence or absence of the DUSP26 inhibitor, NSC-87877 (20 uM; n=3 per group). Data are representative
of three independent experiments. Data were analyzed by two-tailed unpaired t-test (Veh versus Pa P=0.000002, Pa versus Pa+NSC-87877 in Pa
P=0.0002). m, db/db mice were treated with NSC-87877 or saline for 2 weeks. Changes in fasting glucose levels at 2 weeks of treatment compared to
basal of NSC-87877 treated mice and controls (n=15 NSC-87877, n=16 saline). Data were analyzed by two-tailed unpaired t-test (P=0.009). n, Changes
in fasting insulin levels at 2 weeks of treatment compared to basal in indicated groups (n=8 per group). Data were analyzed by two-tailed unpaired

t-test (P=0.026). o,p, Representative images of ALDH1A3 and insulin IF in pancreas from NSC-87877 treated db/db mice and controls (o) along with
quantification of ALDH1A3" beta cells (p) (n=28 per group). Scale bars, 100 um. Data were analyzed by two-tailed unpaired t-test (P=0.037). Data are

expressed as mean=+s.e.m. *P<0.05, **P< 0.01, ***P < 0.001.
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Beta cell dysfunction is integral to the development of T2D***.  longitudinal studies examining a potential association have not
We have previously shown that circulating adipsin is decreased in  been performed. Here, we assessed circulating plasma adipsin
patients with T2D and beta cell failure compared to T2D patients  concentrations from 6,886 participants in the Framingham Heart
without beta cell insufficiency’. A recent clinical study also found  Study (Extended Data Fig. 6).
that newly diagnosed T2D patients had lower levels of adipsin In cross-sectional multivariable analyses, higher adipsin con-
compared to non-diabetic individuals”. However, the relation- centrations were independently associated with lower odds of dia-
ship between adipsin and the development of T2D is not clear, as  betes mellitus and greater odds of obesity (Extended Data Fig. 7).
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Fig. 4 | DUSP26 inhibition protects human beta cells and circulating adipsin is associated with protection from future diabetes in humans. a, Dispersed
human islets were treated with Veh or Pa (0.5mM) with or without NSC-87877 (20 uM). Representative images are presented of IF staining for insulin

and TUNEL assay in dispersed human islets. Images are representative of two independent experiments. b, Quantification of TUNEL* human beta cells

as determined by IF (n=5 for Veh, Veh + NSC-87877 and Pa; n=4 for Pa+NSC-87877 group). Data are pooled from two independent experiments. Data

were analyzed by two-tailed unpaired t-test (Veh versus Pa P=0.012, Pa versus Pa+NSC-87877 P=0.0042). Scale bars, 100 um. Data are expressed as
mean+s.e.m. *P<0.05, **P< 0.01, ***P < 0.001. ¢, Ascertainment of new-onset diabetes mellitus occurred in participants without prevalent diabetes at
baseline and who attended subsequent examinations (n = 5,570). When controlled for BMI, a1s.d. increase in adipsin is associated with a 29% decreased odds
of future diabetes (DM, diabetes mellitus) using multivariable logistic regression (Wald chi-squared test). A two-sided P-value threshold of <0.05 was deemed
significant. d, Quartiles with higher circulating adipsin are associated with a decreased odds ratio of incident diabetes in a longitudinal cohort of 5,570 subjects
without baseline diabetes in a multivariable logistic regression model (Wald chi-squared test). A two-sided P-value threshold of <0.05 was deemed significant.
Adipsin concentrations are higher across quartiles; Q1-Q4 (mean +s.d.) values were 611+ 94 ngml=' (Q1, reference), 785+ 40 ngml~' (Q2), 931+ 49 ngml-'
(Q3),1,249+233ngml" (Q4). e, Adipsin modifies the effect of obesity on future diabetes (P for interaction=0.027 using a multiplicative interaction term in
multivariable logistic regression (Wald chi-squared test)). A two-sided P-value threshold of <0.05 was deemed significant. Stratified analyses reveal that the
association of higher adipsin levels with future diabetes risk is more pronounced among obese individuals (blue line) than non-obese individuals (red line),
where the association is attenuated. Error bars represent 95% confidence intervals, the x axis scale represents rank-normalized units, with O representing

the median and each 1 unit representing a 1s.d. change in adipsin level. f, A genome-wide association study (GWAS) of adipsin levels was conducted among
n=6,791individuals with available genetic data using a linear mixed model (asymptotic chi-squared). Genome-wide association for each single-nucleotide
polymorphism (SNP) is represented in relation to the genomic position on its respective autosome. A Bonferroni-adjusted significance threshold for a cis-pQTL
(P<1.5x1074) is indicated for the adipsin locus on chromosome 19. The sentinel SNP is indicated by an arrowhead.
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Specifically, a 1 s.d. increase in adipsin was associated with a more
than 30% decreased odds of diabetes after accounting for BMI
(odds ratio (OR) 0.67, 95% confidence intervals (CI) 0.61-0.78,
P < 0.0001). Conversely, a 1 s.d. increase in adipsin was associated
with a 68% increased odds of obesity. When examining continu-
ous clinical traits, higher adipsin levels were significantly associ-
ated with higher BMI and inversely associated with fasting glucose
(Extended Data Fig. 7).

Visceral adiposity is associated with increased cardiometabolic
risk’. Therefore, we sought to characterize the type of adiposity
associated with adipsin. Adipsin was associated with subcutane-
ous and intrathoracic adipose volumes but not visceral adiposity
(Extended Data Fig. 7).

Notably, when participants were followed longitudinally for the
development of incident diabetes, we found that higher baseline
adipsin concentrations were associated with a lower risk of future
diabetes. Specifically, a 1 s.d. increase in adipsin was independently
associated with 29% decreased odds of future diabetes in multivari-
able adjusted analyses (Fig. 4c). In secondary analyses, we addition-
ally accounted for adipose depots (visceral and subcutaneous) and
found that adipsin remained associated with a lower risk of future
diabetes (OR =0.69, 95% CI=0.53-0.78, P<0.0001). Individuals
with adipsin concentrations in the highest quartile had over 50%
reduction in odds of diabetes when compared with the lowest quar-
tile (Fig. 4d). Given that obesity predisposes to diabetes and is asso-
ciated with adipsin concentrations in our study, we found that BMI
modified the association of adipsin with future diabetes (P=0.027 for
interaction). In stratified analyses comparing obese and non-obese
individuals, greater adipsin concentrations were associated with
34% decreased risk of future diabetes risk among obese individuals
(multivariable-adjusted OR=0.66, 95% CI=0.53-0.81, P<0.0001),
whereas this association was attenuated among non-obese individu-
als (OR=0.79, 95% CI=0.61-1.02, P=0.07) (Fig. 4e).

Given the observed association between elevated adipsin levels
and decreased T2D risk, we explored potential genetic regulators
of adipsin expression through a GWAS and found four indepen-
dent cis variants that were associated with circulating adipsin con-
centrations (Fig. 4f and Extended Data Fig. 8a,b). The strongest
association for adipsin was found on chromosome 19p13.3 (lead
SNP rs2930902, P=1.36 X 1077) (Extended Data Fig. 8a,b). Open
source queries of all four cis variants revealed strong associations
with T2D (Extended Data Fig. 9)°'~**. We queried rs2930902
against known expression quantitative trait loci (eQTL) databases
and found significant cis-eQTL associations with tissue-specific
upregulation of ADIPSIN in several tissues, including subcu-
taneous adipose (P=0.0026). We found associations between
rs2930902 and the metabolites valine and glycine, each of which has
been shown to inform incident human diabetes risk®>*® (Extended
Data Fig. 9).

Although some approaches show promise, there are currently
no proven clinical therapies that can restore or maintain beta cell
function and numbers for patients with T2D once beta cell failure
has ensued®. Our study shows that restoration of adipsin in dia-
betic mice not only improves hyperglycemia, but also preserves
beta cell mass by enhancing beta cell survival and maintaining beta
cell transcriptional identity. This sets adipsin apart as a potential
therapeutic target, as existing therapies such as insulin and thiazoli-
dinedione (TZD) lower glycemia in db/db mice without affecting
molecular markers of beta cell dedifferentiation”. The protective
effect of adipsin in our experimental studies is further bolstered by
the observation that higher adipsin portends a lower risk of future
diabetes in middle-aged adults, particularly among obese individu-
als. We also found that higher concentrations of circulating adipsin
were associated with subcutaneous but not visceral adipose depots.
Adipsin, therefore, may serve as a biomarker of favorable adipose
function and distinguish metabolic health from disease among the

obese. Here we show that a single baseline adipsin measurement is
independently associated with a lower risk of future diabetes at a
given level of BML. It is possible that adipsin levels may continue
to decline in at risk individuals. Ideally, future studies will incorpo-
rate serial measures of adipsin within a given individual to capture
the integrated exposure of adipsin over time on longitudinal dia-
betes risk. Mild to moderate decreases in adipsin levels over years
of metabolic stress in humans may ultimately trigger beta cell
dysfunction and diabetes. Comparatively, mice have higher circu-
lating adipsin than humans. Mouse adipsin is glycosylated and
more stable in the circulation, which could explain the difference
between mouse and humans. Assays for adipsin activity may
be informative. Moreover, our mechanistic studies show that
adipsin is functional, suggesting that replenishment of adipsin in
T2D patients may be therapeutic. However, we cannot exclude the
possibility that some of the beneficial effects of adipsin are inde-
pendent of C3a/C3a receptor 1 (C3aR1). Further studies targeting
C3a or C3aRl, specifically in beta cells, are needed. It remains an
open question as to how adipsin is regulated in human diseases and
how the alternative complement pathway evolved to regulate beta
cell function. From a therapeutic perspective, we identify DUSP26
as a critical phosphatase downstream of adipsin/C3a that regu-
lates beta cell survival and identity. We provide a proof of concept
that pharmacological inhibition of DUSP26 may represent a novel
therapeutic target for T2D. NSC-87877, however, can inhibit other
phosphatases, although with lower potencies®. Thus, more selective
and potent DUSP26 inhibitors need to be developed. Future studies
to identify DUSP26 substrates relevant to beta cell biology in T2D
are warranted.

In conclusion, our study demonstrates adipsin to be protective
in T2D via unique effects on beta cell health. We show that adipsin
may exert beneficial effects via C3a and lowering DUSP26, which
may be leveraged into new pharmacotherapies to overcome beta cell
failure in T2D.
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Methods

Experimental animals. B6.BKS(D)-Leprdb/J (db/db) homozygous mice were
purchased from Jackson Laboratories. C57BL/6 WT mice used for islet isolation
experiments were purchased from Jackson Laboratories. All mice were housed in
plastic cages on a 12h/12h light/dark cycle with free access to water and food. All
animal work was approved by the Institutional Animal Care and Use Committee
and Research Animal Resource Center at Weill Cornell Medical College.

Islet transplantation and in vivo imaging. Islet transplantation and in vivo imaging
have been described previously'”. In brief, mouse islets from B6 WT and db/db mice
were isolated the day before transplantation and cultured overnight in RPMI 1640
with 10% FBS. For the transplantation, db/db or B6 WT mice were first anesthetized
with ketamine/xylazine. Under the microscope, a pore on the cornea was made using
226 G needle. Through the pore, islets were perfused into the anterior chamber of the
eye through a 26 G cannula. After 2 days of recovery, the mice were observed weekly
or biweekly by light microscopy for changes in gross size and morphology.

AAV vector preparation and injection. AAV's were purchased from the Vector
Core, University of Pennsylvania. Murine adipsin cDNA was cloned into the AAV8
vector. For AAV overexpression studies, db/db mice were injected intravenously
route at 6-10 weeks of age with GFP or adipsin-expressing AAV vectors. AAV
dosage was 5X 10'° genomic copies of AAV per mouse, delivered in 150 ul of saline.
Systemic overexpression was routinely checked with serum adipsin western blots 2
weeks post viral injection.

Hyperinsulinemic-euglycemic clamps. Hyperinsulinemic-euglycemic clamps
were performed as previously described™. Jugular venous catheters were inserted
7 days before hyperinsulinemic-euglycemic clamps. To assess basal whole-body
glucose turnover, [3-*H]glucose (HPLC purified, Perkin-Elmer) was infused

at a rate of 0.05 pCimin~ for 120 min into the jugular catheter after overnight
fasting. After the basal infusion, hyperinsulinemic-euglycemic clamps were
performed in conscious mice for 140 min with a 3 min primed infusion of insulin
(48mUkg'min"), followed by a continuous (20mU kg~ min~") infusion of
human insulin (Novolin, Novo Nordisk), a variable infusion of 20% dextrose to
maintain euglycemia (100-120 mgdl™') and [3-*H]glucose at a rate of 0.1 pCimin~"
to calculate whole-body glucose turnover during the clamps. At the end of the
clamps, mice were anesthetized with pentobarbital sodium injection (150 mgkg™),
tissues were rapidly excised and snap-frozen in liquid nitrogen, then stored at
—80°C for subsequent analysis.

Treatment with NSC-87877. For treatment with NSC-87877 compound (Sigma,
BOSCI), 10-week-old db/db mice were treated with intraperitoneal injections of
NSC-87877 or saline solution (30 mg~'kg™) daily for 2 weeks. Weight and fasting
blood samples were obtained every week and at the time of euthansia.

BrdU labeling. BrdU (Sigma) was injected intraperitoneally at 1 mg per mouse
for five continuous days before mouse sacrifice. Detection of BrdU* beta cells
in mouse pancreatic sections was performed with a rat monoclonal anti-BrdU
antibody (Abcam).

Blood glucose measurements. Mice were fasted for 6 h and fasting blood samples
were taken from the tail vein and assayed with a glucometer (OneTouch).

Blood chemistry analysis. For measuring mouse serum insulin levels, mice

were fasted for 6h and blood was collected from the tail vein, the serum was
separated by centrifugation and insulin was measured by ELISA (Crystal Chem).
For measuring glucagon levels, blood was collected from the tail vein into EDTA-
treated collection tube with aprotinin. Plasma was separated by centrifugation.
Glucagon concentrations were determined by ELISA (ALPCO). Serum

adipsin levels were determined by ELISA (R&D) following the manufacturer’s
recommendations.

Antibodies and reagents. The following antibodies were used in IHC and IF:
guinea pig anti-insulin (DAKO, #A0564, 1:1,000), rabbit anti-glucagon (Phoenix,
#H-028-05, 1:2,000), rabbit anti Ki67 (Abcam, #ab16667, 1:200), rabbit anti-cleaved
caspase 3 (Cell Signaling, #9661, 1:200), rat anti-BrdU (Abcam, #ab6326, 1:200),
mouse anti-Nkx6-1 (Hybridoma Bank, #F55A12, 1:100) rabbit anti-Mafa (Bethyl,
#IHC-00352, 1:100), rabbit anti-Nkx2-2 (Sigma, #HPA003468, 1:100), rabbit
anti-ALDH1A3 (Novus, #NBP2-15339, 1:100) and rabbit anti-gastrin (Millipore,
#2564, 1:200). The following antibodies were used for western blot: rabbit anti-
cleaved caspase 3 (Cell Signaling, #9661, 1:1,000), rabbit anti-adipsin (Santa Cruz,
#sc-50419, 1:1,000), chicken anti-C3a (Abcam, #ab48581, 1:1,000), rabbit anti-
Dusp26 (Invitrogen, #PA5-22013, 1:1,000), rabbit anti-actin (Cell Signaling, #8456,
1:1,000) and mouse anti-FLAG (Sigma, #A8592, 1:1,000). Recombinant C3a (R&D)
was used at a concentration of 100 nM. NSC-87877 compound was dissolved in
PBS and used at 20 pM concentration.

Pancreatic islet isolation and culture. Mouse pancreatic islets were isolated by
perfusion of the pancreases with CiZyme (VitaCyte) through the common hepatic

duct. Pancreases were removed and digested at 37 °C for 17 min. After two washes
with RPMI medium with 3% FBS, islets were separated into a gradient using RPMI
medium and Histopaque (Sigma-Aldrich). Islets were then hand-picked to avoid
exocrine contamination and processed for different applications. For treatment
with palmitate, recombinant C3a or NSC-87877, an equal number of whole
handpicked islets were cultured in 11 mM glucose and 0.5 mM palmitate or vehicle
and then harvested. For viral transduction of islets, dissociation was performed
with 0.25% trypsin and cells were plated in 96-well formats.

Human islets and donors. Human islets were obtained from Prodo Labs from

two different healthy male donors (49 and 50 years old). Islet purity assessed by
dithizone staining was 90% in both cases. Human islet cell cultures were prepared
as previously published” and treated with 0.5 mM palmitate and 20 pM NSC-87877
in 11mM glucose.

Western blot analysis. Cells were homogenized in radioimmunoprecipitation
assay (RIPA) buffer with protease inhibitor cocktail and phosphatase inhibitor
cocktail. Protein extracts were resolved on a NuPAGE Bis-Tris (Thermo) gel and
transferred to a PVDF membrane. Membranes were incubated overnight at 4°C
with appropriate primary antibodies. Detection of proteins was carried out by
incubations with horseradish peroxidase (HRP)-conjugated secondary antibodies
followed by enhanced chemiluminescence detection reagents. For serum western
blots, protein from serum samples was denatured with NuPAGE (Thermo)
reducing agent and then loaded onto a NuPAGE Bis-Tris (Thermo) gel. Band
density was quantified using Fiji/Image] (NIH).

TUNEL and cell viability assays. For determination of apoptosis in paraffin-
embedded pancreatic sections and dispersed human islets, a TUNEL assay (Roche)
was performed according to the manufacturer’s instructions. TUNEL* nuclei
surrounded by insulin-positive staining were determined with Fiji/Image] (NIH).
For determination of cell viability, 50,000 INS-1 cells per well were seeded in a
24-well plate and subjected to specific treatments. Cell viability was determined by
measuring adenosine triphosphate (ATP) content using a CellTiter-Glo (Promega)
kit according to the manufacturer’s instructions.

IHC and IF analyses. For histological studies of islets, pancreases were dissected,

laid flat for paraffin embedding and fixed in 10% neutral-buffered formalin (VWR)
overnight at 4°C. Tissues were then transferred to 70% ethanol and subsequently
embedded in paraffin and sectioned at 5pm thickness. Sections were dewaxed,

and antigen retrieval was performed using 10 mM sodium citrate buffer (pH6.0) at
boiling temperature for 14 min. Paraffin sections with the largest tissue surface area
were used. For insulin and glucagon IHC to determine beta and alpha cell mass, anti-
insulin and anti-glucagon antibodies were incubated overnight at 4°C, followed by
incubation with corresponding biotinylated secondary antibodies. HRP-conjugated
avidin-biotin complex reagent was used following the manufacturer’s protocol
(Vector). Signals were developed using 3,3'-diaminobenzidine (DAB). Sections

were then counterstained with hematoxylin. For IF staining, appropriate primary
antibodies were incubated overnight at 4°C, followed by incubation with Alexa-
Fluor conjugated secondary antibodies (Thermo). For MAFA, NKX6.1 and NKX2.2
stainings, Tyramide Signal Amplification (TSA; Thermo) was used. HRP-conjugated
secondary antisera were applied for 1h at room temperature and posteriorly a
Tyramide working solution was applied for 10 min at room temperature. Nuclei were
counterstained with DAPI. To calculate beta and alpha cell mass, whole sections
stained with insulin or glucagon and developed with DAB were scanned using a Leica
SCN400 F whole-slide scanner. The fraction of insulin-positive or glucagon-positive
areas compared to total pancreatic tissue area (hematoxylin) was determined with Fiji/
Image] (NIH). Beta cell mass or alpha cell mass were then determined by multiplying
the obtained fraction by the initial pancreatic wet weight. For IF analyses, images
from pancreatic sections were obtained with a Nikon Eclipse Ti microscope or a Zeiss
Axio Observer.Z1 confocal microscope at x40 magnification. Insulin-positive cells
were determined by counting the number of DAPI positive cells within the insulin
staining area. Insulin-positive cells positive for beta cell transcription factors, Ki67,
BrdU and TUNEL, were determined by counting the corresponding nuclear staining
surrounding the insulin staining area. An arbitrary threshold for ALDH1A3" cells
was determined and the number of DAPI-positive cells was established in areas where
insulin and ALDH1A3 staining overlapped. Quantification of double-positive cells
for insulin and glucagon was performed manually by two independent investigators
using orthogonal projection images from z stacks obtained by confocal microscopy.
For all analyses, at least 2,000 insulin-positive cells from 10-15 islets per animal were
considered. All analysis and quantification were performed with Fiji/Image] (NIH).

Flow cytometry. For flow cytometry, islets were dispersed into a single-cell
suspension with trypsin/EDTA treatment. Staining was performed with a PE
annexin V apoptosis detection kit (BD Pharmingen) and cells were analyzed on a
FACSCanto II system (BD Biosciences).

Cell culture, viral transduction and palmitate treatment. Rat INS-1 nano-Luc
cells* were maintained in RPMI 1640 supplemented with 10% FBS, 10 mM HEPES,
2mM L-glutamine, 1 mM sodium pyruvate and 0.05mM 2-mercaptoethanol.
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293T cells (to produce lentivirus) were grown in DMEM medium containing
4.5gl™" glucose, 10% FBS and 100 U ml™ penicillin/streptomycin under a 5% CO,
atmosphere at 37 °C. INS-1 cells were transduced at a 1:1 ratio with lentivirus
containing pCDH or pRRL plasmids followed by puromycin selection. For
induction of beta cell and islet apoptosis, sodium palmitate (Sigma) was dissolved
to 150 mM in 50% ethanol at 60 °C, conjugated to 10% fatty acid-free BSA (Sigma)
at 37°C for 2h and added to warm RPMI 1640 to a final concentration of

0.5mM palmitate.

Insulin secretion assays. INS-1 nano-Luc cells* were plated in 24-well plates at
70% confluency. The following day, cells were pre-incubated for 2h in RPMI 1640
with no glucose, followed by 1 h in Krebs Ringer buffer (KRB) with 0 mM glucose.
Cells were then stimulated for 30 min in fresh KRB containing varying amounts of
glucose and recombinant C3a. Cell supernatant was assayed for luciferase activity
using NanoLuc reagent (Promega).

Immunoprecipitation of DUSP26 and liquid chromatography with tandem
mass spectrometry analysis. Proteins interacting with DUSP26 were purified from
cell lysates of INS-1 beta cells stably expressing FLAG-tagged DUSP26, FLAG-
tagged DUSP26 C152S mutant or control GFP. Cells from 10 cm dishes were lysed
in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% NP-40) with protease
inhibitor cocktail and 1 mM PMSF for 1h with gentle rocking at 4°C. Lysates

were cleared using centrifugation (15,000 r.p.m., 20 min), and the supernatant was
filtered through 0.45 pm pore-size spin filters to further remove cell debris and
posteriorly pre-cleared with protein A/G magnetic beads (Thermo) for 1h at 4°C.
Then, 300 pg of protein from the lysates was incubated with 60 ul of anti-FLAG
M2 magnetic beads (Sigma) overnight at 4°C. Beads with purified proteins were
washed five times with 1 ml of ice-cold lysis buffer followed by three 1 ml PBS
washes. Proteins were eluted by competition with 3X FLAG peptide (250 pgml™)
in a total volume of 150 pl in PBS.

Eluted immunocomplexes were precipitated with trichloroacetic acid
(TCA, 20% wt/vol), rinsed three times with ice-cold acetone and dried at room
temperature. The pellets were resuspended in 50 pl resuspension buffer (8 M urea,
50 mM ammonium bicarbonate and 5mM DTT) and subjected to reduction and
alkylation. Briefly, 15 mM chloroacetamide was added to each sample for 30 min
in the dark at room temperature, followed by addition of another 5mM DTT to
quench the reaction. Samples were diluted to a final concentration of 2 M urea
with 50 mM ambic and digested overnight at room temperature with 5ngul=' LysC
(Wako, #12-02541), then diluted to 1 M urea and digested for 6h at 37°C with
trypsin (Promega, #V5111). Peptide digests were acidified by adding formic acid
to 1% final concentration and desalted by solid-phase extraction on handmade
C18 columns as previously described*'. Desalted peptides were dried in a SpeedVac
device then resuspended in 5% formic acid and analyzed by nanospray liquid
chromatography with tandem mass spectrometry (LC-MS/MS) on an Orbitrap
Fusion mass spectrometer (ThermoFisher). Peptides were separated by reverse-
phase HPLC on a hand-packed column (packed with 40 cm of 1.8 pm, 120 A pores,
Sepax GP-C18, Sepax Technologies) using a 75 min gradient of 5-23% buffer B
(acetonitrile, 0.1% formic acid) at 350 nlmin~". Peptides were detected using a Top
3s method; for every survey scan, the instrument collects as many MS/MS scans
as it can for up to 3 s and then proceeds with the next survey scan. For each cycle,
one full MS scan of m/z=3,750-1,400 was acquired in the Orbitrap at a resolution
of 120,000 at m/z with an automatic gain control target=5x 10°. Each full scan was
followed by the selection of the most intense ions for CID and MS/MS analysis in
the linear ion trap for 3s. Selected ions were excluded from further analysis for 40s.
Tons with charge 1+ or unassigned were also rejected. Maximum ion accumulation
times were 100 ms for each full MS scan and 35 ms for MS/MS scans.

MS2 spectra were searched using SEQUEST against a composite database
containing all Rattus norvegicus proteins (36,107 total entries, downloaded from
UniProt 5/14/19), common contaminants and the reversed decoy sequences of
both using the following parameters: a precursor mass tolerance of +20 ppm;

1.0 Da product ion mass tolerance; tryptic digestion; up to two missed cleavages;
static modifications of carbamidomethylation on cysteine (4+57.0214); dynamic
modification of methionine oxidation (+15.9949). Peptide spectral matches

were filtered to 1% false discovery rate (FDR) using the target-decoy strategy"
combined with linear discriminant analysis (LDA) using SEQUEST scoring
parameters including Xcorr, ACn’, precursor mass error and charge state®.
Peptides were quantified based on the maximum signal-to-noise of their precursor
ion intensity traces. Protein quantification was derived from the sum of these
values for all peptides matching each protein. Technical replicates were combined
for the analyses.

Pathway analysis. Enrichr*"* was utilized for pathway analyses on proteins
associated with DUSP26 in INS-1 beta cells.

Plasmids, shRNA and recombinant lentiviruses. Mouse Dusp26 and the
phosphatase-dead Dusp26 C152S expressing vectors were generated by PCR
amplification of 630 bp fragments of the genomic sequences of Dusp26. Fragments
were cloned at BamHI/EcoRI sites of the pPCDH-FLAG backbone for lentivirus
production. Constructs were confirmed by DNA sequencing. Posteriorly,
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pCDH-FLAG-Dusp26, pCDH-FLAG-Dusp26 C152S and control plasmids were
transfected into 293T cells for production of lentivirus. For silencing of rat Dusp26,
microRNA-based shRNAs were utilized. The shRNAs were designed using the
SplashRNA algorithm™. A 97 bp cassette containing the micro-RNA-based shRNA
was cloned into the pRRL.SFFV.GFP.mirE.PGK.Puro backbone. The antisense
guide shRNA sequence was TTCAGTGAGAATATGACCACCT. The resulting
plasmid was transfected into 293T cells along with appropriate cassettes to generate
lentivirus expressing the shRNA. Lentivirus with an empty pRRL vector was

used as control.

RNA extraction and qPCR analysis. RNA isolation was performed using the
RNeasy Micro and Mini kits (Qiagen). cDNA was synthetized through reverse
transcription using a cDNA synthesis kit (Thermo). cDNA was analyzed by real-
time PCR using specific gene primers and a SYBR Green Master Mix (Quanta).
Primer sequences are shown in Supplementary Table 1.

Illumina RNA sequencing. Library preparation and sequencing. Following RNA
isolation, total RNA integrity was checked using an Agilent 2100 Bioanalyzer.
RNA concentrations were measured using the NanoDrop Spectrophotometer
(Thermo Fisher Scientific). Preparation of the RNA sample library and sequencing
were performed by the Genomics Core Laboratory at Weill Cornell Medicine.
Messenger RNA was prepared using a TruSeq Stranded mRNA Sample Library
Preparation kit (Illumina), according to the manufacturer’s instructions. The
normalized cDNA libraries were pooled and sequenced on an Illumina HiSeq4000
sequencer at 50 pair-end cycles.

Data analysis. WT islets treated with palmitate and C3a. Transcript quantification
was performed on the raw demultiplexed FASTQ files using Kallisto" against the
Ensembl mouse transcriptome GRCm38 release 79, with 30 bootstrap samples
and the options -bias (sequence-based bias correction) and -rf-stranded (strand
specific reads, first read reverse). The resulting abundance estimates were imported
into the DESeq2 R package™ using the tximport R package' generating estimated
normalized counts. Before differential expression analysis, transcripts with fewer
than 100 total normalized counts across all samples were removed. Differential
expression analysis was performed with DESeq2 using the experimental batch
number as a covariate in order to mitigate batch effects. Transcripts with FDR
below 0.1 were considered significantly differentially expressed.

Adipsin AAV versus GFP AAV differential expression analysis. Raw demultiplexed
FASTAQ files were aligned to the mouse genome mm10/GRCm38 using STAR
aligner version 2.5.2b* in mode -twopassMode Basic. Mapped reads per gene
were counted using the Rsubread R package®'. Differential expression analysis was
performed using DESeq2* using sequencing batch as covariate. Genes with FDR
below 0.1 were considered significantly differentially expressed.

Pathway analysis. Enrichr*** was utilized for pathway analyses on gene sets from
WT islets treated with C3a and palmitate.

Statistical analysis. Unless otherwise stated, data are presented as mean +s.e.m.
Data are derived from multiple experiments unless stated otherwise. No statistical
method was used to calculate sample size, but sample size was determined based
on preliminary experiments and previous publications. For all animal experiments,
weight and fasting glucose were measured before treatments and animals were
weight- and glucose-matched. Animal studies were performed without blinding

of the investigator. If not mentioned otherwise in the figure legend, statistical
significance is indicated by *P <0.05, **P <0.01 and ***P <0.001. Statistical
analysis was carried out using unpaired, two-tailed ¢-test or two-way ANOVA.
GraphPad Prism 7 was used for statistical analysis.

Human study methods. Study sample. The Framingham Heart Study (FHS) is

a community-based, prospective longitudinal cohort. We studied participants
attending the following baseline examinations: Offspring Cohort Exam 7
(1998-2001, n=3,539) and Third-Generation Cohort Exam 1 (2002-2005,
n=4,095)">"". From this sample, we excluded individuals with end-stage kidney
disease (estimated glomerular filtration rate, eGFR < 30 ml per min per 1.73 m?),
prevalent cardiovascular disease (myocardial infarction, heart failure or atrial
fibrillation), those without adipsin measurements and individuals missing key
clinical covariates (total number excluded, n=748), leaving 6,886 individuals for
cross-sectional analyses. Of participants without prevalent diabetes at baseline,
5,570 attended subsequent examinations, allowing for ascertainment of new-
onset diabetes mellitus (Offspring Exam 8, 2005-2008; Third Generation Exam 2,
2008-2011). This study was approved by the Partners Institutional Review Board
and all participants provided written informed consent.

Clinical, biomarker and imaging assessment. Each participant underwent a complete
physical examination, anthropometry and provided a comprehensive medical
history. A physician obtained resting and seated blood pressure measurements in
duplicate and reported them as a single average measurement. With each subject
seated for at least 5 min at rest, blood pressure was measured in the left arm. Blood
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plasma samples were obtained, and immediately processed and kept at —80°C
until assayed. Plasma adipsin was assayed using a modified ELISA sandwich
approach, multiplexed on a Luminex xMAP platform (Sigma-Aldrich)***. The
assay had a detection range of 0.8 pgml~' to 100,000 pg ml~!, with inter-assay and
intra-assay coefficients of variation of 6.6% and 8.2%. Fasting glucose and insulin
concentrations were assayed using fasting plasma Linco insulin (Offspring) and
a Linco human insulin ELISA kit (cat. no. EZHI-14K, Third Generation). A
participant undergoing treatment for hyperglycemia or with a fasting glucose of
>126 mgdl™ or a non-fasting glucose of >200 mgdl~! was classified as having
diabetes. Insulin resistance was estimated using the homeostatic model assessment
for insulin resistance (HOMA-IR)™.

Cross-sectional radiographic anatomically specific adiposity volumes
were obtained from participants of the Third-Generation Framingham cohort
(n=3,068, 2002-2005). Abdominal subcutaneous and visceral adipose tissue
volumes were measures using an eight-slice multidetector CT scanner (LightSpeed
Ultra, General Electric). Mean adiposity volumes in cm® and Hounsfield unit
attenuations were recorded as previously published””.

Statistical analysis. Baseline clinical characteristics were summarized by cohort.

Adipsin concentrations were rank normalized due to the right-skewed distribution.

We examined cross-sectional associations of circulating adipsin concentrations
and cardiometabolic traits, including obesity, diabetes, insulin resistance and site-
specific fat depots. Analyses were adjusted for the following clinical covariates:
systolic blood pressure, anti-hypertensive drug treatment, BMI, smoking status,
total and high-density lipoprotein cholesterol. We then examined the association
of baseline adipsin concentrations and future development of diabetes mellitus
using multivariable logistic regression. In exploratory analyses, we formally
tested whether adipsin levels might modify the effect of BMI on future diabetes
by including an interaction term in the model (BMI*adipsin). All analyses were
conducted using SAS version 9.4 software (SAS Institute).

Genotyping, SNP selection, human tissue expression and eQTL discovery.
Genotyping within the Framingham Heart Study participants has been described
previously”. In brief, genome-wide genotyping was performed using the
Affymetrix 500K mapping arrays and 50K supplemental Human Gene Focused
arrays (Affymetrix) and the Illumina Human Exome BeadChip v.1.0 (Exome Chip;
Illumina). Imputation was performed using the 1000 Genomes Project Reference
Panel using MACHS. We filtered results for imputation quality ratio of >0.5 and
minor allele frequency (MAF) of >1%, and a genomic locus was defined using
linkage disequilibrium, r<0.1. A GWAS of adipsin concentrations was performed
using an additive genetic model. We defined cis variants within 1 Mb of the adipsin
gene (CFD). There were 328 SNPs in this region included in our GWAS, thus cis
variants were deemed statistically significant at a Bonferroni-corrected P-value
threshold of 0.05/328 =1.5Xx 10~*. Conversely, trans SNPs were deemed significant
at a P-value threshold of 5% 10-%. We searched top SNPs for in silico associations
with eQTLs and relevant clinical phenotypes™<°.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All requests for raw and analyzed data will be reviewed to verify if the request is
subject to any intellectual property or confidentiality obligations. Any data and
materials that can be shared will be released via a Material Transfer Agreement.
Data from Framingham Heart Study participants are publicly available at dbGap
according to NIH data sharing policies (study accession no. phs000007.v29.p10).
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Extended Data Fig. 1] Islet area in the eye is correlated with beta cell area in the pancreas and lower fasting glucose. (a) Scatterplot of fasting glucose
levels and eye islet area in db/db mice transplanted with islets in the anterior chamber of the eye and treated with AAV-Adipsin or AAV GFP (n=5 per
group). (b) Scatterplot of beta cell area and eye islet area in db/db mice transplanted with islets in the anterior chamber of the eye and treated with AAV-
Adipsin or AAV-GFP (n=5 per group). (¢) Representative immunohistochemistry images of insulin (brown) performed in pancreatic sections from db/db-
GFP and db/db-Adipsin mice. IHC was performed at least twice independently with similar results. Scale bars, 100 um. (d) Quantification of beta cell area
in db/db mice transplanted with islets in the anterior chamber of the eye and treated with AAV-Adipsin or AAV-GFP (n=5 per group). Data were analyzed
by two-tailed unpaired t-test. (p=0.027). (e) Western blot for adipsin from sera of B6 WT mice injected with GFP-AAV or adipsin-AAV after 5 months
(n=4 per group) along with quantification. (f) Quantification of islet area in the eye over time in WT-GFP and WT-Adipsin mice (n=5 WT-Adipsin, n=6
WT-GFP). Eye imaging was repeated at least 3 times independently with similar results. (g) Reporter islets transplanted into the anterior chamber of the
eyes of WT-GFP and WT-Adipsin mice were serially imaged by light microscopy. Representative images are from a single mouse in each treatment group
at the indicated time points. Islets are outlined within dashed white circles. Islets are amplified inside the white box. Eye imaging was repeated at least

3 times independently with similar results. Scale bars, 1Tmm. Data are expressed as mean + s.e.m. *P<0.05, ** P< 0.01, *** P< 0.001.
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Extended Data Fig. 2 | Treatment with AAV-Adipsin prevents beta cell failure without affecting body weight or insulin sensitivity. (@) Cfd mRNA levels
were quantified by gPCR in the indicated tissues from db/db mice transduced with AAV-Adipsin or AAV-GFP at 1 month post-transduction (iWAT: n=3
db/db-Adipsin, n=4 db/db-GFP. vWAT: n =3 for both groups. Liver: n=4 for both groups. Kidney: n=6 db/db-Adipsin, n=>5 db/db GFP. Islets: n=2 for
both groups). (b) Mouse serum adipsin levels were measured by ELISA (n=5 db/db-GFP, n=5 db/db-Adipsin, n=2 B6 WT, n=3 Adipsin KO). (¢) Body
weights of db/db mice transduced with AAV-Adipsin versus AAV-GFP at the indicated time points (n=_8 mice per group at 1 month post transduction and
n=15-16 mice per group at 1.5-months post transduction). (d) Glucose infusion rate during hyperinsulinemic euglycemic clamp in db/db mice treated with
adipsin versus controls (n=5 db/db-Adipsin, n=6 db/db-GFP). (e) Scatterplot of fasting glucose and beta cell mass in db/db mice transduced with AAV-
Adipsin versus controls (n=18-21 per group). (f) Scatterplot of fasting insulin and beta cell mass in db/db mice injected with AAV-Adipsin versus controls
(n=18-21 per group). (g) Representative IHC staining for insulin (brown) in pancreases of two control and two adipsin transduced db/db mice. Areas in
the dashed boxes are amplified in the panels at the right of each image. IHC was repeated at least twice independently with similar results. Scale bars,
Tmm left panels, 100 um amplified regions. Data are expressed as mean + s.e.m.
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Extended Data Fig. 3 | Adipsin prevents beta cell death and prevents loss of beta cell transcriptional identity. (a) Representative images of
immunofluorescence (IF) staining for insulin and TUNEL assay in pancreases of db/db mice injected with AAV-Adipsin versus controls. White dashed box
indicates region magnified in white panel. IF was repeated at least twice independently with similar results. (b) Quantification of TUNEL + beta cells as
determined by IF. (n=4 mice per group at 1.5 months, n="5 mice per group at 6 months). Data were analyzed by two-tailed unpaired t-test. (p=0.03).
() Representative images of immunofluorescence (IF) staining for insulin and Ki67 in pancreases of the indicated groups of mice. White dashed box
indicates region magnified in white panel. IF was repeated at least twice independently with similar results. (d) Quantification of Ki67 + beta cells as
determined by IF (At 1.5 months; n=6 mice per group. At 6 months n=3 db/db-Adipsin, n=4 db/db-GFP). (e) Glucagon positive cells were quantitated
by IHC in the pancreases of db/db mice transduced with AAV-Adipsin versus controls. Representative images are shown. IHC was repeated at least three
times independently with similar results. (f) Quantification of alpha cell mass in B6 WT mice, db/db mice treated with AAV-GFP and db/db mice treated
with adipsin AAV at the indicated time points (Pre AAV; n=4 db/db, n=4 B6 WT. At 1.5 months post-AAV; n=6 db/db-Adipsin, n=5 db/db-GFP,n=2 B6
WT. At 6 months post-AAV; n=13 db/db-Adipsin, n=16 db/db-GFP, n=4 B6 WT). Data were analyzed by two-tailed unpaired t-test. (At 1.5 months
post-AAV db/db-GFP vs db/db-Adipsin p=0.03). (g) Quantification of the ratio between alpha cell mass and beta cell mass in pancreases from the
specified groups at the indicated time points (Pre AAV; n=4 db/db, n=4 B6 WT. At 1.5 months post-AAV; n=6 db/db-Adipsin, n=5 db/db-GFP, n=2

B6 WT. At 6 months post-AAV; n=13 db/db-Adipsin, n=16 db/db-GFP, n=4 B6 WT). Data were analyzed by two-tailed unpaired t-test. (At 6 months
post-AAV db/db-GFP vs db/db-Adipsin p=0.029). (h) Fasting serum glucagon levels in db/db mice transduced with AAV-GFP or AAV-Adipsin (n=8 per
group). Scale bars, 100 um (a, ¢ and e). Data are expressed as mean + s.e.m. *P <0.05, ** P <0.01, *** P < 0.001.
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Extended Data Fig. 4 | Adipsin increases the expression of beta cell transcription factors and decreases gastrin expression. (a,b) Representative images
(a) of MAFA and insulin IF in B6 WT mice, db/db mice injected with AAV-Adipsin or AAV-GFP along with quantification (b) of MAFA + beta cells (n=4
mice for B6 WT, n=6 mice per db/db treatment group). Data were analyzed by two-tailed unpaired t-test. (p=0.029). (c,d) Representative images

(c) of NKX2-2 and insulin IF in the indicated groups along with quantification (d) of NKX2-2 + beta cells (n=5 mice per group). Data were analyzed by
two-tailed unpaired t-test. (p=0.027). (e,f) Representative images (e) of gastrin and insulin IF in the indicated groups along with quantification (f) of
gastrin + beta cells (n=5 mice per group). White dashed box indicates region magnified in white panel. Data were analyzed by two-tailed unpaired t-test.
(p=0.038). Scale bars, 100 um (a, b and ¢). Data are expressed as mean + s.e.m. *P <0.05, ** P<0.01, *** P< 0.001.
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Extended Data Fig. 5 | Adipsin/C3a increases insulin secretion and protects from beta cell death by inhibiting DUSP26. (a) Ins1 beta cells were
subjected to a glucose-stimulated insulin secretion assay at O or 17 mM glucose with or without C3a (n=8 per group). Results are representative of
three independent experiments. Data were analyzed by two-tailed unpaired t-test. (Glc 0 mM vs glc 177mM p=0.0019, glc 77 mM vs glc 177 mM + C3a
p=0.009). (b) Representative gating strategy for islet cells. (¢) Heatmap of genes significantly changed by palmitate treatment and counter-regulated by
C3ain WT islets (n=3 per group) Colors show raw z-scores of mean normalized counts. (d) GO biological process analysis of genes whose expression
were downregulated by palmitate and counter-regulated (increased) by C3a. Data were analyzed by Fisher/binominal test with Bonferroni-adjusted

P value (n=33 genes) (e) GO biological process analysis of genes whose expression were upregulated by palmitate and counter-regulated (decreased)
by C3a. Data were analyzed by Fisher/binominal test with Bonferroni-adjusted P value (n=43 genes) (f) Pathway analysis from the DEPOD database
depicting significant phosphatase substrates in islets that are regulated at the gene expression level by C3a from Fig. 3d. (n=76 genes) Data were
analyzed by Fisher/binominal test with Bonferroni-adjusted P value (g) Ins2 and Gcg were determined by gPCR in isolated pancreatic islets from WT mice
transduced with Dusp26 or control lentivirus (n=4 GFP, n=3 Dusp26). Data are representative of 3 independent experiments. Data were analyzed by
two-tailed unpaired t-test. (Ins2 p=0.0284, Gcg p=0.033). (h) Cell viability was determined in INS-1 cells transduced with Dusp26 and controls (n=6
per group). Data are representative of 3 independent experiments. Data were analyzed by two-tailed unpaired t-test. (GFP in veh vs GFP in Pa p=0.022,
Dusp26 in veh vs Dusp26 in Pa p=0.0000047, GFP in Pa vs Dusp26 in Pa p=0.0004). (i) Representative western blot analysis of DUSP26 in INS-1
cells treated with shRNA against Dusp26 versus control shRNA. Data are representative of 3 independent experiments. (j) Quantification of DUSP26
expression for Supplementary Figure 8d from 3 independent experiments. Data were analyzed by two-tailed unpaired t-test. (p=0.028). (k) Body
weight in db/db mice treated for 2 weeks with NSC-87877 and controls at the indicated time points (n=15 NSC-87877 group, n=16 saline group).

(I) Representative western blot analysis for FLAG after immunoprecipitation of the DUSP26 protein complex using FLAG-M2 antibodies in lysates

of INS-1 cells overexpressing control GFP, intact DUSP26 (D26) and catalytically inactive DUSP26 mutant (C152S). Data are representative of at least

3 independent experiments. (m) KEGG pathway analysis of proteins enriched in DUSP26 immunoprecipitation experiment. Proteins with log2 > 1.5
between control GFP and DUSP26 mutant (C152S) were included in the analysis. Top and selected pathways are shown. Data were analyzed by Fisher/
binominal test with Bonferroni-adjusted P value (n=253 genes) (n) Heatmap of selected proteins belonging to relevant pathways and significantly
enriched in the DUSP26 mutant (C152S) pulldown. (n=2 per group). Colors show log?2 fractional intensity. Data are expressed as mean + s.e.m.
*P<0.05,** P<0.01, *** P<0.001.
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Third

Offspring . Combined
Clinical Characteristic Generation

(n =2957) (n =3929) (n=6886)
Age, years 60+9 40+9 49+14
Women, n (%) 1647 (56) 2096 (53) 3743 (54)
Systolic blood pressure, mmHg 12718 11710 121+£17
Diastolic blood pressure, mmHg 74£10 72+9 7349
Body mass index, kg/m? 28.0+53 26.8+55 273+54
Waist Circumference (cm) 99+14 93+15 96 £15
Diabetes mellitus, n (%) 283 (10) 117 (3) 400 (6)
Hypertension treatment, n(%) 930 (31) 318 (8) 1248 (18)
Current smoking, n (%) 394 (13) 668 (17) 1062 (15)
Total Cholesterol, mg/dL 202+36 189+35 194+36
High Density Lipoprotein, mg/dL 54+17 54+16 54+17

Extended Data Fig. 6 | Baseline participant characteristics. The average adipsin concentration was 900 + 273 ng/mL (mean +s.d.) Values depict
mean =+ standard deviation where appropriate.
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A.Cross-sectional Correlates

Clinical Traits OR 95% CI p

Prevalent Diabetes Mellitus 0.69 0.61 -0.78 <0.0001

Obesity (not BMIadjusted) 1.68 1.56 -1.80 <0.0001
B S.E. p

BMI 1.34 0.06 <0.0001
Waist Circumference 0.22 0.08 0.004
Insulin -0.02 0.01 0.12
Fasting Glucose -0.46 0.12 <0.0001
HOMA-IR -0.03 0.01 0.01
HOMA-B 0.01 0.01 0.29
SBP 0.17 0.20 0.38
DBP -0.39 0.12 0.002
HDL Cholesterol -1.15 0.19 <0.0001
Triglycerides 0.00 0.006 0.77

B. Radiographic (CT) Volumetric Measure of Adiposity

Anatomical Adipose Site B S.E. P
Sgbcutaneous Adipose 0.04 0.01 0.0002
Tissue

Visceral Adipose Tissue 0.001 0.01 0.87
Pericardial Fat 0.01 0.02 0.47

Intra Thoracic Adipose

. 0.03 0.01 0.03
Tissue

Extended Data Fig. 7 | Clinical correlates of adipsin. (a) In cross-section multivariable analyses, higher adipsin levels associate with lower odds of
diabetes (OR 0.69) and with higher odds of obesity (OR 1.68). Adipsin is associated with a number of clinical traits including BMI, waist circumference,
diastolic blood pressure reduction and reduced HDL cholesterol. Additionally, higher levels associate with significantly lower fasting glucose, with a trend
toward improved insulin resistance as measured by HOMA-IR that did not meet the Bonferroni-corrected p-value threshold for significance. Analyses were
multivariable linear (t statistic) or logistic regression models (Wald Chi-square test) with two-sided p-values deemed significant at a Bonferroni-corrected
p-value threshold of p=0.05/10 primary traits =0.005. Similar results were obtained in secondary analyses stratified by Framingham cohort (Offspring vs.
Third Generation). (b) Cross-sectional radiographic anatomically specific adiposity volumes were obtained from participants of the Third-Generation
Framingham cohort (n=3068, 2002 to 2005). In secondary analyses, volumetric measures of adiposity reveal that adipsin is strongly associated with
subcutaneous (SAT) and intrathoracic adipose volumes and not visceral adipose volumes. With regard to subcutaneous adipose, a one standard deviation
rise in adipsin was associated with a 0.4 standard deviation increase in subcutaneous adipose volume. Analyses were multivariable linear regression
models (t statistic) with two-sided p-values deemed significant at a p-value threshold of p=0.05.
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Extended Data Fig. 8 | GWAS of adipsin levels in the Framingham Cohort. A genome-wide association study of adipsin levels was conducted among
n= 6791 individuals with available genetic data using an additive genetic model (t statistic). (@) A quintile-quintile plot of the observed and expected
P-values. Each dot represents observed data while the solid line represents the null hypothesis of no association. (b) A regional plot of the sentinel SNP
(rs2930902) associated with elevated plasma adipsin level is housed intronically within the MED16. Other significant cis-SNPs are also shown.
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Extended Data Fig. 9 | Significant cis variant SNPs with phenotypic association, eQTL analysis, and associated metabolites from published databases.
The lead SNP on chromosome 19 rs2930902 is an intron variant in the MED16 locus and is associated with type 2 diabetes. Tissue specific cis-eQTL's
reveal that this SNP is significantly associated with adipsin expression in a number of tissues but notably in subcutaneous (but not visceral) adipose tissue.
Moreover, the same SNP is associated with known branch chain amino acid metabolites (glycine and valine) known to predict incident type 2 diabetes
mellitus. Three additional SNPs associated with adipisin expression are shown.
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Software and code

Policy information about availability of computer code

Data collection NIKON NIS-Elements C software was used to acquire all immunofluorescence and immunohistochemistry images. ZEN 2.3 imaging
software was used to acquire confocal images. Excel 16.19 was used for data collection.

Data analysis GraphPad Prism 7 and SAS version 9.4 software was used for statistical analysis.

- RNAseq: Trancript abundance estimates was imported into the DESeq2 R package using the tximport R package. Differential expression
analysis was performed with DESeq2. Raw demultiplexed FASTQ files were aligned to the mouse genome mm10/GRCm38 using STAR
aligner version 2.5.2b. Mapped reads per gene were counted using the Rsubread R package. ENRICHR (https://amp.pharm.mssm.edu/
Enrichr/) was utilized for pathway analyses.

- Plasma adipsin was assayed using a modified enzyme-linked immunosorbent assay sandwich approach, multiplexed on a Luminex xMAP
platform (Sigma-Aldrich).

- GWAS: In brief, genome-wide genotyping was performed using the Affymetrix 500K mapping arrays and 50K supplemental Human Gene
Focused arrays (Affymetrix, Inc., Santa Clara, CA) and the Illumina Human Exome BeadChip v.1.0 (Exome Chip; Illumina, Inc., San Diego,
CA). Imputation was performed using the 1000 Genomes Project Reference Panel using MACHS.

- Proteomics analysis: MS2 spectra were searched using SEQUEST against a composite database containing all rattus norvegicus proteins
(36,107 total entries, downloaded from Uniprot 5/14/19. ENRICHR (https://amp.pharm.mssm.edu/Enrichr/) was utilized for pathway
analyses.
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All requests for raw and analyzed data will be reviewed to verify if the request is subject to any intellectual property or confidentiality obligations. Any data and
materials that can be shared will be released via a Material Transfer Agreement.
Data from Framingham Heart Study participants are publicly available at dbGap according to NIH data sharing policies (study accession phs000007.v29.p10).

Field-specific reporting

Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to calculate sample size. Sample size was determined based on preliminary experiments or previous
publications and a sufficient number of samples needed to obtain definitive results. For all in-vitro experiments sample size was 3 or more,
and for in vivo experiments (mouse experiments) the sample was 5 or greater.

Data exclusions  Exclusion criteria for mouse experiments was pre-established and included more that 10% weight loss or any signs of injury or iliness requiring
euthanasia in the first 6 weeks of life. Maximum number of mice excluded was 1.
In the human study, from the Offspring Cohort Exam 7 (1998 — 2001, n = 3539) and Third-Generation Cohort Exam 1 (2002 — 2005, n = 4095)
we excluded individuals with end-stage kidney disease (estimated glomerular filtration rate, eGFR<30 ml/min/1.73m2), prevalent
cardiovascular disease (myocardial infarction, heart failure, or atrial fibrillation), those without adipsin measurements, and individuals missing
key clinical covariates (total number excluded n = 748), leaving 6886 individuals for cross-sectional analyses. Exclusion criteria were pre-
estblished.

Replication Experiments were replicated and the number of independent experiments are explicit in each figure legend. All attempts of replication were
successful.

Methods such as pharmacological inhibition and genetic knockdown were done to corroborate key findings.

Randomization  Fasting glucose and body weight were measured before treatments. After, mice were allocated to groups ensuring same average body weight
and glucose.

Blinding Investigators were blinded during manual cell counting and imaging analysis. Collection of raw data (mouse weight, glucose) and tissue
harvesting for analyses was not blinded because it was necessary to preserve treatment information of each animal. Clinical data were taken
from clinical reports and therefore blinded.

Reporting for specific materials, systems and methods
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Unique biological materials |X| |:| ChlIP-seq
Antibodies |:| |X| Flow cytometry
Eukaryotic cell lines |X| |:| MRI-based neuroimaging

|:| Palaeontology
Animals and other organisms
Human research participants
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Unigue biological materials

Policy information about availability of materials
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Obtaining unique materials  All unique materials are available

Antibodies

Antibodies used Primary antibodies: guinea pig anti-insulin (DAKO, #A0564, 1:1000, Lot# 10123176), rabbit anti-glucagon (Phoenix, #H-028-05,
1:2000, Lot# 01506-1), rabbit anti Ki67 (Abcam, #ab16667, 1:200, Lot# GR289011-6), rabbit anti-cleaved caspase 3 (Cell
Signaling, #9661, 1:200, Lot #45), rat anti-BrdU (Abcam, #ab6326, 1:200, Lot# GR251710-3), mouse anti-Nkx6-1 (Hybridoma
Bank, #F55A12, 1:100 Lot# not available) rabbit anti-Mafa (Bethyl, #1HC-00352, 1:100, Lot# 1), rabbit anti-Nkx2-2 (Sigma,
#HPA003468, 1:100, Lot# C81855), rabbit anti-ALDH1A3 (Novus, #NBP2-15339, 1:100, Lot# 43054), rabbit anti-gastrin (Millipore,
#256A, 1:200, Lot# 7199). rabbit anti-cleaved caspase 3 (Cell Signaling, #9661, 1:1000, Lot# 45), rabbit anti-adipsin (Santa Cruz,
#sc-50419, 1:1000, Lot# E3008), chicken anti-C3a (abcam #ab48581, 1:1000, Lot# GR14688-30), rabbit anti-Dusp26 (Invitrogen,
#PA5-22013, 1:1000, Lot# TL2689140), rabbit anti-actin (Cell Signaling, #8456, 1:1000, Lot# 5), mouse anti-FLAG (Sigma, #A8592,
1:1000, Lot# 035K6196).

Secondary antibodies: biotinylated goat anti-guinea pig (Vector, #8A-7000), biotinylated goat anti-rabbit (vector, #8A-1000),
Alexa Fluor 488 Goat anti rabbit (Thermo, #A-11008), Alexa Fluor 647 Goat anti guinea pig (Thermo, #A-21450), Alexa Fluor 488
Goat anti rat (Thermo, #A-11006), poly HRP-conjugated goat anti rabbit (Thermo, #840962), poly HRP-conjugated goat anti
mouse (Thermo, B40961).

Validation - Guinea Pig anti-insulin: validated in previous studies including: Lo, JC et al. Cell 2014. Per data sheet used successfully for
staining in more than 30 publications.
- rabbit anti-glucagon: per data sheet all antibodies are validated by immunoassay and evaluated for independent applications.
Validated in mouse and human pancreatic sections.
- rabbit anti Ki67: per data sheet validated in Ki67-knockout mouse cell lines using IHC. Per data sheet antibody is referenced in
834 publications.
- rabbit anti-cleaved caspase 3: per data sheet validated for WB and IHC. Per data sheet antibody is referenced in 3662
publications.
- rat anti-BrdU: per data sheet validated for IHC. Per data sheet antibody is referenced in 724 publications.
- mouse anti-Nkx6-1: per data sheet validated for IHC. Per data sheet antibody is referenced in 9 publications.
- rabbit anti-Mafa: per data sheet validated for IHC in pancreatic mouse sections. Per data sheet antibody is referenced in 20
publications.
- rabbit anti-Nkx2-2: per data sheet validated for IF. Per data sheet antibody is referenced in 7 publications.
- rabbit anti-ALDH1A3: per data sheet validated for IHC in mouse. Per data sheet antibody is referenced in 10 publication, 3 for
IHC.
- rabbit anti-gastrin: per data sheet validated for IHC in mouse stomach. Per data sheet antibody is referenced in 3 publications.
- rabbit anti-adipsin: per data sheet validated for WB in mouse. Validated in previous study: Lo, JC et al. Cell 2014. Per data sheet
antibody is referenced in 4 publications.
- chicken anti-C3a: Per data sheet validated for WB. Validated in previous study: Lo, JC et al. Cell 2014. Per data sheet antibody is
referenced in 3 publications.
- rabbit anti-Dusp26: per data sheet validated for WB.
- rabbit anti-actin: per data sheet validated for WB. Per data sheet antibody validated in 35 citations.
- mouse anti-FLAG: per data sheet validated for WB. Per data sheet antibody validated in 701 citations.

Eukaryotic cell lines

8102 dy

Policy information about cell lines

Cell line source(s) INS-1 cells were provided by Dr. Shuibing Chen at Weill Cornell Medicine
293T cells were provided by Dr. Lukas Dow at Weill Cornell Medicine




Authentication INS-1 have been authenticated by qPCR measuring insulin expression.
293T cells have been authenticated by their ability to produce lentivirus.

Mycoplasma contamination Mycoplasma contamination was not assayed

Commonly misidentified lines  no commonly misidentified cell lines were used
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male B6.BKS(D)-Leprdb/J (db/db) homozygous mice from Jackson laboratories were used at used at 6 to 10 weeks of age. Then
they were followed up to 6-8 months of life.
Male C57BI/6 WT mice from Jackson laboratories were used at used at 6 to 10 weeks of age. Then they were followed up to 6-8
months of life.
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Wild animals The study did not include wild animals

Field-collected samples The study did not include field-collected samples

Human research participants

Policy information about studies involving human research participants

Population characteristics The Framingham Heart Study (FHS) is a community based, prospective longitudinal cohort. We studied participants attending the
following baseline examinations: Offspring Cohort Exam 7 (1998 — 2001, n = 3539) and Third-Generation Cohort Exam 1 (2002 —
2005, n = 4095)46,47. The combined average age was 49 years old, 54% were women, and the average BMI was 27.3. From this
sample, we excluded individuals with end-stage kidney disease (estimated glomerular filtration rate, eGFR<30 ml/min/1.73m2),
prevalent cardiovascular disease (myocardial infarction, heart failure, or atrial fibrillation), those without adipsin measurements,
and individuals missing key clinical covariates (total number excluded n = 748), leaving 6886 individuals for cross-sectional
analyses. Of participants without prevalent diabetes at baseline, 5570 attended subsequent examinations, allowing for
ascertainment of new-onset diabetes mellitus (Offspring Exam 8, 2005-2008; Third Generation Exam 2, 2008-2011). This study
was approved by the Partners institutional review board and all participants provided written informed consent.

Human islets were obtained from 2 different healthy male donors (49 and 50 years old). Donors were non-diabetic.

Recruitment Framingham Heart Study participants were recruited from the community of Framingham, MA. The original cohort participants
consisted of respondents of a random sample of 2/3 of the adult population of Framingham, MA, 30to 62 years of age by
household in the year 1948. Participants of the offspring cohort were 5,124 men and women consisting of the offspring of the
original cohort and their spouses, recruited beginning in 1971. Participants of the third generation cohort were recruited in 2001
and consisted of participants with at least one parent in the offspring study, at least 20 years old at the end of the first
examination cycle.

The respondents were research volunteers, and thus healthy volunteer bias could be present, and may underestimate true
prevalence of disease among the general population. Further, given demographics of Framingham, MA, the majority of
participants were Caucasian, and generalizability of our results to other races or ethnicities may be limited on that basis.
Donors for human islets were caucasian and generalizability of our results to other races or ethnicities may be limited on that
basis.

Flow Cytometry

Plots
Confirm that:
Xl The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided. 9§

~

Methodology S
Sample preparation Mouse islets were isolated and dispersed into single cells, then stained with PE Annexin V apoptosis detection kit (BD

Pharmingen)

Instrument FACSCanto Il (BD Biosciences)




Software BD FACSDiva™ software
Cell population abundance  The islet fraction of the pancreas was used for flow cytometry experiments as described in materials and methods.

Gating strategy Gating based on FSC area vs SSC area

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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