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Glucose-responsive formulations of insulin can increase its therapeutic
index and reduce the burden of its administration. However, it has been
difficult to develop single-dosage formulations that can release insulin
inboth asustained and glucose-responsive manner. Here we report the
development of asubcutaneously injected glucose-responsive formulation
that nearly does not trigger the formation of a fibrous capsule and that
leads to week-long normoglycaemia and negligible hypoglycaemiain mice
and minipigs with type 1diabetes. The formulation consists of gluconic
acid-modified recombinant humaninsulin binding tightly to poly-L-lysine
modified by 4-carboxy-3-fluorophenylboronic acid via glucose-responsive
phenylboronic acid-diol complexation and electrostatic attraction.

When the insulin complex is exposed to high glucose concentrations,

the phenylboronic acid moieties of the polymers bind rapidly to glucose,
breaking the complexation and reducing the polymers’ positive charge
density, which promotes the release of insulin. The therapeutic performance
of this long-acting single-dose formulation supportsits further evaluation
and clinical translational studies.

Diabetes mellitusis a chronic disease that affects more than 537 million  For example, the combination of long-acting ‘basal’ insulin with
adults worldwide. More than 20% of people with diabetesrequireinsu-  ‘boluses’ of rapid-acting insulin with meals is an effective regimen
linreplacement therapy to maintain blood glucose (BG) levels within ~ for maintaining both fasting and postprandial glucose within nor-
the normal range'. A number of different insulin formulationsand  mal ranges. Yet, insulin therapy is burdensome because it requires
delivery modalities have been developed toimprove BGmanagement. multiple subcutaneousinjections per day‘. Moreover, insulin needs are
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affected by a range of physiological and environmental factors; thus,
dosing insulin accurately is challenging for people with diabetes and
insulintherapy can be associated with a tremendous amount of hyper-
and hypoglycaemia during the day and overnight’. New strategies for
insulin delivery that effectively regulate BG, but with reduced injection
frequency, are urgently needed.

Glucose-responsive insulin (GRI) can mimic 3 cell function by
dynamically releasinginsulinin response to changing BG; thisapproach
toinsulintherapy thusrepresents a promisingalternative totheinsulin
formulations that are currently available® ™. GRIsenses BG fluctuation
and dynamically adjustsinsulin release rates to modulate blood insulin
levels and thus regulate BG in real time'2. The dynamic component of
GRIcanexpand the therapeuticindex of insulin, reducing both hyper-
and hypoglycaemia episodes that occur in an unreasonable insulin
administration dose. Three glucose-responsive mechanisms, phe-
nylboronic acid (PBA) derivatives” %, glucose-binding molecules®™
and glucose oxidase®**°, have been extensively explored to construct
GRI. Of these, the PBA-based GRI has progressed rapidly and has the
potential for clinical applications based on rapid and robust in vitro
and in vivo GRI release performance”*®, However, it remains a chal-
lenge to formulate a GRIthat can regulate BG within the normal ranges
for longer than one week after administration of a single dose, which
requires the insulin formulationto simultaneously possess the capacity
for fast postprandial insulin release and continuous, sustained ‘basal’
insulinrelease.

Here we describe aglucose-responsive formulation of insulin that
achieves both GRI release and long-acting performance (Fig. 1a). In
this formulation, recombinant human insulin is covalently modified
with gluconic acid to generate an insulin analogue with a diol moiety
(Glu-insulin). Glu-insulin can form a stable complex with 4-carboxy-
3-fluorobenzeneboronicacid (FPBA)-modified poly-L-lysine (PLL-FPBA)
through dynamicelectrostatic attraction and PBA-diol complexation.
Inthe normoglycaemic condition, both the strong electrostatic force
and the PBA-diol complexation cause the complex formulation to
release an ultra-small amount of insulinin a free state, providing slow
and continuous insulin release and allowing for a high dose. Under
the hyperglycaemic condition, the binding of glucose to FPBA moie-
ties instantly reduces the positive charge density of PLL-FPBA and
deconstructs phenylboronate ester bonds, therefore reducing the
electrostaticattractions and the density of phenylboronate ester bonds
between Glu-insulin and polymers, and eventually promoting insulin
release. In the chemically induced type 1 diabetic mouse model, the
subcutaneously injected insulin complex forms a depot under the skin,
maintaining blood insulin levels at a steady ‘basal’ level and BG levels
within a normal range. Upon glucose administration, the elevated
BG triggers fast insulin release from the complex depot, correcting
elevated BG levels. As BG returns to a normal range, the decreasing
BG provides a negative feedback signal to the complex to reduce the
insulin release rate. Of note, the complex s fibrous capsule resistant,
whichis essential for the long-acting component of insulin release from

the complex depot. This GRI can achieve week-long normoglycaemia
following administration, with minimal hypoglycaemia incidence. In
addition, anti-hyperglycaemic effects were observed for more than
20 days, even though the steadily reduced amount of insulin depot
under the skinis not enough to maintain the BG below the normal level
after one week posttreatment. The therapeutic efficacy of the GRI was
further validated in type 1 diabetic minipigs.

Results

PLL-FPBA was previously reported to have glucose-responsive proper-
ties and low toxicity” and was thus selected in this study. The PLL-FPBA
used here had around 65% of the amino groups modified with FPBA
as calculated from the 'H NMR spectrum (Supplementary Fig. 1a).
The molecular weight of PLL-FPBA is poly-dispersed (Supplementary
Fig.1b) and the presence of boronis confirmed by the "B NMR spectrum
(Supplementary Fig. 1c). Glu-insulin was prepared according to previ-
ously reported methods*. The gluconic acid modification was validated
by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (Supplementary Fig. 2a). Glu-insulin had gluconic acid
conjugation at A1 (N terminus of the a chain) of the insulin molecule
(Supplementary Fig. 2b,c) and showed similar activity to unmodified
recombinanthumaninsulin, as evaluated on HepG2 cells and in diabetic
mice (Supplementary Fig. 2d-f).

Mixing acidic PLL-FPBA and Glu-insulin aqueous solution
yielded a white precipitate after adjusting the pH to 7. Equal weights
of PLL-FPBA and Glu-insulin formed a stable insulin complex with
unbound Glu-insulin ataconcentration lower than 50 pg ml™, indicat-
ingaloading efficiency above 95% (Supplementary Fig. 3a-c). Of note,
PLL-FPBA did not interfere with the detection of Glu-insulin using the
Bradford assay reagent (Supplementary Fig. 3d). Theinsulin complex
was a flocculent precipitate (Fig. 1b). Complexation of Glu-insulin
and PLL-FPBA was further validated by an overlap in the fluorescence
from fluorescein isothiocyanate (FITC)-labelled Glu-insulin and cya-
nine 5 (Cy5)-labelled PLL-FPBA (Fig. 1c). As confirmed by scanning
electronic microscopy (SEM) and transmission electron microscopy
(TEM), the complex had porous and loose micro-structures to allow
for fast glucose diffusion and exchange, which is critical for a rapid
glucose-responsive performance (Fig. 1d).

Glucose-stimulated insulin release from the complex was
evaluated in PBS buffer at pH 7.4 with four glucose concentrations
(0,100, 200 and 400 mg dI'?) (Fig. 1e and Supplementary Fig. 3e).
At 0 mg dI”!, unbound insulin was maintained at an ultra-low level of
around 10 pg ml™ for 5 h. After increasing the glucose concentration
t0 100, 200 and 400 mg dI™* (representing normoglycaemia, mild
hyperglycaemia and extreme hyperglycaemia, respectively), unbound
insulinlevelsincreasedt019.5+10.7,32.1+10.9and 45.2 + 14.8 pg ml™
after 2 hincubation, at which time the unboundinsulinlevels reached
thermodynamic equilibrium and remained unchanged. This glucose
concentration-dependent increase in unbound insulin levels indi-
cated that glucose weakened the attraction between Glu-insulin and

Fig.1|Dually glucose-responsive complex for insulin delivery. a, Schematic
of complex formation and insulin release with dual glucose-responsive
mechanisms. The negatively charged diol moiety-containing Glu-insulin and the
positively charged PBA moiety-containing PLL-FPBA can form a complex through
electrostatic attraction and PBA-diol binding. Upon exposure of the complex

to asolution with a high level of glucose, binding of glucose to the FPBA moiety
instantly reduces the positive charge density on PLL-FPBA and disrupts the PBA-
diol bonds, resulting inimmediate insulin release. b, Representative pictures
ofthe complex. The complexes were prepared using FITC-labelled Glu-insulin
(orange) and unlabelled PLL-FPBA, Cy5-labelled PLL-FPBA (blue) and unlabelled
Glu-insulin, or FITC-labelled Glu-insulin and Cy5-labelled PLL-FPBA. Equal
weights of Glu-insulin and PLL-FPBA were used. ¢, Representative fluorescence
images of the complex. FITC-labelled Glu-insulin and Cy5-labelled PLL-FPBA
areshowningreenandred, respectively. Scale bars, 500 pm. d, Representative

SEM (upper) and TEM (lower) images of insulin complex. e, GRI release from

the complex when exposed to asolution containing O (black), 100 (green),

200 (blue) and 400 mg dI™ glucose (red). Data points are means * s.d. (n =3).

f, Pulsatile insulin release profile when the complex was alternatively exposed

t0 400 and 100 mg dI” glucose solution. Data points are means +s.d. (n=3).

g, Cumulative insulin release from complexes that were exposed to a glucose
solution containing 0,100,200 and 400 mg dI™ glucose. The complexes were
incubated in each solution for 10 min. Data points are means + s.d. (n =5). The
statistical analysis utilized a one-tailed unpaired Student’s ¢-test, with *P = 0.0128,
**P=0.0025and *P=0.0359 indicating statistical significance between the
400and 100 mg dI groups and P = 0.0031 indicating statistical significance
between the 200 and 100 mg dI groupsin e. All Pvalue analyses were performed
in GraphPad Prism (v.8).

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-023-01138-7

PLL-FPBA. The kinetics of GRI release were also evaluated. After 0.2
and1hincubation, insulin complexes in 400 mg dI™ glucose solution
achieved unbound Glu-insulinlevels 0of21.4 + 6.1and 37.8 + 6.1 pg ml™
(Fig.1e), which were more than twofold greater than the level noted in
the100 mg dI™ glucose concentration, leading to aglucose stimulation
index>2 (Supplementary Fig. 3f)*>**. Collectively, both kinetically and
thermodynamically, the complex released insulin glucose respon-
sively. Next, the complex was exposed to 100 or 400 mg dI” glucose
solution, and a pulsatile insulin release profile was observed (Fig. 1f).

The gradual decrease in the amount of insulin over cycles may arise
fromthe limited diffusion rate of insulin from the inner of the complex
because centrifugation compacted the complex. The insulin release
rate was also observed toincrease steadily with exposure to gradually
increased glucose concentrations (Fig. 1g).

The amount of insulin dissolved in an aqueous solution and the
volume of depot both determine BG regulation capability. Insulin
glargine has low solubility in PBS at pH 7.4 and thus can be used as a
daily administrated insulin formulation. However, its solubility is not
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low enough for a weekly administrated formulation. Compared with
insulin glargine**, the insulin complex, with or without the presence
of glucose, had even lower solubility in PBS at 7.4. This is essential for
a high and safe dose, and accordingly the ultra-long BG-regulation
ability of the insulin complex.

The mechanisms of insulin complex formationand insulinrelease
were further studied. Succinic anhydride-modified insulin* did not
form a stable complex with PLL-FPBA, indicating the necessity for
diol moieties in Glu-insulin (Supplementary Fig. 4). We also prepared
PLL-FPBA without residual amino groups (Supplementary Fig. 5), which
did not formacomplex with Glu-insulin either, suggesting the necessity
of electrostatic attraction for complex formation. Thus, electrostatic
attraction and PBA-diol complexation are essential to forming a com-
plex with an ultra-low level of unbound insulin.

The insulin complex was evaluated in mice with type 1 diabetes
induced by intraperitoneal streptozotocin (STZ) injection (150 mg kg™).
Typeldiabetic mice with fasting BG levels >300 mg dI™ were selected
toevaluate thetreatment efficacy of the insulin complex. During treat-
ment, mice had free access to food and water. The complex was studied
preliminarily to determine the dose. After administration to diabetic
mice at doses of 2.5, 5,10 and 20 mg kg™ (Extended Data Fig. 1), only
the complex at the dose of 20 mg kg™ achieved week-long normogly-
caemia in mice. BG decreased rapidly to 99.0 + 20.1mgdl™in1h and
remained almost unchanged during the first 8 h. Of note, the lowest
BG of 74.2 + 9.2 mg dI™ was observed 4 h posttreatment (Extended
Data Fig. 1d). Concurrently, the plasma insulin level was also meas-
ured using a human insulin enzyme-linked immunosorbent assay
(ELISA) kit (Invitrogen). Plasma insulin peaked at 6 h posttreatment
at158.5+ 9.5 pU ml™ and then steadily decreased to 11.1+ 6.0 pU ml™
by 7 days posttreatment (Supplementary Fig. 6). As aresult, a dose of
20 mg kg was used in subsequent studies for comparison. The treat-
ment efficacy of insulin complex and insulin glargine (Lantus, U-100)
was then evaluated in type 1 diabetic mice. In the complex-treated
group, the initial BG level was 374.2 + 75.3 mg dI* (Fig. 2a). Mice were
anaesthetized and subcutaneously injected with the complex. The BG
levelincreased rapidly to 440.4 + 64.0 mg dI™ at 0 min because of the
stress response and then gradually decreased to 137.2 + 22.5 mg dI™*
within 1 h. Mean BG was maintained below 200 mg dI™ for more than
one week. Specifically, BG was 196.6 + 85.4 and 245.8 + 99.0 mg dI at
166 and 176 h, respectively. This anti-hyperglycaemic effect and the
duration of normoglycaemia were much longer than those observed
with a single injection of insulin glargine (Fig. 2b,c). Impressively, BG
gradually decreased again, reached 192.2 + 21.3 mg dI™* at 430 h post-
treatmentand remained at 242.4 + 80.5 mg dI™ at 622 h posttreatment.
In comparison, mice receiving one or seven injections of insulin glar-
ginedid not have similar BG control (Fig. 2b and Supplementary Fig. 7a).
BG lower than 50 mg dI™is generally defined as severe hypoglycaemia.
During the whole study, BG lower than 50 mg dI™ was observed for
only one mouse 24 h posttreatment. The BG of diabetic mice without
treatment did not self-correct (Supplementary Fig. 7b).

The BG control and GRI release behaviour of the complex were
further evaluated viaanintraperitoneal glucose tolerance test. Glucose
was injected at a dosage of 1.5 g kg at 15 h, 48 h, 6 days, 12 days and
21 days after complex administration (Fig. 2d-g and Supplementary
Fig. 7c). Fifteen hours posttreatment, the BG of treated diabetic mice
was123.0 +22.6 mg dI™". Glucose administration induced a BG peak at
274.4 +50.0 mg dI™ within 10 min, after which BG rapidly decreased
to the initial level within 30 min (Fig. 2d). Of note, BG levels did not
return to the initial normoglycaemic level within 120 min in healthy
mice that received the glucose injection. Thus, the complex-treated
mice showed enhanced BG regulation ability compared with healthy
mice (Fig. 2h). Forty-eight hours posttreatment, BG levels increased
t0295.2 + 21.6 mg dI™ at 10 min and returned to the initial BG level
within 30 min (Fig. 2e). Six days posttreatment, initial BG levels were
124.2 +22.4 mg dI™*, which gradually increased to 412.0 + 99.7 mg dI™

within 20 min and further gradually decreased to 164.6 + 42.7 mg dI™*
within 50 min (Fig. 2f). Twelve days posttreatment, the initial BG levels
were 214.8 + 20.7 mg dI”, indicating a reduced rate of insulin release
from the subcutaneous depot. After glucose administration, the BG
increased sharply to 500 mg dI™'in10 minand then gradually decreased
t0243.2 + 63.3 mg dI™at 120 min (Fig. 2g). Twenty-one days after treat-
ment, the complex did notregulate BG toitsinitial levels within 120 min
(Supplementary Fig. 7c). As a control, insulin glargine-treated mice,
similar to untreated diabetic mice, cannot regulate BG back to normal
evenat6and 15 h posttreatment (Fig. 2i,j and Supplementary Fig. 7d).

In vivo BG-triggered insulin release was further evaluated via
intraperitoneal glucose administration in diabetic mice. Three
days after administration of the complex (20 mg kg™), glucose
was injected intraperitoneally (3 gkg™) to induce a clear BG spike
(Fig. 2k). BG levels peaked at 412.0 + 63.2 mg dI™ at 15 min and
decreased t098.2 +29.9 mg dlat 120 min. The insulinlevel increased
from 65.0 +13.8 pU ml™ t0 178.9 + 86.4 pU ml™ 30 min after the glu-
cose injection. Plasma insulin levels decreased to 97.6 + 39.8 and
87.6 +21.8 pU ml™ at 60 and 120 min along with the decrease in BG.

Thelong-term BG control capacity of the complex when adminis-
tered via multipleinjections was also studied in diabetic mice (Fig. 21).
Theblackarrowsrepresent three injections of the complex (20,14 and
14 mg kg™ in turn). An injection was given every 168 h. The initial BG
was 383.8 + 64.2 mg dI™ and the BG was controlled below 200 mg dI™*
for at least 22 days (164.4 + 38.7 mg dI™). No obvious hypoglycaemia
was observed during the period.

The efficacy of the insulin complex was further evaluated in
three type 1 diabetic minipigs (designated Pig 1, Pig 2 and Pig 3). BG
levels were monitored by a continuous glucose-monitoring system
(CGMS; FreeStyle Libre, Abbott), which is accurate over the range
39.6-500.4 mg dI™". The BG measured by CGMS was consistent with that
measured using aglucometer (ACCU-CHEK, Aviva). The FreeStyle Libre
sensor was inserted in the legs of the minipigs. The minipigs were fed
twice every day. The BG of a healthy minipig ranges between 39.6 and
100 mg dI* (Supplementary Fig. 8). Without treatment, the BG of all
the diabetic minipigs remained elevated >200 mg dI™, although each
minipig showed distinct glucose levels and variability (Fig. 3a). Insulin
glargine (Lantus, U-100), used as a positive control, was given at 0.4,
0.6and 0.6 U kg*for Pig1, Pig 2 and Pig 3, respectively. Insulin glargine
regulated BG for nolonger than 24 h (Fig. 3b), and seven daily injections
of insulin glargine can control BG in a pulsatile manner (Fig. 3c). The
minipigs were treated with insulin complexes at a dose of 0.2 mg kg™
forPigland 0.3 mg kg™ for Pig 2 and Pig 3. The complex regulated BG
levels below 200 mg dI™, with minimal BG below 40 mg dI™* (Fig.3d and
Supplementary Fig.9).Insulin complex could constantly maintain BG
levels below 200 mg dI™ in Pig 1 (Fig. 3d and Supplementary Fig. 9a).
Insulin complex-treated Pig 2 and Pig 3 showed a gradual increase in
BG but this returned to <200 mg dI even at 120 h and 80 h posttreat-
ment, respectively (Fig. 3d). In addition, after 168 and 144 h, the BG of
Pig2and Pig3 did not returnto theinitial BG level of >350 mg dI™* (Sup-
plementary Fig. 9b), indicating an ability to sustainably control BG for
longer than 168 h. Collectively, insulin complex showed enhanced BG
control compared with asingleinjection ofinsulinglargine (Extended
DataFig.2a) and similar treatment efficacy to seven daily injections of
insulin glargine with areduced hypoglycaemia index (Extended Data
Fig.2b).Inaddition, seruminsulingradually decreased over time, and
was still observed 7 days posttreatment (Fig. 3e). Because minipigs
are physiologically more similar to humans, the ultra-long-acting
performance of the complex in minipigs indicates the potential for
long-acting performancein humans. Furthermore, in vivo BG-triggered
insulin release was observed in the three minipigs (Fig. 3f).

The toxicity of the injected complex was evaluated in mice.
Cy5-labelled PLL-FPBA was injected subcutaneously. The complex
remained under the skin for more than three months (Fig. 4a), much
longer than reported previously*, probably because of the high dose

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article https://doi.org/10.1038/s41551-023-01138-7

a b c
T 600 T 600 £ 500
E E 5 .
jo)] - ()] 4 = *AD =
g 500 é 500 + ,é, 400 4 P=0.0079
—= Initial level —= =]
o 400, g mmersrE= oo © 400 4% AN % ~} A ©
E £ y w T S e
o 300 1 o 30040 ([ £
1% A\ - @0 I [}
o b | VZA\ /h o [ % @ 200 -
§ 2004 | H v S 200 4 [ S o, 0
1\ S [} [}
2 004" H 2 1004 W ° 100
3 3 5 oo
@ 0 T T T T T T o 0 T T T T T T § 0 T 08¢
0 100 200 300 400 500 600 0 12 24 36 48 60 72 Complex Lantus
Time (h) Time (h)
d . 15 h posttreatment e - 48 h posttreatment t\ 6 days posttreatment
3 600 1 [ Complex 3 600 [ Complex S 600 | =3 Complex
o o = ° [ Health
£ 500 - [ Healthy £ 5001 I Healthy £ 500 - Y
S 4004 ] 2 400 - T 3 Q 4004 o Jd .
° K] 9 i
@ 300 o S 300 - @ 300 H
o o ® [o]
S 2004 ¢ . S 200 A § 200 ve ®
o o [S) 2 e
< 100 - § < 100 < 100 - .
: | ﬂﬂ 2 il HH Fﬂ g Hilitill
E O T T T T T T T T T E O T T T T T \ T E 0 T T T T T T T T T T T T
(SIS r‘(0 ,bD VO (,)O rOO Q 0 \()0 00 \bp (SIS ,]/0 ’bO b<0 (00 %O %Q 00 "9 bg) O QO ’],0 "270 b(O (00 bO /\0 %O \00 00 \VO
Time (min) Time (min) Time (min)
g h i
12 days posttreatment Eal
= L 120,000 i
T 600 | . [ Complex 2 [ Complex T 800 4 6h 15h B3 Healthy
g’ 500 [ Healthy ‘€ 100,000 ~ 0 Healthy CED 700 A
= . M 2 o = 600 1 . T
80,000
£ 400 £ 9500,'121'7 TTTT
3 oL . . o <P < 0.0001 **P=0.0091 2 fole I b
8 300 . g 600007 *%p<0,0001 — **P=0.0005 Q400 - l £l
Q . ° . « ¢ 3] . ore Q i o Uil .
S 200 H | g 40,000 - . e S :2383 LIl I
5 1004 S 20,000 -| 2 itz Ol ol S0 UM
3 2 ﬁ S 100 - H
Q > Q
o ] T T T T T T T = 0] T T T T o 0o T T T T T T | — T
0o 10 20 ' 30 ‘ 60 90 120 15 h 48 h 6d 12d O PR PP PSP
Time (min) Time (min)
| k l
T 120,000 <> 600 300 @ T 600
e % = [ =
ht P=0.0202 S 2 S 500
£ | o i L |
£ 100,000 %P < 0.0001 2 500 - x0 3 P2 !
£ 80,000 - e < 400 - =007 200 2 @ 400
~ > C >
o Q2 RN = <
2 60,000 © 300 4 / 150 2 o 300+
3 2 e g ! ! H
~ 40,000 - © 200 // - TF100 % S 200 4 )
2 : : e 3 A Mt et
S 20,000 - g 100 7? % - §§ oS g 100 AH¥]Y 8
© = [¢]
g O % O T T T T T T T O ~ E 0 T T T T T T T
Lantus-6 h Lantus-15h Healthy 0O 20 40 60 80 100 120 0 100 200 300 400 500 600
Time (min) Time (h)
Fig. 2| Insulin complex efficacy in type 1diabetic mice. a, BG of diabetic mice t-test was used for statistical analysis. i, Intraperitoneal glucose tolerance
treated with subcutaneously injected complex (20 mg kg™). Data points are tests. Glucose was injected intraperitoneally (1.5 g kg™) after diabetic mice
means *s.d. (n=5).b, BG of diabetic mice treated with subcutaneously injected had received treatment with insulin glargine (40 U kg™) for 6and 15 h. Data
insulinglargine (Lantus, U-100,40 U kg™). Data points are means £ s.d. (n=5). points are means *s.d. (n =5).j, Area under curve statistics of i. Data points are
¢, Comparison of the duration of normoglycaemia for mice treated with complex means + s.d. (n =5). Two-tailed Student’s ¢-test was used for statistical analysis.
andinsulin glargine as shownin a and b. Because BG fluctuated all the time, the k, BG-triggered insulin release by intraperitoneal glucose injection (3 gkg™) at
duration of normoglycaemia was identified as the time points when the BG is 3 days after treatment of the complex at a dose of 20 mg kg ™. Data points are
>200 mg dI™ for the third time to ensure a hyperglycaemic state. Data points are means + s.d. (n =5). Plasma insulin levels at various time points were compared
means +s.d. (n=5). Two-tailed Student’s t-test was used for statistical analysis. withthatat O h. The Pvalue was calculated using one-way ANOVA with Tukey’s
d-g, Intraperitoneal glucose tolerance tests. Glucose was intraperitoneally post hoctest. 1, BG of diabetic mice treated three times with subcutaneously
injected (1.5 g kg™) after diabetic mice had received treatment with complexes injected complex. The black arrows represent three injections of the complex.
for15h(d), 48 h (e), 6 days (f) and 12 days (g). The insulin-equivalent dose of Thefirst dose of the complex was 20 mg kg™; the second and third doses were
the complex was 20 mg kg™ Data points are means + s.d. (n=5). h, Areaunder 14 mg kg’ Data points are means +s.d. (n=5).

curve statistics for d-g. Data points are means * s.d. (n = 5). Two-tailed Student’s

used in this study. PLL-FPBA was mainly cleared by the liver (Fig. 4b). notchange with complexadministration, compared with healthy mice,
Laboratory markersincludingalkaline phosphatase, aspartate transam-  indicating the minimal toxicity of PLL-FPBA to the liver and kidney
inase, alanine transaminase, blood urea nitrogenand creatinelevelsdid  (Fig. 4c). Haematoxylin and eosin (H&E) and Masson’s trichrome
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Fig. 3| Evaluation of insulin complex in type 1diabetic minipigs.

a, Representative BG of type 1 diabetic minipigs without treatment. b, BG of
typeldiabetic minipigs treated with subcutaneously injected insulin glargine
atadose of 0.4,0.6and 0.6 U kg™ to Pig 1, Pig 2 and Pig 3, respectively.

¢, BG of type 1diabetic minipigs treated with seven daily injections of insulin
glargine. d, BG of type 1 diabetic minipigs treated with one injection of insulin

complex (0.2, 0.3and 0.3 mg kg for Pig 1, Pig 2 and Pig 3, respectively).

e, Pharmacokinetics of insulin after a single injection of insulin complex.

f, BG-triggered insulin release. Dextrose (5 wt%) solution was infused at a dose
of 0.75 g kg atarate of 11 h™, while the minipigs were kept anaesthetized using
isoflurane. BG was measured using a glucose meter. Each figure is associated
with data collected from one minipig.

staining were performed to evaluate the host immune response to
theinjected complex. Negligible neutrophilinfiltration and no appar-
ent fibrous capsule were observed at the site of the complex under the
skin even at four weeks posttreatment (Fig. 4d).

This fibrous capsule-resistant capability of PLL-FPBA was fur-
ther evaluated in healthy mice. Polycaprolactone (PCL) particles and
silicone plates were used as positive controls*’~*. Inaddition, benzoic
acid-modified PLL (PLL-BA) with 64% graft degree was used to evaluate
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Fig. 4| Biocompatibility study of the complex in type 1diabetic mice.

a, Representative fluorescence images of Cy5-labelled PLL-FPBA retained

under the skin after subcutaneousinjection. b, Biodistribution of PLL-FPBA
inmajor organs, including heart (H), liver (Li), spleen (S), lung (Lu) and kidney
(K). Samples of skin with the injected complexes and the main organs were
obtained at week 0 (WO0), week 1(W1), week 2 (W2), week 4 (W4) and week 12 (W12)
posttreatment. ¢, Serum levels of major biochemical parameters in diabetic mice

withsubcutaneously injected complex. ALP, alkaline phosphatase; ALT, alanine
transaminase; AST, aspartate transaminase; BUN, blood urea nitrogen. Whole
blood was obtained 1 week after treatment. Data points are means + s.d. (n = 5).
d, Representative images of skin at the injection site after H&E and Masson’s
trichrome staining. Skin samples from the treated sites were obtained 1and

4 weeks posttreatment. Scale bars, 200 pm.

the effect of PBA (Supplementary Fig.10). Two doses of PLL-FPBA (1.0
and 0.5 mg per mouse) were injected subcutaneously. These implants
had similar sizes under the skin at two weeks posttreatment (Sup-
plementary Fig. 11). Two, four and twelve weeks after subcutaneous
injection, no obvious fibrous capsules were identified surrounding
PLL-FPBA (Supplementary Figs. 11-13). As a comparison, the PCL par-
ticlesandsilicone plates triggered thick and dense collagen fibre layer
surrounding the implants. Two and four weeks after implantation, a
thickimmune celllayer was identified at the surface of the PCL particles
andsilicone plates. By contrast, negligibleimmune cell accumulation
was found around the PLL-FPBA and PLL-BA implants. F4/80, a mac-
rophage marker, was stained red by immunofluorescence. A reduced
density of red fluorescence around the PLL-FPBA implant could be
observed compared with that surrounding PCL particles and silicone
plates (Fig. 5a). The cytokine levels surrounding the implants were also
evaluated (Fig.5b,c). PCLimplants induced the most severe accumula-
tion of tumour necrosis factor (TNFa), interleukin-6 (IL-6), IL-10, IL-12
andIL-17 surrounding the implants; silicone plates also triggered obvi-
ousaccumulations. By contrast, low levels of all cytokines were identi-
fiedinthe space surrounding both PLL-FPBA and PLL-BA, indicating a
minor role for FPBA in reducing the host immune response. Of note,
the size of the PLL-FPBA and PLL-BA implants decreased gradually
over time because of the inherent biodegradability of the PLL back-
bone (Supplementary Figs. 11-13). The slow removal of PLL-FPBA led

to a weak adherence of collagen fibre on the surface of the implants,
resulting in the resistance to fibrous capsule formation. In addition,
a-smooth muscle actin (x-SMA) was identified surrounding the silicone
plateand PLL-FPBA implants, indicating their potential for stimulating
angiogenesis (Fig. 5a).

Discussion

Wehavereported the development of a GRIformulation that can dynam-
ically regulate BG within anormal range with minimal hypoglycaemia
risk for a prolonged period following administration. The complex
had ultra-low free-insulin concentrations of 20 pg ml™ under normo-
glycaemic conditions because of the tight and glucose-responsive
electrostatic attraction and PBA-diol complexation. Thus, the complex
couldbesafelyinjected ata dose as highas 20 mg kg™. Intype 1diabetic
mice, this complex dynamically regulated BG below 200 mg dI™ for
longer than one week and exhibited anti-hyperglycaemic effects for
longer than three weeks. Uponintraperitoneal glucose administration,
the complex corrected BG to normal levels within 2 h, even 12 days
after the complex injection. Notably, the BG spike after the glucose
challenge was accompanied by aninsulin spike, indicating that the BG
spike triggered insulin release from the complex depot. The complex
also showed the ability to normalize BG for longer than120 hintypel
diabetic minipigs. The long performance of the complex in both mice
and minipigs is probably because of the complex’s ultra-low free-insulin
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Fig. 5| Immunofluorescence and immunohistochemical staining of the
skin at the site ofimplants after 2 weeks. a, Immunofluorescence staining of
macrophage biomarker (F4/80, red) and a-SMA (green). Nuclei were stained in
blue. Scale bars, 50 um. b, Immunohistochemical staining of TNFa, IL-6, IL-10,
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IL-12 and IL-17. Scale bars, 50 pm. ¢, The integrated optical density within 100 pm
around the implants. Data points are means + s.d. (n =5). The cytokine level of
each group was compared with the others. One-way ANOVA with Tukey’s post hoc
tests was used for multiple comparisons. P> 0.05is not shown.

level and resistance to fibrous capsule formation. In both mouse and
minipigstudies, negligible hypoglycaemiawas observed during treat-
ment. Moreover, PLL-FPBA was gradually eliminated from the injection
depot and showed negligible toxicity to the liver and kidney, together
with almost absent fibrous capsule formation under the skin. In the
long term, abalanceis assumed to be established between the amount
ofinjected PLL-FPBA and cleared PLL-FPBA. Thus, the long-term toxic-
ity of the complex formulation needs to be thoroughly evaluated for
clinical translation.

Methods

Materials

The 4-Carboxy-3-fluorophenylboronic acid was purchased from Alad-
din. All other chemicals were purchased from Sigma-Aldrich. Recom-
binant human insulin was purchased from Thermo Fisher Scientific
(catalogue no. A1138111J). PLL with a molecular weight of 30-70 kg mol™
was obtained from Sigmaand used directly for FPBA modification. The
materials were used as received. PLL-FPBA, PLL-BA and Glu-insulin were
synthesized using the reported methods and were characterized before
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use. The silicone plate was made by mixing prepolymer (Sylgard 184,
DOWSIL) at a ratio of 10:1, degassing and then pouring it into plastic
dishes to give a plate thickness of ~1 mm. The layer was cured at 80 °C
for 2 hand divided into round plates with a diameter of -5 mm.

Preparation of insulin complex

Glu-insulin (1 mg) and PLL-FPBA (1 mg) dissolved in acidified water
(0.1 ml) were mixed and NaOH aqueous solution (1 M) was added to
adjust the pH to 7.4, inducing formation of a white precipitate. The
supernatant was removed after centrifugation, followed by the addi-
tion of PBS (10 mM, pH 7.4,1 ml). Unencapsulated insulinin the super-
natant was measured using the Bradford reagent. The insulin loading
efficiency (LE) is defined as LE = A/C, where A is the amount of insulin
loaded in the complex and Cis the amount of insulin used.

Characterization of Glu-insulin

An Easy-nLC 1200 system coupled with a Q Exactive Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific)
with an electrospray ionization nanospray source was used. To con-
firm the modification site, Glu-insulin was completely reduced by
pL-dithiothreitol and iodoacetamide solution was added to give afinal
concentration of 50 mmol I™". The mixture was reacted in the dark for
40 min. The solvent was desalted using a self-filled desalting column
and evaporated. A species at 1,395 m/z that possibly corresponded to
the singly modified o chain was observed. The peptide was collected
for tandem mass spectrometry. The raw mass spectrometry files were
analysed and searched against the target protein database based on the
species of the samples using Byonic. Theresult supported the conclu-
sion that the modification ite of gluconic acid is the N-terminal of the
insulin a chain (Al).

Preparation and characterization of fluorescence dye-labelled
Glu-insulin and PLL-FPBA

FITC (7.2 mg) dissolved in dimethylsulfoxide (3 ml) was added to
Glu-insulin (100 mg) dissolved in NaHCO; (0.1 M, 5 ml). The mixture
was stirred at room temperature overnight and dialysed in deionized
water (3x 4 ). FITC-labelled insulin was obtained after lyophilization.
CyS5-labelled PLL-FPBA was synthesized using a similar procedure. The
complex prepared from FITC-labelled Glu-insulin and Cy5-labelled
PLL-FPBA was observed using a fluorescence microscope (T1, Nikon).

TEM and SEM characterization of Glu-insulin complex

Insulin complex (insulin-equivalent concentration of 1 mg ml™) was
dispersed and suspended in water (1 ml), diluted tenfold and dropped
onto a copper mesh. Uranyl acetate solution (5%, 10 pl) was added to
the copper meshand left for 10 min. Afiltrate paper was used to remove
the solution and the sample was observed using TEM (Talos L120C,
Thermo Fisher Scientific). The same sample was also dropped onto a
siliconwafer, dried naturally and observed using SEM (Nova Nano 450,
Thermo Fisher Scientific).

GRIrelease at various glucose solutions

Insulin complexes were resuspended in PBS at pH 7.4. The final
total Glu-insulin equivalent concentration was set to 1 mg ml™. The
Glu-insulin concentration in the supernatant before the addition of
glucose was measured immediately and set as O pg ml™. Concentrated
glucose solution (300 mg ml™) was then added to complex suspensions
in Eppendorftubes (1 mlper tube, n=3) to obtain glucose solutions of
0,100,200 and 400 mg dI™. The suspensions were incubated at 37 °C.
Suspension samples (30 pl) were collected after vigorous shaking at
predetermined time points (0.2,1,2and 5 hincubation). The obtained
samples were centrifuged at40,000g for 5 min. The supernatant (10 pl)
was collected to measure the Glu-insulin concentration using Bradford
assay reagent. The concentration of Glu-insulin was calibrated accord-
ingtoastandard curve.

Glucose-responsive pulsatile and cumulative insulin release
Theinsulin complex was exposed to glucose solutions with concentra-
tions of 100 and 400 mg dI'in cycles (n = 3). Tobegin the experiment,
theinsulin complex (equivalent to1 mg ofinsulin) was centrifuged and
then mixed with 1 ml of a 400 mg dI™ glucose solution. After 10 min,
the suspension was centrifuged again and the supernatant was col-
lected to determine the insulin concentration before addition of 1 ml
of a100 mg dI™ glucose solution. After 10 min, the suspension was
centrifuged again and the supernatant was collected to identify the
concentration of insulin before addition of 1 mlofa400 mg dI” glucose
solution. This process was repeated three times. Theinsulin concentra-
tion of the supernatant was determined using the Bradford reagent and
calibrated using a standard curve. Inthe same way, cumulative insulin
release from complex was tested. Complexes (equivalent to 1 mg of
insulin) were exposed to 1 ml of glucose solution containing 0, 100,
200 and 400 mg dI glucose (n =5). The complexes were incubated
in each solution for 10 min.

Western blotting to evaluate the activity of Glu-insulin

The HepG2 cell line was obtained from the National Collection of
Authenticated Cell Cultures (Shanghai, China). HepG2 cells were cul-
tured in DMEM with 10% FBS and 1% penicillin/streptomycin. Cells
were serum-starved for 12 h after the culture reached 80-90% conflu-
ence. The cells were then washed and exposed to medium containing
insulin or Glu-insulin (0, 0.1,1, 5,10, 50,100 nM) for 10 min (n =3). Cell
lysates were prepared by lysing cells in ice-cold RIPA buffer (Beyo-
time) containing protease and phosphatase inhibitors (Meilunbio).
Lysate was cleared by centrifugation at 16,000g for 10 min at 4 °C.
The protein concentration was determined using a BCA assay (Beyo-
time) and samples were boiled in 1x Laemmli loading buffer (Bio-Rad)
containing 2.5% [3-mercaptoethanol. Proteins were separated by 10%
SDS-PAGE gels and transferred to 0.45 pm polyvinylidene difluoride
membranes (Sigma-Aldrich). Membranes were blocked with 5% non-fat
milkin phosphate-buffered saline with 0.1% Tween-20 and probed using
target-specific antibodies (anti-phospho-Akt (Cell Signaling Technol-
ogy, catalogue no.4060,1:2,000), anti-Akt (Cell Signaling Technology,
catalogue no. 4691, 1:1,000) and anti-B-actin (Diagbio, catalogue no.
db7283,1:1,000)) inprimary antibody dilution buffer (Beyotime). Bound
antibodies were detected using horseradish peroxidase-conjugated sec-
ondary antibodies (Hangzhou Fude, catalogue no. FDR007,1:10,000)
and ECL Western Blotting Substrate (Thermo Fisher Scientific), accord-
ing to the manufacturer’s instructions.

Type 1diabetes treatment study in mice

All animal procedures were performed following the Guidelines for
Care and Use of Laboratory Animals of Zhejiang University (protocol
no. ZJu20220299). C57BL/6 mice (aged 6-8 weeks) were purchased
from Hangzhou Medical College. Type 1 diabetic mice were induced
byinjecting STZ ata dose 0f 150 mg kg™. The diabetic mice were main-
tained with a standard diet in 12:12 h light/dark cycles, allowing free
accesstofood and water during the experiment. The ambient tempera-
turewas 20-26 °Cand therelative humidity was 50-70%. Diabetic mice
were grouped (n=5) and received a subcutaneousinjection of insulin
glargine (40 U kg™) and insulin complex (2.5, 5,10 and 20 mg kg™). For
multipleinjections, the insulincomplex wasinjected every168 h (n=>5).
The insulin-equivalent dose of the second and third injections was
reducedto14 mg kg™. Asacontrol, insulinglargine atadose of 40 U kg™
was injected every 24 h for seven consecutive days and stopped for
one day. In addition, the BG of diabetic mice without treatment was
continuously monitored for one month. BG was measured using a
glucose meter (Aviva, ACCU-CHEK).

Intraperitoneal glucose tolerance test
Diabetic mice receiving complex treatment (n =5) were subjected
to intraperitoneal glucose administration (1.5 g kg™) at various time
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points posttreatment. Time points of 15 h, 48 h, 6 days, 12 days and 21
dayswere selected for intraperitoneal glucose tolerance test to evalu-
atethe BGregulation capability of insulin complexintheshortandlong
term. Healthy mice (n = 5) and diabetic mice treated with insulin glar-
gine (n=5) were used as the control groups. Areaunder the curve was
calculated using Originlab 2018 software. Blood samples (40 pl) were
collected for BG measurement and plasma extraction. Plasmainsulin
levels were measured using a human insulin ELISA kit (Invitrogen).

Typeldiabetes treatmentin STZ-induced diabetic minipigs
Six-month-old Bama miniature pigs were intravenously injected with
STZ (150 mg kg™) to induce the type 1 diabetes. The BG of minipigs
was stabilized, and diabetic minipigs were used in the study after one
month. The minipigs were fed twice a day, either with or without treat-
ment. BG was monitored by CGMS (FreeStyle Libre, Abbott). Insulin
glargine (Lantus, Sanofi) was used once a day for usual BG control.
The administration of insulin glargine was paused for 48 h before
evaluating the efficacy of therapeutic BG control. The three minipigs
received a subcutaneous injection of insulin glargine at a dose of 0.4,
0.6 or 0.6 U kg™, respectively and were treated with subcutaneously
injected complex at adose 0f 0.2,0.3and 0.3 mg kginturn.

Invivo evaluation of glucose-triggered insulin release

in minipigs

Three diabetic minipigs were treated subcutaneously with insulin
complex at adose of 0.2, 0.3 and 0.3 mg kg™ for Pig 1, Pig 2 and Pig 3,
respectively. Eight hours later, dextrose (5 wt%) solution was infused
atadose of 0.75 gkg™ at arate of 11 h™, while the minipigs were kept
anaesthetized usingisoflurane. Blood was collected from the external
jugular veinbefore and during the experiment at predetermined inter-
vals. Blood (2 ml) was placed in serum-collecting tubes (BD Vacutainer)
and serum was collected following the protocol. Serum insulin levels
were measured by human insulin ELISA kit (Elabscience).

Toxicity evaluation in diabetic mice

Diabetic mice were injected subcutaneously with insulin complex at
aninsulin-equivalent dose of 20 mg kg™ or with PBS (n = 5). After one
week, the blood was collected for analysing alkaline phosphatase,
aspartate transaminase, alanine transaminase, albumin, blood urea
nitrogen and creatinine levels in serum to evaluate the toxicity to the
liver and kidney. Inaddition, PLL-FPBA was labelled with sulfo-Cy5 and
the presence of a PLL-FPBA depot was monitored with living imaging
(IVIS Luminalll, PerkinElmer).

Hostresponse evaluation of PLL-FPBA in mice

C57BL/6 mice (aged 6-8 weeks) were purchased from Hangzhou
Medical College. Mice were implanted with a PCL particle (diameter,
5 mm; number-average molecular weight of 45,000 g mol™, Sigma),
silicone plate (diameter, 5 mm), PLL-FPBA (0.5 mg, 1.0 mg) and PLL-BA
(1.0 mg). Allmaterials were sterilized. Surgery was performed under
isoflurane anaesthesia and aseptic conditions. Skin samples were dis-
infected before and after surgery. Approximately 8 mm longitudinal
incisions were made on the back of the mice for implantation of the
PCL particles and silicone plates. The incision was sufficiently distant
fromtheimplantationsite to avoid the effects of the wound. The skin
was sutured after the materials wereimplanted. PLL-FPBA or PLL-BA
suspended in 0.1 ml of PBS was injected subcutaneously. Five repli-
catesfor each type of material wereimplanted into mice. After 2,4 and
12 weeks, the mice were euthanized, and the skin with the implants
was removed, fixed in 4% paraformaldehyde for more than 24 h and
embedded in paraffin. Untreated mice from the same batch were used
asablank control. Each skin tissue sample was sectioned at a thickness
of 3-4 pmfor H&E and Masson’s trichrome staining. Immunofluores-
cence staining of a-SMA (Abcam, catalogue no. ab240654,1:50,000;
AlexaFluor 488 conjugate, Cell Signaling Technology, catalogue no.

4412,1:1,000), F4/80 (Abcam, catalogue no.ab300421,1:5,000; Alexa
Fluor 594 conjugate, Cell Signaling Technology, catalogue no. 8890,
1:1,000) and immunohistochemical staining of TNFa (Immunoway,
catalogue no. YT4689, 1:200), IL-6 (Affinity Biosciences, catalogue
no.DF6087,1:100), IL-10 (Affinity Biosciences, catalogue no. DF6894,
1:100), IL-12 (Affinity Biosciences, catalogue no. AF5133,1:100) and
IL-17 (Affinity Biosciences, catalogue no. DF6127,1:100) were also
performed. Immunofluorescence images were recorded on a laser
scanning confocal microscope (ECLIPSE Ti2, Nikon) and analysed
using NIS-Elements Viewer (v.5.21). The H&E, Masson’s trichrome and
immunohistochemistry images were collected by digital slice scan-
ner (VS200, Olympus) and analysed using Olympus Image Viewer.
The positive staining analysis of immunohistochemical images
was performed on ImageJ2 (Fiji) (within 100 pm of the implant-
tissue interface).

Statistical analysis

One-way analysis of variance (ANOVA) with Tukey’s post hoc tests was
used for multiple comparisons. Unpaired Student’s ¢-test was used to
analyse the difference between two groups.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Theauthors declare thatall of the datasupporting the findings of this
study are available within the paper and its Supplementary Informa-
tion. Source data are provided with this paper.
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Extended Data Fig. 1| BG regulation by the insulin complexin diabetic mice. The dose was set to 2.5(a), 5 (b), 10 (c), and 20 (d) mg/kg. Insulin complex was

subcutaneously injected. Data points are means + SD (n = 5).
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Extended Data Fig. 2| Time proportion in the range of hyperglycaemia,
normoglycaemia and hypoglycaemiain diabetic minipigs after
subcutaneous injection of the complex or of insulin glargine.
Hyperglycaemia, normoglycaemia, and hypoglycaemia were defined as BG
more than 200 mg/dL, 50-200 mg/dL, and less than 50 mg/dL. Data points
aremeans * SD (n=3).a, Bothinsulin glargine (0.4 to 0.6 U/kg) and complex
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(0.2t0 0.3 mg/kg) were injected once at the beginning of treatment. As BG
was monitored for 3 days for the insulin-treated group, BG within three days
wasincluded in the statistical analysis. b, Insulin glargine (0.4 to 0.6 U/kg) was
injected daily for 7 days, and complex (0.2 to 0.3 mg/kg) was injected once at the
beginning of treatment. BG within 7 days was included in the statistical analysis.
Two-tailed Student’s t-test was used for statistical analysis.
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Sample size Sample sizes were determined on the basis of a pilot study or of previous experimental experience. The in vitro studies were repeated at least
three times independently, and in vivo experiments with five mice or three minipigs per group were performed.

Data exclusions  No data were excluded.
Replication The experimental findings were reliably reproduced three times.
Randomization  All samples and organisms were randomly allocated into experimental groups.

Blinding No formal blinding was used. In both the test and control groups, the experimental conditions and observed phenomena would reveal the
type of treatment administered to the treated animals, rendering the conditions unsuitable for a double-blind experiment. Furthermore,
blood-glucose monitoring is conducted using blood-glucose meters and CGMS, ensuring that subjective alterations do not affect the
measurements.
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Antibodies used The following primary antibodies were used for IHC. They are listed as antigen first, followed by supplier (catalogue number).
1) Anti-Mouse TNFa, Rabbit anti-mouse antibody, Polyclonal, Immunoway (Cat # YT4689, 1:200).
2) Anti-Mouse IL6, Rabbit anti-mouse antibody, Polyclonal, Afinity (Cat # DF6087, 1:100).
3) Anti-Mouse IL10, Rabbit anti-mouse antibody, Polyclonal, Afinity (Cat # DF6894, 1:100).
4) Anti-Mouse IL12A, Rabbit anti-mouse antibody, Polyclonal, Afinity (Cat # AF5133, 1:100).
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The following primary antibodies were used for IF. They are listed as antigen first, followed by supplier (catalogue number).
1) Anti-alpha smooth muscle Actin, Mouse anti-mouse antibody, Monoclonal, Abcam (Cat # ab240654, 1:50000).

2) Anti-F4/80, Rabbit anti-mouse antibody, Monoclonal, Abcam (Cat # ab300421, 1:5000).

3) Anti-rabbit 1gG (Alexa Fluor® 488 Conjugate), Goat anti-rabbit antibody, Cell signaling (Cat # 4412, 1:1000).

4) Anti-mouse IgG (Alexa Fluor® 594 Conjugate), Goat anti-mouse antibody, Cell signaling (Cat # 8890, 1:1000).

The following primary antibodies were used for WB. They are listed as antigen first, followed by supplier (catalogue number).
1) Anti-Phospho-Akt (Ser473), Rabbit anti-human antibody, Monoclonal, Cell signaling (Cat # 4060, 1:2000).

2) Anti-Akt (pan), Rabbit anti-human antibody, Monoclonal, Cell signaling (Cat # 4691, 1:1000).

3) Anti-B-Actin, Rabbit anti-human antibody, Polyclonal, Diagbio (Cat # db7283, 1:1000).

4) HRP AffiniPure Goat Anti-Rabbit IgG (H+L), Polyclonal, HANGZHOU FUDE (Cat # FDR0O07, 1:10000).

Validation All antibodies used were from commercial sources and they can be verified through the item number on the antibody website.

Eukaryotic cell lines
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Cell line source(s) HepG2 cells were obtained from the National Collection of Authenticated Cell Cultures (Shanghai, China).

Authentication The identities of the cell lines were frequently checked by their morphological features, but were not authenticated by short
tandem repeat (STR) profiling.

Mycoplasma contamination All cell lines tested mycoplasma-negative by the standard PCR method.

Commonly misidentified lines o commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms
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Laboratory animals Male and female C57BL/6 mice (six-to-eight weeks) were purchased from Hangzhou Medical College. Male Bama minipigs (six
months) were purchased from Shanghai Jiagian Biotechnology Co., Ltd.. The mice were maintained with a standard diet in 12-h light
and 12-h dark cycles, allowing free access to food and water during the experiment. The ambient temperature was 20-26°C and the
relative humidity was 50%—70%.

Wild animals The study did not involve wild animals.

Reporting on sex The study used male mice and minipigs to avoid disruption of the female estrous cycle. Female mice were only used in skin-fibrosis
studies, to avoid the effects of male fighting.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All'animal procedures were performed following the Guidelines for Care and Use of Laboratory Animals of Zhejiang University
(Protocol No. ZJU20220299).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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