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ABSTRACT: A novel, long-acting insulin conjugate was
developed by modification with a glycosaminoglycan (GAG;
ie, chondroitin [CH] or heparosan [HPN]) at different
positions (Gly*!, Lys®®, or both) via different linkers with
varying arm lengths. The in vitro glucose uptake-enhancing
activity of conjugates inversely correlated with the circulatory
in vivo half-life in mice and was affected primarily by the
conjugation position rather than linker arm length. Con-
jugation at Gly™', which provided the best balanced profile of
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in vitro activity and circulation period in mice, also provided the strongest glucose-lowering efficacy, exhibiting 12 h durability,
which was superior to that of insulin glargine and comparable to that of insulin degludec in streptozotocin (STZ)-treated mice.
The use of different GAGs did not significantly affect blood circulation or efficacy in mice; however, blood levels of CH-
conjugated insulin and efficacy were lower in rats, indicating species differences in the performance of CH. Finally, optimal
activity was obtained by conjugation with HPN at Gly*' using a C3 linker. These results demonstrate the applicability of GAG
modification for prolonging the efficacy of peptide drugs, similar to our previous application to glucagon-like peptide 1.

B INTRODUCTION

Patients with type 1 diabetes require insulin treatment because
they are absolutely deficient in insulin. To mimic physiologic
secretion of insulin, patients are often treated with basal—bolus
therapy. Insulin treatment is also recommended for patients
with type 2 diabetes as a means of controlling glycemia.
Patients with type 2 diabetes are treated with once-daily
injection of long-acting insulin or twice-daily injections of
mixed insulin. Efforts to improve the efficacy of insulins have
led to the development of many long-acting insulin analogues,
such as neutral protamine Hagedorn, insulin glargine, insulin
detemir, and insulin degludec, which have been shown to
reduce overnight hypoglycemia.'™> Despite such improve-
ments, a number of challenges remain to be overcome to
further enhance glycemic control.”™” Many diabetes patients
have serious fears of nocturnal hypoglycemia, but preventing
this dangerous condition will require the development of
insulin analogues exhibiting a peak-free and flat duration of
activity.

The use of polyethylene glycol (PEG) to modify peptide/
protein drugs is well established.®”''" PEG conjugation
increases the mass of a drug, thereby reducing renal excretion.
In addition, PEG conjugation shields the drug surface, thus
suppressing recognition by the immune system and proteolytic
degradation. Conjugation with PEG has been used to enhance
the therapeutic performance of several drugs, including
Krystexxa, Oncaspar, and PEG-Intron.'*™*¢ However, as PEG
is not biodegradable, it accumulates intracellularly, leading to
the formation of so-called “foam cells”.'”'® Moreover, some
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reports indicate that PEG conjugates are deactivated by anti-
PEG antibodies.'”""~*'

Glycosaminoglycans (GAGs) such as hyaluronan and
heparosan (HPN) are also known as drug delivery
materials.””>~** GAGs, which are composed of repeating
disaccharide units, are ubiquitous in living cells. The high-
molecular-mass sugar chains of GAGs are highly hydrophilic
and biodegradable, features that have led to increased interest
in the use of GAGs as drug delivery materials. We recently
developed a long-acting glucagon-like peptide-1 conjugate
using GAG modification.””

In the present study, we first explored nine different
chondroitin (CH)-conjugated insulins prepared by conjugating
CH at one or both of two sites using different heterobifunc-
tional linkers to determine the optimal conjugation site and
linker length. We then prepared an HPN-conjugated insulin
using the same optimal linker design identified in the CH-
conjugate study. Finally, we found that the HPN-conjugated
insulin exhibits the best efficacy in streptozotocin (STZ)-
treated rats and mice and has a BG-lowering effect comparable
to a once-a-day insulin formulation, insulin degludec.

B RESULTS

Synthesis of CH-Conjugated Insulins. Maleimide
(Mal)-modified insulins were prepared by reacting recombi-
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Figure 1. (A) Route of CH-conjugated insulin synthesis. (B) RP-HPLC purification of the reaction mixture of insulin and KMUS. Peak 1: insulin;
peak 2: Mal-C11-Gly*"insulin; peak 3: Mal-C11-Lys®**-insulin; and peak 4: Mal-C11-Gly*!/Lys**-insulin. (C) RP-HPLC purification of CH-C3-
Gly*! /Lys®-insulin. Fractions of peak 2, not including the shoulder fractions denoted with a solid bar, were pooled and lyophilized for further

characterization.

nant human (rHu) insulin with three different heterobifunc-
tional linkers: C3 (N-[f-maleimidopropyloxy] succinimide
ester, BMPS), C6 (N-[e-maleimidocaproyloxy] sulfosuccini-
mide ester, EMCS), or C11 (N-[x-maleimidoundecanoyloxy]-
sulfosuccinimide ester, KMUS) in the tethering arm (alkyl
chain) and carbonyl group (Figure 1A). Reversed-phase high-
performance liquid chromatography (RP-HPLC) purification
of each reaction mixture provided four major peaks, which
were identified by liquid chromatography—mass spectrometry
analysis (Figures S1—S16, Tables S1—S3) as intact insulin,
Mal-X-Gly*-insulin (where X = C3, C6, or Cl11), Mal-X-
Lys®*-insulin, and Mal-X-Gly*!/Lys®®-insulin in HPLC
elution order (Figure 1B).

Each Mal-modified insulin was reacted with thiolated
chondroitin (CH-SH) to prepare nine CH-modified insulins
(Table 1), as follows: CH-X-Gly*-insulin, CH-X-Lys®*-
insulin, and CH-X—GlyAl/LysBzg—insuIin (where X = C3, C6,
or C11). A typical HPLC elution profile is shown in Figure 1C.
Shoulder fractions were not included in the purified samples.
Yields in the conjugation reaction ranged between 13.2 and
98.3% (average 63.4%, Table S4) for insulin and between 3.1
and 15.7% (average 6.9%, Table S4) for CH and HPN. The
relatively low yields obtained for CH and HPN were probably
due to the use of excessive amounts (insulin/thiol molar ratio
= 1:3) and incomplete amino modification of the reducing end
of the sugars, as described previously.””

Modification at the @-amino group of Phe®, which is known
to be less reactive, was not attainable under the conditions
used.”””” The reaction of properly protected insulin with an
increased amount of reagent is required for specific
modification at Phe®, but we did not pursue this and left
the Phe®'-conjugated insulin untested.
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In Vitro Bioactivity of CH-Modified Insulins. CH-
conjugated insulins were characterized in vitro by measuring
the bioactivity to enhance the uptake of [1-'*C] 2-deoxy-p-
glucose by 3T3-L1 MBX adipocytes (Table 1). CH-conjugated
insulins showed 9.2—616 times lower bioactivity (ECy, =
1.29—86.25 nM) compared to rHu insulin (ECs, = 0.14 nM),
which varied depending primarily on the site of CH
modification. The rank order of bioactivity was Lys®*-
conjugation (ECgy = 1.29-2.48 nM) > Gly*'-conjugation
(ECs = 4.84—11.01 nM) > Gly*'/Lys®®-dual conjugation
(ECyo = 6.32—86.25 nM). The effect of the tethering arm on
bioactivity differed depending on the modification site; the
longer C11 linker caused a slight potentiation in the bioactivity
of the Lys®-conjugated insulin, a slight attenuation in the
Gly*'-conjugated insulin, and a significant reduction in the
Lys®/Gly*'-dual conjugated insulin.

These results indicate that Gly*' is involved in receptor
interaction to a greater extent than Lys®, and these data were
consistent with crystallographic information showing close
contact between the N-terminal a-helix (Gly*'-Tyr*®) and the
aCT domain of the insulin receptor.”**’

Clearance of CH-Conjugated Insulins from the
Circulation in Mice. Mice were injected with CH-conjugated
insulins intravenously at a dose of 340 nmol/kg (=2 mg/kg),
and serum levels of the conjugated insulins were determined
over time to evaluate blood retention. As shown in Figure 24,
the C3-forms of the Gly*'- and Gly*'/Lys"**-modified insulins
exhibited a fairly good half-life in the circulation (T,,, = 5.6
and 7.5 h, respectively), whereas the C3-form of the Lys®*’-
modified insulin decayed more rapidly (T, ,, = 3.4 h). The rank
order of half-lives found with the C3-forms, GlyAl/LysBzg >
Gly* > Lys"-modification, was also true for the C6- and
Cll-forms (Table 1). Intriguingly, this rank order was
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Table 1. Bioactivity and PK Profile of CH-/HPN-Conjugated Insulins in Mice™”

GAG linker site ECso T Cnax AUCOM Va BA ID
(nM) (h) (ng/mL) ((h'ng)/mL) (mL/kg) (%)
5.6 73 533 450 631 38
Gly*! 4.84 47 1
5.5 19 571 213290 90
C3 34 47 302 191 431 52
LysB2? 2.48 15
(BMPS) 44 2302 29072 433
7.5 35331 261 869 82
GlyM/Lys®?  6.32 8 3
7.1 988 21055 958
5.6 74932 375 880 58
Gly*! 9.76 7
6.9 1542 24 680 835
C6 2.2 330550 1690 143 4
CH LysB% 1.52 4
(EMCS) 2.8 7410 75 896 108
9.4 37368 383 457 72
Gly/Lys®?  32.87 15
11.8 3811 56 056 609
4.8 60 505 497 613 33
GlyA! 11.01 19
5.8 8403 96 856 204
Cl1 49 117857 825 405 28
LysB® 1.29 2 2
(KMUS) 44 1084 14793 981
14.0 68969 428 405 107
GlyAl/Lys®?  86.25 16
12.1 6308 69 608 591
Gly?! 6.54 7.3 11124 164 435 38 NA 4
C3
LysB? 0.93 6.1 10977 59 486 112 NA 5
(BMPS)
GlyA!/Lys®?  24.16 169 39297 366 854 43 NA 6
HPN
GlyA! 8.68 5.6 21 883 284 120 28 NA
Cl1
LysB? 1.25 6.9 29179 150 814 59 NA
(KMUS)
GlyA!/LysB? 88.23 129 17474 254 460 43 NA

“NA, not available; BA, bioavailability; AUC, area under the curve. bValues of T, /2 Conaw and AUC_, with subcutaneous (s.c.) injection are shown

in red.
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Figure 2. Serum levels of CH-conjugated insulins in ICR mice after (A) i.v.

of triplicate determinations.
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and (B) s.c. injection at 340 nmol/kg. All data are shown as mean + SD

opposite to that of the in vitro bioactivity (Figure 3). It should
also be noted that the half-lives of the Gly*'/Lys®*-modified
insulins were markedly affected by the alkyl chain length of the
heterobifunctional linker and became longer in the following
order: C11- > C6- > C3-form. These results also suggest that
there is a close relationship between bioactivity and half-life:
higher bioactivity is associated with shorter circulation period.
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Based on the bioactivity and serum half-life data (Figure 3),
we selected CH-C3-Gly*'-insulin (1), CH-C11-Lys®*-insulin
(2), and CH-C3-Gly*'/Lys®*-insulin (3) from each group as
candidates for evaluation of blood glucose (BG)-lowering
efficacy. Prior to this analysis, conjugates 1—3 and related C3-
and Cl1-forms of conjugates were subjected to pharmacoki-
netic (PK) analyses in mice by s.c. injection at 340 nmol/kg.
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Figure 3. Inverse correlation between the half-life and bioactivity of
CH-insulin conjugates. The Y-axis shows the T, (h) value after i.v.
administration in ICR mice. The X-axis shows the inverse of the ECy,
(nM) value for glucose uptake-enhancing activity in 3T3-L1 cells.

Serum levels peaked (T,,,) at 8 h (or 12 h for 2 due to
occasional changes in sampling time from 8 to 12 h) and then
decreased at the same rates as observed after the respective
intravenous (i.v.) injections (Figure 2B). Of the three
conjugates, 1 exhibited the most optimal C_, and AUC
values and thus exhibited the greatest BA (Table 1). In
contrast, the BAs of 2 and 3 were much inferior to that of 1
(Table 1). In addition to 1, the Cl1-form of Gly*'-modified
insulin exhibited the second best C,,,,, AUC, and BA. These
data thus suggest that with s.c. injection, C,,, AUC, and BA
tended to vary depending on the manner of modification.
Enhanced BA was associated primarily with the Gly*'
modification, as demonstrated by the C3- (1) and C11-linker
forms. With respect to peak shape, 3 provided the flattest one,
remaining nearly constant for 24—28 h, although it was inferior
to 1 and 2 in terms of C,,,.

Decrease in BG Level in Mice with Injection of CH-
Conjugated Insulins. CH-conjugated insulins 1, 2, and 3
were evaluated in terms of their BG-lowering efficacy in mice
with STZ-induced diabetes in comparison with insulins
glargine and degludec at a dose of 100 nmol/kg (Figure 4).

700

600

vehicle

CH-C3-GlyA'-insulin (1)
CH-C11-LysB?-insulin (2)
CH-C3-GlyA'/ Lys®?-insulin (3)
glargine

degludec

Blood glucose (mg/dL)

2 16 2
Time (h)
Figure 4. BG-lowering efficacy of CH-conjugated insulins in ICR
mice with STZ-induced diabetes at a dose of 100 nmol/kg. All data
are shown as mean + SD (n = 6). **P < 0.01 vs vehicle (Dunnett’s

test).

Insulin glargine decreased BG levels at 2 h, but its efficacy
disappeared by 8 h postadministration. Insulin degludec
significantly decreased BG levels for a longer period (from 2
to 12 h postadministration), with peak efficacy observed at 8 h.
CH-conjugated insulin 1 did not change BG levels at 2 h
postadministration, tended to decrease BG levels at 4 h, and
significantly decreased BG levels at 8 and 12 h. The peak
efficacy was observed at 8 h, which was in good accordance
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with results of the PK analysis (Figure 2B). CH-conjugated
insulin 2 showed robust efficacy similar to that of 1. In
contrast, 3 exhibited much weaker efficacy at 8 h, and the
relative ineffectiveness of 3 was probably due to its attenuated
in vitro activity and decreased C,,, (determined at 340 nmol/
kg), suggesting that higher doses would be required. Taken
together, these data indicate that CH-conjugated insulins 1 and
2 provide robust glucose-lowering efficacy similar to that of
insulin degludec, but 1 and 2 function somewhat slower than
insulin degludec.

HPN-Conjugated Insulins in Mice. Next, we prepared
the C3-forms of HPN-conjugated insulin, HPN-C3-Gly*!-
insulin (4), HPN-C3-Lys®®-insulin (5), and HPN-C3-Gly*'/
Lys®*-insulin (6) by substituting HPN for CH. The
bioactivities of 4 and 5 were similar to those of the respective
CH-conjugated insulins, whereas the bioactivity of 6 was
markedly more attenuated than that of 3 (Table 1). The rank
order of bioactivity (Lys®*- > Gly*!- > Gly*'/Lys®*-modified
insulin) was the same as that for the CH-conjugated insulins.
The half-lives of 4 and § determined after i.v. injection at 100
nmol/kg were comparable to those of the respective CH-
conjugated insulins (Figure SA). It should be noted, however,
that the decay curve of 6 was very flat, and its halflife (=16.9
h) was much longer than those of other GAG-conjugated
insulins.

A
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Blood glucose (mg/dL)
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Figure 5. (A) Serum levels of HPN-conjugated insulins in ICR mice
after i.v. injection at 100 nmol/kg. All data are shown as mean + SD
of triplicate determinations. (B) BG-lowering efficacy in ICR mice
with STZ-induced diabetes of HPN-conjugated insulins at a dose of
100 nmol/kg. All data are shown as mean + SD (n = 6). *P < 0.0,

*%P < 0.01 vs vehicle (Dunnett’s test).

Among insulins 1—6, HPN-conjugated insulin 4 exhibited
the greatest BG-lowering efficacy in mice with STZ-induced
diabetes at 2—12 h postadministration, comparable to that of
insulin degludec in terms of the extent and duration of activity.
HPN-conjugated insulin § also exhibited fairly potent efficacy
at 4—12 h postadministration (Figure SB). HPN-conjugated
insulin 6 partially but significantly decreased BG levels at 4—8
h postadministration (Figure SB). These results indicated a
clear rank order in terms of BG reduction: Gly*'- > Lys®*- >
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Figure 6. Serum levels of (A) CH- and (B) HPN-conjugated insulins after i.v. and s.c. injection in rats at 90 nmol/kg. The dose of 1 for iv.
injection was increased to 170 nmol/kg. All data are shown as mean = SD (n = 3).

Table 2. Bioactivity and PK Profile of CH-/HPN-Conjugated Insulins in Rats®"”

GAG linker site ECso Tin Crax AUC07N Vy BA ID
(nM) (h) (ng/mL)  ((h-ng)/mL) (mL/kg) (%)
5.7 12 986 78 828 113
CH 4.84 1
C3 9.5 94 1708 4385
GlyA!
(BMPS) 8.0 42 477 597 383 1
HPN 6.54 9 4
11.7 2179 52 603 10

“BA, bioavailability; AUC, area under the curve. bValues of T2 Cmaw and AUC,_, with s.c. injection are shown in red.

Gly*'/Lys®-HPN-conjugated insulins. In general, HPN-
conjugated insulins exhibited an earlier onset of activity
relative to the CH-conjugated insulins, whereas the activity of
the HPN-conjugated insulins was very similar to that of the
CH-conjugated insulins in terms of the peak time, peak
efficacy, and duration of activity. These results also
demonstrated that HPN-conjugated insulin 4 has a slightly
better profile compared to CH-conjugated insulin 1, which has
the same linker design.

CH- and HPN-Conjugated Insulins in Rats. We further
evaluated the PK of CH-conjugated insulin 1 and HPN-
conjugated insulin 4 in F344 male rats. CH-conjugated insulin
1 injected intravenously produced a two-phase decay curve
consisting of distribution and elimination phases, as found in
mice (Figure 6). The initial decrease in the distribution phase
was more rapid than that in mice, however, resulting in lower
serum levels of 1 in the elimination phase compared with mice.
As such, the dose of 1 for measurement of serum levels was set
at about twice (170 nmol/kg) that used for other measure-
ments. Following s.c. injection at 90 nmol/kg, 1 exhibited
extraordinarily low serum levels, approximately 1/100 of the
levels observed after injecting mice at a dose of 340 nmol/kg
(Figure 2B) and comparable to levels observed after injection
at a dose of 20 nmol/kg (data not shown). Collectively, these
data indicate that two major issues affect the PK of 1: (i) very
rapid disappearance from the circulation after i.v. injection and
(ii) very poor BA after s.c. injection.

In contrast, HPN-conjugated insulin 4 exhibited a very slow
decrease in serum level, with an apparent single-phase decay
curve upon i.v. injection at 90 nmol/kg (Figure 6), indicating
that distribution to the tissues was very slow, which was
reflected by the very small volume of distribution (V3 = 10
mL/kg, Table 2). The half-life of 4 was 8.0 h with i.v. injection.
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After s.c. injection at the same dose, the serum levels of 4
began to plateau (around 1000 ng/mL) at 10 h postinjection
and remained at that level until 48 h. The serum levels of 4 at
the plateau were high enough to suggest good efficacy based
on the mouse study of CH-conjugated insulins. The half-life of
11.7 h was difficult to determine, however, because of the
flatness of the peak.

BG-Lowering Activity of CH- and HPN-Conjugated
Insulins in Rats. Finally, we evaluated the BG-lowering
activity of CH- and HPN-conjugated insulins for SD rats with
STZ-induced diabetes at a dose of 100 nmol/kg in comparison
with insulin glargine and insulin degludec (Figure 7). Glargine
exhibited significant lowering of BG only at 2 and 4 h after
administrations as was observed in the mouse model. Degludec
exhibited durable efficacy until 12 h, with two peaks, at 6 and
12 h; however, the latter was probably a false peak associated
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Figure 7. BG-lowering efficacy in SD rats with STZ-induced diabetes
of CH- and HPN-conjugated insulins at a dose of 100 nmol/kg. All

data are shown as mean + SD (n = 6). *P < 0.05, **P < 0.01 vs
vehicle (Dunnett’s test).
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with decreased control levels. HPN-conjugated insulin 4 also
exhibited durable efficacy at 4—12 h after s.c. injection;
however, CH-conjugated insulin 1 significantly lowered BG
only at 4 h. The difference in efficacy between CH- and HPN-
conjugated insulins was in good accordance with the findings
of the PK study. The very low efficacy of 1 in rats is thus
clearly due to its low blood levels.

Bl DISCUSSION

The in vitro bioactivity of CH-/HPN-conjugated insulins was
primarily affected by the insulin modification site. The potency
of CH-/HPN-conjugated insulins decreased in the order
Lys"” > Gly*' > Gly*'/Lys® based on the site of
modification. In contrast, the effect of the length of the
heterobifunctional linker arm significantly affected only Lys®*/
Gly*'-modified insulin. We speculate that the tendency toward
decreased bioactivity with longer linkers in Gly*'-modified
insulin is exaggerated with the Lys"*’/Gly*' dual modification,
which appears to render the binding site “busy” and
“congested”. Modification in the C-terminus of the B-chain
has been used in several marketed insulin derivatives. Insulin
peglispro, PEGylated at Lys®® of [Lys®*®, Pro®”] insulin,
reportedly exhibits bioactivity comparable to insulin in terms
of autophosphorylation of the insulin receptor and lipogenesis
in 3T3-L1 adipocytes, whereas the bioactivity of insulin
detemir, myristoylated at Lys®™ of [AThr®°] insulin, was
approximately 100 times lower, although the bioactivity was
potentially underestimated due to the presence of serum
albumin in the assay medium.” In our adipocyte assay, GAG
modification at Lys®® or Gly*! decreased the bioactivity from
ten to several tens of times, although it remained in the same
range as that of insulin glargine and insulin degludec.

Our PK studies in mice demonstrated that CH-/HPN-
conjugated insulins remain in circulation for long periods,
ranging from 2.2 to 16.9 h. The half-lives of these insulins are
comparable or superior to those of the approved long-acting
insulins glargine and degludec (T, of 4.3 h in rats and 2.7 h in
mice after s.c. injection, respectively). The half-life rank order
of the CH-/HPN-conjugated insulins in the circulation was
Gly*/Lys"- > GIy*- > Lys®-modification, which was
opposite to the rank order of bioactivity. This result is due
in part to the fact that insulin modified with two GAG strands
is more thoroughly shielded from immune cells and proteases.
Also, the possibility cannot be excluded that a GAG-
conjugated insulin with higher affinity for its receptor is
more rapidly removed from the circulation via insulin receptors
distributed throughout the body.

Taken together, our data highlight the difficulty of
developing GAG-conjugated insulin derivatives maximized in
terms of both bioactivity and half-life, at least with the current
conjugation design. Conjugates in the Lys®*-modification
group exhibited the most optimal bioactivity but the poorest
half-life, whereas those in the Gly*!/Lys®**-modification group
exhibited the longest half-life but the lowest bioactivity.
Conjugates in the Gly*'-modification group were intermediate,
exhibiting the best balance in terms of bioactivity and half-life.

The BA of GAG-conjugated insulin is generally poor in
comparison with peglispro (PEGylated insulin, BA = 20—
30%)°° or PEGylated interferon (BA = 22—42%)" in rodents,
most likely due to the different characteristics (anionic charge,
biodegradability, etc.) of PEG and GAG. Also, structural
differences between the GAG conjugates could affect BA, as
suggested by the greater BA of Gly*'-modified insulin in mice.
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In mouse PD studies, Gly*'-modified insulins exhibited the
best efficacy among the three different modifications examined.
The superiority of Gly*'-modified insulins was more marked
with HPN-conjugated insulins than CH-conjugated insulins. It
should also be noted that the efficacy of CH-/HPN-conjugated
insulins in mice was roughly comparable to that of insulin
degludec at the same dose (100 nmol/kg); however, they
differed in terms of peak efficacy time (8 h for CH-/HPN-
conjugated insulins and 4 h for insulin degludec).

We hypothesized that the mechanism by which GAG
improves PK and PD characteristics of conjugated peptides is
probably related to attenuation of renal clearance due to the
increase in the molecular mass of the peptide. Also, GAG
modification could isolate the peptide from the reticuloendo-
thelial system and plasma proteases. These hypotheses are
based on the assumption of the inertness and stability of GAG
in vivo. Quite unexpected were the observed differences in the
PK characteristics and glucose-lowering activity of CH-
conjugated insulins between rats and mice. Our results with
iv. injection suggest that CH-conjugated insulin is rapidly
removed from the circulation or degraded by enzymes in rats.
The poor BA in rats after s.c. injection suggests very slow
transfer to the circulation or instability of the drug in s.c.
injection areas. The underlying mechanism, which could differ
from species to species, has not been reported in the literature.
Hyaluronic acid receptor for endocytosis’' and hyaluronidase-
1°>* for possible uptake and breakdown mechanisms are
subjects for future studies. In contrast, no differences in activity
between rats and mice were observed with HPN-conjugated
insulins. In this context, HPN-conjugated insulin 4 is the most
promising candidate for use in humans.

To predict efficacy as a “once-a-day insulin formulation”, we
have shown that the duration of efficacy of conjugate 4 is
comparable to that of insulin degludec in rodents. Also, the
half-lives of the conjugate appear similar to that of insulin
peglispro (T, = 5—20 h in rats).”” However, these insulin
derivatives may be differently affected by different species,
because they exploit different mechanisms (degludec: self-
assembly in the injection site and albumin binding in the
circulation) or different materials (peglispro: conjugation with
a synthetic polymer) for improving PK. In future studies, we
need to evaluate the efficacy of conjugate 4 in nonhuman
primates.

In conclusion, we evaluated the PK and PD characteristics of
CH- and HPN-conjugated insulins in mice and rats.
Eventually, we found that HPN-C3-Gly*"-insulin exhibited a
BG-lowering effect comparable to insulin degludec in both its
extent and duration of efficacy.

B METHODS

Animals. Male ICR mice (S weeks old), F344/DuCr1Crlj
rats (5 weeks old), and SD rats (S weeks old) were purchased
from Charles River Laboratories (Yokohama, Japan) and
housed in groups of 3—5 animals at 23 & 3 °C and 50 + 20%
humidity under 12 h light/12 h dark conditions. All animals
were allowed ad libitum access to water and certified diet CRE-
1 (Oriental Yeast, Tokyo, Japan).

All experiments were approved by the Institutional Animal
Care and Use Committee of Seikagaku Corporation and
carried out in accordance with relevant guidelines and
regulations.

Preparation and Purification of Maleimide-Derivat-
ized Insulin (Mal-Insulin). rHu insulin (Thermo Fisher
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Scientific, Waltham, MA) was reacted with an equivalent
amount of heterobifunctional linker, BMPS (Tokyo Chemical
Industry, Tokyo, Japan), EMCS (Dojindo Laboratories,
Kumamoto, Japan), or KMUS (Dojindo Laboratories) in
N,N-dimethylformamide in the presence of three equivalents
of triethylamine at room temperature for 1 h. The reaction
mixture was diluted with aqueous 0.1% trifluoroacetic acid
(TFA); injected onto a CAPCELL PAK C18 column
(Shiseido, Tokyo, Japan) at a flow rate of 8 mL/min; and
eluted using a linear gradient increase of acetonitrile
concentration from 32 to 36% over 20 min (for reaction
mixtures with BMPS), 33.6 to 38.5% over 24 min (reaction
mixtures with EMCS), or 32 to 64% over 20 min (reaction
mixtures with KMUS) in aqueous 0.1% TFA. Each peak
fraction was collected, lyophilized, and stored at —20 °C until
use.

Preparation and Purification of GAG-SH. CH (90 kDa)
and HPN (50 kDa) were produced by fermentation and
purified as described elsewhere.”> CH-NH, and HPN-NH,
were obtained by reductive amination of the respective GAG
with ethylene diamine using sodium cyanoborohydride as a
reducing agent, followed by purification by ethanol precip-
itation and gel-ﬁltration.25 CH-NH, or HPN-NH, dissolved at
40 mg/mL in 50% dimethylformamide (DMF), 30—300 mM
3-(2-pyridyldithio) propionic acid N-hydroxysuccinimide ester
(Sigma-Aldrich, St. Louis, MO) dissolved in DMF, and 50 mM
bicine buffer (pH 8.3) were mixed at a volumetric ratio of
50:1:4. After 1 h of reaction, dithiothreitol was added, and the
reaction mixture was incubated for additional 1 h. The reaction
mixture was then diluted with 0.1 M ammonium formic acid,
injected onto two tandem-connected HiPrep desalting 26/10
columns (GE Healthcare, Chicago, IL), and eluted with the
same buffer. The void-volume fractions containing CH-SH or
HPN-SH were collected, lyophilized, and stored at —20 °C
until use.

Preparation and Purification of GAG-Conjugated
Insulins (GAG-Insulins). Mal-conjugated insulin dissolved
in DMF and GAG-SH dissolved in distilled water were mixed
at a molar ratio of 1:3. After adjusting the pH to 7.0 with S0
mM HEPES buffer (pH 7.0) and the DMF concentration to
50% by adding DMF, the conjugation reaction was performed
at room temperature overnight. The reaction mixture was then
diluted with aqueous 0.1% TFA, injected onto a CAPCELL
PAK C18 column (Shiseido), and eluted using a linear
gradient increase of acetonitrile concentration from 8 to 64%
over 30 min in aqueous 0.1% TFA. The peak fractions of
GAG-insulins were collected and lyophilized.

Preparation of 3T3-L1 MBX Adipocytes. Differentiation
of 3T3-L1 MBX murine fibroblasts (American Type Cell
Culture, Manassas, VA) to adipocytes was performed
according to a previously published procedure.”® 3T3-L1
MBX cells were plated at 20 000 cells/well in collagen-coated
96-well plates (Corning, Corning, NY) and cultured for 4 days.
To induce differentiation, the cells were cultured in differ-
entiation medium I containing 10% fetal bovine serum (FBS),
1 pg/mL rHu insulin, 0.5 mM 3-isobutyl-1-methylxanthine
(Sigma-Aldrich), 0.4 pg/mL dexamethasone (Sigma-Aldrich),
and 2 uM rosiglitazone (Tokyo Chemical Industry) for 2 or 3
days and then cultured in differentiation medium II containing
10% FBS and 1 pg/mL rHu insulin for another 2 or 3 days.
The cells were then maintained in a medium containing 10%
FBS. Glucose uptake assays were performed within 7—21 days
after induction of differentiation.
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Glucose Uptake Test. Prior to the experiment, 3T3-L1
MBX adipocytes were serum-starved overnight in glucose-
depleted Dulbecco’s modified Eagle’s medium (DMEM)
(Thermo Fisher Scientific). Adipocytes were challenged with
varying concentrations of insulin or insulin derivatives in
glucose-depleted DMEM for 1 h at 37 °C and incubated with
100 nCi/20 uL/well of [1-'*C] 2-deoxy-p-glucose (2-DG;
Japan Radiolsotope Association, Tokyo, Japan) for 30 min.
After incubation, the cells were washed three times with cold
PBS and lysed with 0.2 N sodium hydroxide. The amount of
[1-'*C] 2-DG internalized by cells was measured in lysates
using a liquid scintillation counter (model no. B291001,
PerkinElmer, Waltham, MA). ECy, values were calculated
according to the 4-parameter logistic model using Origin ver.
9.1 (OriginLab Corp., Northampton, MA).

PK in Rodents. ICR mice and F344/DuCr1Crlj rats were
acclimated for 7—14 days before drug administration. Mice (6
weeks old) were injected with CH-conjugated insulins or
HPN-conjugated insulins at 340 and 100 nmol/kg, respec-
tively. Rats (6 weeks old) were also injected with conjugates at
90 nmol/kg. Blood samples were collected immediately before
injection and at various time points up to 48 h after injection.
The serum concentration of each conjugate was determined
using a sandwich ELISA kit (YK060; Yanaihara Institute Inc.,
Shizuoka, Japan) with some modifications (Figure S17).
Samples were loaded into the wells of the plate supplied
with the kit, and insulin conjugates were allowed to bind to the
immobilized insulin antibody. Following a washing step, the
bound conjugates were detected. Instead of the biotin-labeled
antihuman insulin antibody included in the kit, we used
biotinylated hyaluronic acid—binding protein (Seikagaku
Corp.) for detecting CH-insulin. Alternatively, anti-HPN
antibody (NAH46; Seikagaku Corp.) and HRP-conjugated
goat antimouse IgM/G/A (H + L) (Merck, Kenilworth, NJ)
were used for detecting HPN-insulin. Conjugate levels in
serum were calculated according to the 4-parameter logistic
model using Origin ver. 9.1, and PK parameters were
calculated using Phoenix WinNonlin ver. 6.4 (Pharsight
Corp. Sunnyvale, CA). The T,,, was that for the elimination
phase.

PD in Rodents. STZ (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) was prepared in 20 mmol/L sodium citrate
buffer (pH 4.5) and injected into ICR mice or SD rats at 200
mg/kg via the tail vein. After S days, blood samples were
collected from the tail vein and used to measure BG levels
using a self-monitoring BG meter (Life Check; Eisai, Tokyo,
Japan). Mice in which BG levels were within the range of 360—
650 mg/dL were used for experiments. Rats in which BG levels
were <250 mg/dL were additionally treated with 65 mg/kg of
STZ, and all STZ-treated rats were used for experiments.

Mice and rats with STZ-induced diabetes received a single
s.c. injection of rHu insulin, insulin glargine (Eli Lilly,
Indianapolis, IN), insulin degludec (Novo Nordisk, Bagsvaerd,
Denmark), or GAG-conjugated insulin at 100 nmol/kg. BG
levels were measured before administration and up to 24 h
after administration. Dunnett’s test was used to compare the
control groups to groups treated with insulin derivatives.
Differences with P-values <0.05 were considered statistically
significant.
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