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S1. Mathematical Model Setup

Table S1. Physiological parameters for minipigs and humans based on a priori experimental measurements published in the
literature or by the vendor.

Physiological Minipig Human Unit Physiological Rats Mice Unit
Parameter Parameter
Bodyweight 36 70 [kg]
Viouin 525E-1  1.69E-04
Ve 3.55E-2  1.21E-05
. Viouing 1.31E-1  1.07E-03
2 ‘
é Ve 5.83 5.79E-03 Vi 2.95E-1  4.14E-04
<
& Vo, 8.62 1.78E-02 Viver 3.16E-1  6.86E-04
3 . [dL] 1 [L]
s Veu 6.13 8.26E-03 Vau 531E-1  7.43E-04
8
E V i 200 2.93E-03 s 144E-1  2.43E-04
=]
> o 1
V seriphery.v 5.95 5.20E-03 V esiphery.y 4.03E-2  3.72E-04
G 1
Vseriphery. 2.69E1 1.62E-02 V ioneyi 2.69 1.62E-03
oS 1.97 8.88E-04 Olin 133B-1  6.35E-05
Ohear 3.68E1  5.12E-02 Ohen 249  3.66E-03
% Ol 1.OIEl  1.73E-02 Ohver 6.85E-1  1.24E-03
=
§ O 8.85 1.47E-02  [dL/min] O 599E-1  1.05E-03  [L/min]
=]
-ig Oftiney 6.56 9.21E-03 Olines 4.44E-1  6.59E-04
]
@ Ofeiphery 1.81E1  2.38E-02 Ol ey 123 1. 70E-03
Oy 1.27 2.66E-03 Ohepicartery 8.01E-2  1.91E-04
Qmusclc / Qadiposc 122b 2.74 [-]
G 1
Ty 4.0 5.0 Tighery 1.6E1 2.0E1
3 [min] [min]
E 71b(riain 1.7 21

2 Compartmental volumes used in the minipig model are based on systematic measurements done by Sinclair Bio Resources,
LLC.! Blood flow rates are based on haemodynamics measurements in Wyler e al.? Values used in the human model are
scaled 1.35-fold from those in Sorensen’s original publication to match with the intrinsic RHI clearance rate observed in
clinical trials.>*

b Based on the work of Suenderhauf and Parrott.>

¢ TDT, the transcapillary diffusion time between the vascular and interstitial volumes, were scaled by body mass from the
human models.



Table S2. Pharmacokinetic parameters for minipigs and humans. Estimated (Esz.) and distinguishingly parameterized (Dis.; i.e.
separately estimated for the healthy and diabetic populations) variables are marked by circles.

MINIPIGS
Diabetic Healthy Unit Est.  Dis.
Ry = R;zSM SGUM Hau [mg/min]
Rigu = 8.01 [mg/min] o#
Hepatic M, = 2.83 +2.83tanh {1.60([G]L, — 1.48)} [-1 ob
Glucose M o .
Uptake d];GU = M IEIGU -M IEIGU) Iz, [mm‘l]
M = 2.00tanh(0.55[1] ) [-]
n = 25 [min]
RHGP = le-’leg;lM ISGPM ILGPM ;GP [mg/ min]
Rig = DI [mg/min]
k=H,P,B,RBC, G
G _ 1.02 — 0.02tanh 1.19 — 1.27tanh
M, = [-1 ob o
Hee 16.47 ([G]L, - 0.43)} {1.26([G]Ln — 0.33)}
Hepatic aM’! . )
Glucose 7;@ = My =Myep) /7, [min']
Producti
rocuction M, = 1.01 - 0.16tanh {0.60([I].., — 0.89)} -] o
M;GP = Mil:lgp -/ [']
Ml = tanh{19.12["],} [] o
df, di = (M D12 fi} /7, [min"]
7, = 65 [min]
Rpgy = RegyM pouM ey [mg/min]
Periphery RS = 42.88 [mg/min] o2
Glucose My = [Glrin ]
Uptake o _ 8.37 +9.00tanh 18.98 + 18.00tanh . ..
Y 10.29([1]pin — 4.99)} 10.80([1]p.in — 5.66)}
71+ 71tanh[0.11([G],yy,,, —460)]
Kidney R if 0 <[G ey < 460mgdL’
Glucose KGE = [mg/min]
Excretion® =330+ 0.872[G], ey
if [Gyjey > 460 mgdLe !
Kidney Ry = Fc Ol [mU/min]
Insulin P B
Clearance KIC = 3.00E-1 [-]
Liver Insulin Ry = Fic Qusipose Mheart + Q[T [mU/min]
Clearance Fl e = 4.00E-1 [-]
[I]musclc,i
Musc'le Ry = 1=Fpe 1 T [mU/min]
Insulin F 0 2
Clearance PIC muscle muscle,i
Foic = 2.23E-2 421E-2 [-] o o
Adipose M .ipose: :
Insulin Ry = 1-Fpe 1 Tpese [mU/min]
Clearance FP[C Q;dipose aIdipose.i
Brain Glucose .
R = c
Uptake BGU 2.94 [mg/min]
Red Blood
Cell Glucose Ryscu = 4.91¢° [mg/min]
Uptake




Gut Glucose

R = 1 a
Uptake GGU 27.08 [mg/min] o
Rnadiposei = K [ L gin Jacpor [mU/L/min]
d[l
Ldjm] - 1 A BT N P [mU/L/min]
Subcutaneous d[l,.] .
L hex— — —(k. k, 1
Insulin di (Kyam + Fioss [ iex ] [mU/L/min]
Absorption* RHI kyps = 4.90E-3 [min-'] o
RHI kg = 1.40E-2 [min-'] o
Kioss = 3D,,(3V,, / 47) " [min"']
D, = 9.00E-5 [cm%min]
Kg = 6.8E-3 [ mM ] of
Parameters he = 2.5 [-] of
Specific to Kw = 3.0 [nM] ,
MK-2640¢ hort = 1.5 [-] o
GRIkyps = 4.40E-3 [min'] oh
GRI kygm = 1.40E-2 [min-'] oh
HUMAN
Diabetic Healthy Unit
Ry = Rll-)[aC-?;llJlMSGUMl{lGU [mg/min]
Ricy = 20 [mg/min]
) MO _ —1.02 + 2.26tanh 5.66 + 5.66tanh ] o
Hepatic Hau {4.80([G]L,— 0.70)} {2.44([G]L,— 1.48)}
Glucose M
Uptake “a (M M) /7 [min"}
M, = 2tanh(0.55[1]L ) [-]
7 = 25 [min]
RHGP = RITGSSIM ]S‘GPM I{lGPM I{{-GP [mg/ min]
Rige = RS [mg/min]
k=H, P, B,RBC, G
Mg, = 1.42 — 1.41tanh {0.62( [G]L, — 0.50)} [-]
i daM! asal 3 G .
gfg:élsz T?GP = RlblGPlM HarM g M jip [min!]
Production M, = 1.21 - 1.14tanh {1.66([T]_, — 0.89)} [-]
M ISGP = M ;gp -/ [']
M, = 2.7tanh{0.39[T],} [-]
dfz / dt = {(MIIIEJ]P -D/2-fi} /7, [min_l]
7, = 65 [min]
Rygy = Rt M gy M [mg/min]
Periphery RS = 40 [mg/min]
Dlucose M = [Glein -]
prake o _ 7.03 + 6.52tanh 11.00 + 16.96tanh 0 o
FGu {0.34([1]p.1n — 5.82)} £0.07([1]p.ia — 10.84)}
714 71tanh[0.11(G ]y, — 460)]
Kidney if 0 <[G]jige, < 460mgdL’
Glucose Ry = [mg/min]
Exoreton ~330+0.872[Gl,
i [Gllyp, > 460 mgdL"
Kidney Ryc = FrcQrl [mU/min]
Insulin P B
Clearance KIC B 3.00E-1 -]

s-4



Liver Insulin Ric = Fic Qraiposel Dneart + Qo M) [mU/min]
Clearance Fl e = 4.00E-1 [-]
[I]musclc,i
Muscle Ry - 1-F. 1 T e [mU/min]
Insulin F 0 2
Clearance PIC muscle muscle,i
Fe = 1.50E-1 [-]
Adipose Magipose; :
Insulin R, c = 1-Fpe 1 Tpese [mU/min]
Clearance FP[C Q;dipose aIdipose.i
Brain Glucose .
R =
Uptake BGU 70 [mg/min]
Red Blood
Cell Glucose Ryscu = 10 [mg/min]
Uptake
Gut Glucose .
R =
Uptake 66U 20 [mg/min]
RSIA,ampose,i = kabs [ Idm ]dcpol [mU/ L/ min]
d[l
% = o Mnex 1 = (Ko, + Ko ) [ g 1 [mU/L/min]
Subcutaneous dlle, ] .
. -, = (K + Kigg ) [ Ljex ] [mU/L/min]
Insulin dt
Absorption? RHI ks = 8.90E-03 [min]
Kam = 5.65E-02 [min]
kloss = 3Din_j(3Vinj /4”)72/3 [min"]
i = 9.00E-5 [cm?/min]
= } kg f
Parameters e I.1E-3 [mM™ ] Of
Specific to he = 2.5 [-] °©
MEK-2640¢i Ky = 3.4¢ [nM]
hgri = L5 [-] of
@ Estimated from literature-based initial guesses.®®
% [Glins[Lkn, and [I'], denote glucose, insulin, and glucagon concentrations normalized by the steady state levels, where k
denotes the corresponding compartment. Naturally, all multipliers (/) should assume a value of 1 for a normalized
concentration of 1.
¢ Based on measurements previously reported in the literature.®10
4 Simulation of the subcutaneous injection depot follows the work by Bakh et al.,!" which in turn was based on Wong et al.'>!13
This model assumes an equilibrium between hexameric insulin and dimeric/monomeric insulins. The latter are absorbed from
the injection depot into circulation at a rate dictated by kyps.
¢ Excluding the parameter values already shown in Table 1 of the Main Text.
f See Research Design and Methods.
¢ Directly measured experimentally by Kaarsholm et al.'*
h

MK-2640’s subcutaneous injection rate constants in minipigs were estimated from the diabetic subcutaneous injection data
reported in Kaarsholm et al.*

Expressions of MYygy in diabetic humans and M'pgy in non-diabetic humans were adjusted to match the clinical results.
Previously in the original Sorensen report,> MCygy was only parameterized with measurements on healthy individuals and
M'pgu, diabetic patients. Their respective application to diabetic and healthy humans, therefore, called for refinement with the
most recent data with matching health conditions.

MK-2640’s k,ps and kpqm in humans are unavailable since no subcutaneous clinical data were published.
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S2. Mathematical Treatment of MK-2640’s Reduced IR Affinity

The physiological model component of IM3PACT was established for describing the interplay among
glucose, glucagon, and regular human insulin (RHI). For the two-state GRI design studied in our previous
work,!> the dormant form was assumed to be triggered by the presence of glucose to become the activated
form indistinguishable from an endogenous RHI molecule. MK-2640, however, is known to be significantly
less potent on the molecular scale relative to RHI due to its weak binding to insulin receptors. As briefly
mentioned in Research Design and Methods, we addressed this discrepancy by using an equivalent RHI
concentration, [RHI].,, in IM*PACT simulation, scaled from the local MK-2640 concentration, [GRI].
Through the rigorous derivation below, we found the scaling factor to be exactly the ratio of RHI and GRI
1Cs extracted from their respective IR-binding assays. These ICs, values should be distinguished from
those obtained from the MR-binding assays where MK-2640 and glucose compete for mannose receptors.
In an IR-binding assay, a generalized antagonist (“A”) competes with radio-labelled RHI molecules (“I””)
for insulin receptors:

0+13 T §—>0+p (S1)

ks
1 s k,
0+A3° T 6,—>0 (S2)
The extent of competitive binding can be quantified by measuring the signal of P, the product derived from
bound radio-labelled RHI. With the same quasi-steady-state assumption as in Equation 3, we derive:
do,
dt

The same can be carried out for df,/dt based on Equation S2. We therefore relate the concentrations of free
(6), RHI-bound (#), and antagonist-bound IR sites (6,) by:

k61— (k. +k,)6,=0 (S3)

KOl o

HI ==
k,+k, K,
5 _kAAL_0A) (54)
Yok+k K,

where K = (k3 + k) / ks and K, = (ks + ky) / ks. Given 6, + 6, + 6= 6,,,, we are able to obtain an expression
for 6 dependent only on known variables:

oo 1 y
'+ K[A]/K, +K, (53)
In a control experiment where the antagonist is absent, &; is obviously:
0,11
9 max = L SS
4K, (53)
When [A] = [Alicso, therefore, 0, is by definition half of 6 .y:
1 6,01 Oul1]
LICSO — A = (S6)

2[+K, [1+K[Al, /K, +K

IC50 1

In other words,
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[Al s =—[1+K, (S7)

Kl
Since the derivation does not depend on specific antagonist used in the assay, the species A may represent
either MK-2640 (the “GRI”), or simply RHI molecules which compete with their labelled counterparts. We
derive the corresponding ICs, expressions from Equation S7:

|:liHI]ICSO = [I] + KI (SS)

K,
[GRI],es, = ?[I] + K (S9)

1
where Kqg is the K for MK-2640. Incidentally, we notice the ratio of the ICs, values is exactly:

[RHI]ICSO _ i (S10)
[GRI]ICSO KGRI
Since the glucose-lowering effect of insulin and MK-2640 takes place with bound IRs as an intermediary,
we can define [RHI],, as the concentration of RHI that yields the same 0, as the Ogg, resultant from a certain
local MK-2640 level.

[GRHQ_IRHHW
K. K

GRI I

0=0 (S11)

GRI
Therefore,

K
[RHI] =[GRI]——

cq
GRI

[RHI]

— [GRI] IC50

[GRI]

given Equation S10. The simple yet exact relation in Equation S12 allows us to use the physiological model

developed for RHI for MK-2640 simulation. The IR ICsy values for both RHI and MK-2640 have been

experimentally determined in vitro for humans, minipigs, and dogs.'* When we used these respective in

vitro ICsy as initial guesses for MK-2640’s in vivo relative IR affinities (see Table 1), the parameterized
values deviated very little from the in vitro ratios.

(S12)

1C50
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S3. Supplementary Figures

¢ Simulated Clinical Trial Data
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Figure S1. A cooperative Hill coefficient hGRI is necessary to capture the initial rise in MK-2640 clearance at lower IIRs as
reported in Trial 1 clamp study of MK-2640.* This is evident by contrasting the simulated clearances with hgr; = 1.5 (4) and hgg;
=1 (B). In both panels, 4 = 2.537 and K\ = 3.4. K was adjusted to 1.41E-2 in panel B to match the in vitro inhibition curve. The
arrows serve as guides for the eye. Given the lack of binding assay data with varying concentrations of MK-2640 at a fixed [G],
hGRI of 1.5 was instead inferred by fitting with the Krug et al.’s clinical clamp studies of escalating MK-2640 infusion rates.* The
need for a cooperative hGRI larger than unity is clear, however, even before we attempted to quantitatively fit the model, being (i)
evident from the significant initial rise in MK-2640 clearance with increasing concentrations, and (ii) consistent with literature on
insulin-receptor binding.
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Figure S2. MK-2640 parameters found to not have contributed to the clinical underperformance despite their significant interspecies
differences in minipigs and humans (cf. Figure 4F, G, also see Table 1). 4: A modulation of 14% was observed if the same MK-
2640 IR affinity was simulated in humans as in minipigs, which was a minimal improvement from the base case (13%). B: If MK-
2640’s compartmental volumes in minipigs were used for the human physiological model, the change in GRI clearance would be
even worse (8%) than the base case scenario.
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- MK-2640 IV to Non-Diabetic Human
100 — Identical to Above, but with MR Binding Blocked

Plasma Glucose [mg/dL]

0 n
0 45 90
Time [min]

Figure S3. Simulated plasma glucose response to an intravenous dose of MK-2640 in a non-diabetic human, with (yellow) and
without (blue) competitive clearance by MR. While the difference between the two scenarios is smaller than in a non-diabetic
minipig (see Figure 3B), it was evident that MR-mediated clearance was not completely shut off under eu- and hypoglycemic
conditions in humans. The MK-2640 dose was selected to be 4.85nmol/kg, scaled from the RHI dose of 0.17nmol/kg!* by the same
factor used in the clinical trial.*
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Figure S4. Simulated changes in clearance between eu- and hyperglycemic clamps at 90 and 300 mg/dL for competitive clearance
GRI candidates spanning a design space expanded from that in Figure 5. Even with wider parameter ranges, only a minimal set of
parameter combinations translates to a clearance modulation above 30% in humans (4), in stark contrast to the minipig simulations

(B).
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