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Many patients with diabetes mellitus (both type 1 and type 2)
require therapy to maintain normal fasting glucose levels. To
develop a novel treatment for these individuals, we used phage
display technology to target the insulin receptor (INSR) com-
plexed with insulin and identified a high affinity, allosteric, human
monoclonal antibody, XMetA, which mimicked the glucoregula-
tory, but not the mitogenic, actions of insulin. Biophysical studies
with cultured cells expressing human INSR demonstrated that
XMetA acted allosterically and did not compete with insulin for
binding to its receptor. XMetA was found to function as a specific
partial agonist of INSR, eliciting tyrosine phosphorylation of INSR
but not the IGF-IR. Although this antibody activated metabolic
signaling, leading to enhanced glucose uptake, it neither activated
Erk nor induced proliferation of cancer cells. In an insulin
resistant, insulinopenic model of diabetes, XMetA markedly re-
duced elevated fasting blood glucose and normalized glucose
tolerance. After 6 weeks, significant improvements in HbA1c, dys-
lipidemia, and other manifestations of diabetes were observed. It is
noteworthy that hypoglycemia and weight gain were not observed
during these studies. These studies indicate, therefore, that allo-
steric monoclonal antibodies have the potential to be novel, ultra-
long acting, agents for the regulation of hyperglycemia in diabetes.
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A
bsolute or relative insulinopenia are features of
diabetes. Type 1 diabetes (T1DM) occurs in
;10% of patients with diabetes and is asso-
ciated with absolute insulinopenia (1). In most

individuals who develop type 2 diabetes (T2DM), both in-
sulin resistance and relative insulinopenia are present
(2–12). It has been estimated that b-cell function has de-
clined by 80% at the time of the initial diagnosis of T2DM
(13). In late T2DM, as in T1DM, many patients are admin-
istered a long-acting insulin to control fasting blood glucose.

Insulin acts by binding to the insulin receptor (INSR) on
the cell surface, a process that activates cell signaling (14).
When activated, the INSR undergoes autophosphorylation,
followed by the recruitment of insulin receptor signaling
molecules, including the IRS proteins and members of the

phosphotidylinositol 3-kinase (PI3K)/Akt pathway (15). As
a result, there is translocation of glucose transporters, in-
cluding GLUT4, to the cell surface (16). These processes
are impeded in the insulin resistant state of T2DM and
further compromised under conditions of insufficient in-
sulin (17). Activation of INSR also stimulates Erk phos-
phorylation, a mitogenic signal postulated to contribute to
inflammation, cancer cell proliferation, and deleterious
cardiovascular outcomes (18).

Long-acting, or basal, insulins, such as insulin detemir and
insulin glargine, are insulin analogs that are now used ther-
apeutically in patients with diabetes (19). Although these
agents are effective at lowering fasting blood glucose, they
must be administered subcutaneously, once or twice daily.
As insulin analogs, they carry the risk of hypoglycemic
episodes and weight gain, both of which are associated with
poor cardiovascular outcomes (20). Therefore, longer-acting
molecules that activate the insulin receptor without hypo-
glycemia would be helpful in the treatment of diabetes.

Antibodies have been shown to activate the INSR, in-
cluding both spontaneously occurring human autoanti-
bodies and mouse monoclonal antibodies (21–23). In
humans, autoantibodies to the INSR typically bind at the
insulin binding site (the orthosteric site). In most cases,
these antibodies block insulin binding, causing severe in-
sulin resistance and diabetes (24–27). However, it has
been reported that in some individuals, orthosteric INSR
autoantibodies mimic insulin and stimulate the INSR,
causing hypoglycemia (26,28–30).

Orthosteric antibodies that mimic ligand signaling have
also been reported for other receptors (31–34). It has also
been reported that allosteric antibodies, antibodies that do
not bind at the ligand binding site of receptors, can acti-
vate cell signaling (35). In theory, these allosteric anti-
bodies have the potential to activate receptors more
selectively than either orthosteric antibodies or the natural
ligand itself, in that they do not recognize the binding
determinants within a receptor that may cross-react with
multiple ligands (e.g., the INSR is activated not only by
insulin but also by IGFs). Allosteric regulation of the in-
sulin receptor by glucose and peptides has been described
previously (36–39). It is possible, therefore, that allosteric
antibodies to receptors, such as the INSR, could be gen-
erated and be of benefit for the treatment of disease, in-
cluding diabetes. To date, therapeutic allosteric antibodies
to the INSR have not been reported.

To identify such antibodies, we selectively screened
human phage display libraries for allosteric antibodies that

From the 1Preclinical Research Department, XOMA (US) LLC, Berkeley,
California; and the 2Department of Medicine, University of California,
San Francisco, San Francisco, California.

Corresponding author: Vinay Bhaskar, bhaskar@xoma.com.
Received 11 November 2011 and accepted 13 January 2012.
DOI: 10.2337/db11-1578
� 2012 by the American Diabetes Association. Readers may use this article as

long as the work is properly cited, the use is educational and not for profit,
and the work is not altered. See http://creativecommons.org/licenses/by
-nc-nd/3.0/ for details.

diabetes.diabetesjournals.org DIABETES, VOL. 61, MAY 2012 1263

ORIGINAL ARTICLE

mailto:bhaskar@xoma.com
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


activated the INSR. We selected one such allosteric anti-
body, XMetA, for further characterization both in vitro and
in vivo. In cultured cells, XMetA activated INSR signaling
and promoted glucose uptake. In diabetic mice, XMetA
normalized fasting blood glucose for 6 weeks without
hypoglycemia and improved metabolic parameters of
diabetes.

RESEARCH DESIGN AND METHODS

XMetA discovery. The extracellular domain of the human insulin receptor
(hINSR; R&D Systems, Minneapolis, MN) was biotinylated with Sulfo-NHS-LC-
Biotin (Pierce, Rockford, IL) according to the manufacturer’s protocol. To
obtain allosteric antibodies to the INSR, panning and subsequent screening
were performed with the biotinylated extracellular domain of the hINSR
maintained in the presence of saturating insulin (10 mmol/L; Sigma-Aldrich, St.
Louis, MO) to block the orthosteric binding site. This biotinylated receptor:
ligand complex was immobilized on streptavidin-coated magnetic Dynabeads
M-280 (Invitrogen Dynal AS, Oslo, Norway) and panned against two scFv
antibody phage display libraries (XOMA [US], LLC, Berkeley, CA; BioInvent,
Lund, Sweden), using standard methods (40,41). After each round of panning,
phage were deselected against streptavidin-coated magnetic Dynabeads M-280
to remove nonspecific phage antibodies. After three rounds of panning and
deselection, bead-bound phage were eluted and used to infect TG1 bacterial
cells (Stratagene, La Jolla, CA). Phage were then rescued with helper phage
M13KO7 (New England Biolabs, Ipswich, MA). Individual colonies were
picked and grown in 96-well plates used to generate bacterial periplasmic
extracts according to standard methods (40,41). The lysate supernatants were
assayed for INSR binding by flow cytometry (vide infra). For this purpose,
CHO cells that were transfected with either the hINSR (CHO-hINSR) or mouse
INSR (CHO-mINSR) were used. Both INSR transfected cell lines had ;250,000
receptors per cell compared with the untransfected cells, which had less than
5,000 INSR per cell as determined by flow cytrometry (similar numbers of IGF-
IR were expressed on CHO-hIGF-IR cells; vide infra) (42). The single chain
fragment (scFv) with the highest affinity was reformatted to a fully human
IgG2a monoclonal antibody, XMetA (40,41).
Binding of XMetA to INSR. For flow cytometry, cells (2 3 106/mL) were
washed and resuspended in PBS with 0.5% fatty acid-free bovine serum al-
bumin and 0.1% sodium azide (Fluorescence-activated cell sorter buffer;
Invitrogen, Carlsbad, CA). Either XMetA or an antikeyhole limpet hemocyanin
IgG2a isotype control antibody (XOMA [US]) was diluted in FACS buffer and
incubated with cells at 4°C for 60 min. Cells were then washed once and
resuspended in Alexa Fluor 647–conjugated goat anti-human IgG (1:200;
Invitrogen). The cells were incubated for 30 min at 4°C, washed twice, and
analyzed on a FACScan flow cytometer (Becton Dickinson, San Jose, CA).
Measurement of insulin binding affinity. The effect of XMetA on the
binding of insulin to the INSR was assessed in an equilibrium assay under
conditions of a saturating antibody concentration (70 nmol/L). Human insulin
(80 pmol/L; Sigma-Aldrich) and XMetA or isotype control antibody were in-
cubated at 5°C with increasing concentrations of CHO-hINSR cells for 18 h.
Cells were pelleted by centrifugation, and the amount of free insulin in solu-
tion was measured by immunofluorescence using a KinExA instrument (43).
Insulin concentration data were curve-fit using KinExA software to yield the
relative change in insulin binding affinity.
Insulin and IGF-I receptor signaling in cultured cells. CHO cells at 37°C
expressing mouse or human INSR or IGF-IR were incubated in serum-free
culture medium with increasing concentrations of insulin, control antibody, or
XMetA for 10 min. Total Akt and Akt phosphorylated at Ser473 and total Erk1/2
and Erk1/2 phosphorylated at Thr202/Tyr204; Thr185/Tyr187 were mea-
sured by enzyme-linked immunosorbent assay (ELISA; Meso Scale Discovery,
Gaithersburg, MD). To evaluate the effect of XMetA on the hINSR and mINSR
autophosphorylation, CHO cells were incubated with increasing concentrations
of insulin, control antibody, or XMetA for 10 min and phosphotyrosine content
of the INSR measured by ELISA (Millipore, Billerica, MA). To determine the
effect of XMetA on autophosphorylation of the IGF-IR, CHO cells transfected
with the human IGF-IR that had ;250,000 receptors per cell were used (28).
Cells were preincubated at 37°C in serum-free medium with a saturating con-
centration of XMetA (33 nmol/L) for 15 min followed by a 10-min incubation at
37°C with IGF-I (100 nmol/L). Tyrosine-phosphorylated INSR or IGF-IR was
determined by ELISA (Millipore).
Glucose transport and proliferation assays. To measure 2-deoxy-glucose
uptake, 3T3 cells expressing hINSR (3T3-HIR cells; ;1 3 106 hINSR/cell) were
incubated in serum-free medium for 1 h with increasing concentrations of
XMetA, isotype control antibody, or insulin. [3H]-2-deoxy-D-glucose was then
added for 20 min, and its uptake was measured (28). MCF-7 cells (ATCC,
Manassas, VA) were cultured in Dulbecco’s modified Eagle’s medium containing

glucose at 4.5 g/L supplemented with 10% FBS and 2 mmol/L glutamine
(Invitrogen) for normal maintenance. For the proliferation assay, cells (13 104)
were seeded in 96-well white opaque microtiter plates and allowed to
reattach for 24 h. After 24 h, cells were washed twice with prewarmed PBS and
incubated in Dulbecco’s modified Eagle’s medium containing glucose at 1 g/L
and no phenol red, supplemented with 0.1% FBS and 2 mmol/L glutamine
(Invitrogen; “starvation media”). XMetA, isotype control antibody, or insulin
(Sigma-Aldrich) was added to the cells for a further 24 h and cell proliferation
was measured using the CellTiter-Glo Luminescent Cell Viability Assay
(Promega, Madison, WI).
Mouse model of diabetes. Animal experiments were approved by the XOMA
(US) Institutional Animal Care and Use Committee (IACUC) and performed in
accordance with IACUC guidelines. All animals were maintained in a pathogen-
free environment and allowed free access to food and water. Six- to eight-week-
old male ICR mice (Harlan, Indianapolis, IN) were randomly divided into
groups administered streptozotocin (STZ; Sigma) or treated with citrate buffer.
Buffer-treated (control) mice were fed a standard chow diet (Harlan), and
diabetic animals were fed a 40 kcal% fat, 35 kcal% sucrose diet (Research Diets,
New Brunswick, NJ) on arrival (44). STZ was dissolved in citrate buffer and
injected intraperitoneally (40 mg/kg) for 5 consecutive days during the third
week after arrival. After an additional week, mice were divided into groups
(n = 8) and treated twice weekly, intraperitoneally, with XMetA or an anti-
keyhole limpet hemocyanin isotype control antibody, as indicated. Blood
glucose was measured using the a-TRAK Blood Glucose Monitoring System
(Abbott, Chicago, IL), and hemoglobin A1c was evaluated using the A1CNow
platform (Bayer HealthCare, Tarrytown, NY). After ;6 weeks of dosing, mice
were killed after an overnight fast and terminal plasma was collected
by cardiac puncture. Plasma insulin and C-peptide were measured by
ELISA (Alpco Diagnostics, Salem, NH). XMetA was determined not to
cross-react with capture or detection antibodies in these systems (data
not shown). b-Hydroxybutyrate, cholesterol, triglycerides, and free fatty
acids were determined by standard colorimetric methods (Wako Chemicals,
Richmond, VA).
Glucose and insulin tolerance tests. For glucose tolerance tests, mice were
fasted overnight for 14 h followed by a glucose challenge (1 g/kg; Mediatech,
Manassas, VA) by intraperitoneal injection or oral gavage, as indicated. Whole
venous blood was obtained from the tail vein at 0, 15, 30, 60, and 120 min after
challenge and evaluated for blood glucose. Insulin tolerance tests were carried
out after a 4-h fast in animals by administering insulin (0.75 units/kg; Roche
Diagnostics) intraperitoneally and measuring venous blood for glucose at 0, 30,
60, and 120 min after insulin challenge.
Statistical procedures. All values, unless otherwise indicated, are expressed
as mean6 SEM. Statistical analyses were carried out using a two-tailed Student
unpaired t test using Prism 5.0 graphing software (GraphPad, La Jolla, CA).

RESULTS

XMetA binds to INSR at an allosteric site. Allosteric
antibodies to the INSR were identified by screening phage
display libraries for human scFv fragments that bound the
insulin-INSR complex. The highest affinity scFv fragment
was then reformatted into a fully human IgG2 monoclonal
antibody, XMetA. By flow cytometry, we determined that
XMetA, but not an isotype control monoclonal antibody,
specifically bound to CHO cells expressing the human
INSR (CHO-hINSR) with an half-maximal effective con-
centration (EC50) of 0.10 nmol/L (Fig. 1A). With the use of
KinExA methodology to determine the binding affinity of
XMetA to the hINSR (43), XMetA bound to the hINSR with
a KD of 0.040 nmol/L (data not shown). Neither XMetA nor
the control antibody altered the affinity of insulin binding to
the hINSR in the absence of antibodies (KD of 0.17 nmol/L)
(Fig. 1B). XMetA also had no effect on the binding of
labeled insulin to the INSR on these same cells by flow
cytometry (data not shown). These data demonstrate,
therefore, that XMetA binds to hINSR with high affinity,
and this binding is to an allosteric site, which is distinct
from the orthosteric insulin binding site.
XMetA is a partial agonist of INSR signaling that
selectively activates the PI3K/Akt pathway. The ability
of XMetA to activate the hINSR was evaluated in CHO-
hINSR cells. We first studied hINSR autophosphorylation.
Insulin activated this function with an EC50 of 0.18 nmol/L
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(Fig. 2A). XMetA activated INSR autophosphorylation with
an EC50 of 1.3 nmol/L and maximal activation of ;20% that
of insulin, indicating that XMetA is a partial agonist of the
hINSR. An isotype control antibody was without effect.
When XMetA was used at a maximally stimulating con-
centration, insulin was still able to fully activate the hINSR
with similar sensitivity (Fig. 2B). This observation strongly
supports the notion that XMetA binds to the hINSR at an
allosteric site and does not interfere with insulin binding
its site. Similarly, XMetA, but not the control antibody,
stimulated the phosphorylation of Akt, a major intra-
cellular mediator of INSR-dependent glucoregulatory
signaling, with an EC50 of 1.1 nmol/L (Fig. 2C). Maximal
activation was ;40% that of insulin, further demon-
strating that XMetA is a partial agonist of the INSR. As
with INSR autophosphorylation, when XMetA was used at
a maximally stimulating concentration, insulin was still able
to fully phosphorylate Akt with similar sensitivity (Fig. 2D).
In contrast with insulin, XMetA did not stimulate the
phosphorylation of Erk, which mediates INSR-dependent
mitogenic properties (Fig. 2E), nor did it affect the capacity
of insulin to phosphorylate Erk (data not shown).
XMetA does not activate the IGF-IR. The IGF-IR has
structural and functional similarity to INSR (45). We
therefore investigated whether XMetA would activate the
IGF-IR. For this purpose, we used CHO cells that expressed
the human IGF-IR (CHO-hIGF-IR). Under conditions in
which XMetA maximally activated INSR autophosphor-
ylation in CHO-hINSR cells (Fig. 2A), XMetA neither di-
rectly activated autophosphorylation of the IGF1-R nor
influenced the ability of the ligand, IGF-I, to activate this
function (Fig. 3).
XMetA promotes glucose uptake but not cell growth.
A major metabolic function of insulin is to enhance
glucose transport. Accordingly, the uptake of 2-deoxy-
D-glucose was analyzed in 3T3-HIR cells, a cell line that is
known to be responsive to insulin (28). Insulin stimulated
2-deoxy-D-glucose uptake with an EC50 of 0.15 nmol/L.
XMetA stimulated this function in a manner similar to that of
insulin, whereas the control antibody was without effect
(Fig. 4A). These data suggest that the lesser effects of
XMetA on receptor phosphorylation may not fully indicate
the effect of XMetA on insulin action.

In addition to its metabolic effects, insulin, via its own
receptor, stimulates cell growth, in particular the growth
of cancer cells (46). MCF-7 human breast cancer cells,
which express the hINSR, have been extensively used to
study this effect of insulin (18,47,48). In these cells, insulin
stimulated growth with an EC50 of 1.9 nmol/L (Fig. 4B). In
contrast with insulin, neither XMetA nor the control anti-
body stimulated the growth of MCF-7 cells. Moreover
XMetA did not potentiate the effect of insulin on cell
proliferation (Fig. 4C). Similar results were obtained us-
ing methods that evaluate DNA content as a surrogate for
proliferation (data not shown).
XMetA binds to and activates the mouse INSR. XMetA
was next evaluated for its ability to bind to and activate the
mINSR. For these studies we used CHO cells that
expressed the mINSR (CHO-mINSR). By flow cytometry,
we determined that XMetA, but not the isotype control
antibody, specifically bound to CHO-mINSR cells with an
EC50 of 0.085 nmol/L (data not shown), a value similar to
that of its binding to CHO-hINSR cells. In CHO-mINSR
cells, insulin stimulated the phosphorylation of Akt with an
EC50 of 1.7 nmol/L. XMetA, but not the control antibody,
stimulated the phosphorylation of Akt with a maximal ef-
fect of ;40% that of insulin, with an EC50 of 1.4 nmol/L
(Fig. 5A). These data indicated, therefore, that diabetic
mice could be used to study the effects of XMetA on
metabolic regulation.
XMetA improves fasting blood glucose levels in
diabetic mice. To evaluate the in vivo activity of XMetA,
we used an animal model of insulinopenic, insulin-resistant
diabetes, the multi-low dose STZ, high-fat diet (MLDS/HFD)
mouse (44). Ten days after the last dose of STZ, blood
glucose levels after a 14-h fast were elevated to;200 mg/dL,
and these levels increased over the course of the 6-week
study (Fig. 5B). In contrast, nondiabetic control animals
maintained fasting glucose levels of ;100 mg/dL. XMetA
was administered by intraperitoneal injection twice
weekly to the diabetic mice. Seven days after treatment,
fasting blood glucose levels in the XMetA-treated diabetic
mice were near normal and remained near normal for up
to 28 days, but were slightly elevated at 42 days. At this
time, anti-human IgG antibodies were detected in the
treated mice (data not shown). These antibodies likely

FIG. 1. XMetA binds to the INSR at an allosteric site. A: CHO-hINSR cells were incubated with increasing concentrations of either XMetA (■) or
isotype control antibody (○) and antibody binding measured by flow cytometry (n = 4). B: Increasing concentrations of CHO-hINSR cells were
incubated with 80 pmol/L insulin and either 70 nmol/L XMetA (■) or isotype control antibody (○). Insulin binding to the INSR was determined by
KinExA (n = 3). mAb, monoclonal antibody.
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enhanced XMetA clearance, causing this elevation in
blood glucose. An effect of XMetA was detected at doses
as low as 0.1 mg/kg (Fig. 5C). XMetA maximally improved
fasting blood glucose levels at a dose of 1.0 mg/kg. At this
and higher doses of XMetA, there was no evidence of
hypoglycemia.
XMetA improves nonfasting blood glucose levels in
diabetic mice. Glucose levels in diabetic mice allowed
free access to food and water were also measured. Non-
diabetic control animals maintained glucose levels in the
range of 150 mg/dL (Fig. 5D). Diabetic animals had glucose

values in the range of 600 mg/dL. Treatment with XMetA
lowered nonfasted glucose values in diabetic mice, but in
contrast with the results observed in fasted diabetic mice,
XMetA did not normalize nonfasted glucose values.
XMetA improves metabolic markers of diabetes. Var-
ious parameters in the mice were studied at the end the
6 weeks of treatment. In addition to improving fasting blood
glucose to near normal levels and reducing nonfasted
glucose levels, treatment with XMetA improved other
metabolic indices in the diabetic animals. Consistent with
the decrease in glucose levels, XMetA had a major effect

FIG. 2. XMetA is a partial agonist of the INSR that selectively activates the PI3K/Akt pathway. A: CHO-hINSR cells were incubated with increasing
concentrations of either XMetA (■), isotype control antibody (○), or insulin (▲), and INSR autophosphorylation was measured by ELISA (n = 3).
B: CHO-hINSR cells were incubated with either 33 nmol/L XMetA (■) or isotype control antibody (○) with increasing concentrations of insulin.
INSR autophosphorylation was then measured (n = 3). C: CHO-hINSR cells were incubated with increasing concentrations of XMetA (■), isotype
control antibody (○), or insulin (▲), and Akt phosphorylation was measured by ELISA (n = 3). D: CHO-hINSR cells were incubated with either 33
nmol/L XMetA (■) or isotype control antibody (○) with increasing concentrations of insulin. Akt phosphorylation was then measured (n = 3).
E: CHO-hINSR cells were incubated with increasing concentrations of XMetA (■), isotype control antibody (○), or insulin (▲), and extracellular
signal–related kinase (Erk)1/2 phosphorylation was measured by ELISA (n = 3). mAb, monoclonal antibody.
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on hemoglobin A1c (Fig. 5E). The diabetic animals were
markedly ketotic as measured by b-hydroxybutyrate;
XMetA normalized this value (Fig. 5F). XMetA treatment
increased insulin levels (295 6 37 vs. 158 6 38 pg/mL, P ,
0.05) without increasing the level of C-peptide (334 6 40 vs.
353 6 29 pmol/L) (Table 1). Diabetes reduced weight
gain in diabetic animals, and XMetA treatment of dia-
betic animals did not change this parameter. However,
other manifestations of diabetes were improved by XMetA.
Food intake was decreased (4.8 6 0.6 vs. 7.7 6 0.3 g/day,
P , 0.05), and water intake was decreased (11.1 6 2.2 vs.
21.3 6 0.9 g/day, P , 0.05). In addition, XMetA also im-
proved non-HDL cholesterol (78 6 4 vs. 107 6 6 mg/dL,
P, 0.05) and free fatty acids (21.26 2.4 vs. 32.96 1.3 mg/dL,
P , 0.05).
XMetA improves glucose tolerance in diabetic mice.
After 3 weeks of XMetA treatment, fasted diabetic animals
underwent glucose tolerance tests, with either intraper-
itoneal (Fig. 6A) or oral (Fig. 6B) glucose. Diabetic animals
developed markedly elevated glucose levels, reaching 600
mg/dL or greater. In contrast, during both types of glucose
tolerance tests, animals treated with XMetA maintained
near normal blood glucose concentrations.

XMetA improves insulin tolerance in diabetic mice.
We next studied the effect of XMetA administration on the
glucose response to exogenous insulin administration.
After 5 weeks of treatment, animals were given in-
traperitoneal exogenous insulin, and the fall in blood glu-
cose was measured for up to 120 min (Fig. 7A). Control,
diabetic, and diabetic XMetA-treated animals all responded
to insulin with a fall in blood glucose. When expressed as
the percent change from initial glucose levels, the response
to insulin in the diabetic animals was blunted compared
with normal mice. This blunted response was corrected by
XMetA treatment, suggesting that XMetA effects in this
context are additive (Fig. 7B).

DISCUSSION

In the current study, we characterized XMetA, a novel fully
human monoclonal antibody that is a high-affinity alloste-
ric agonist of the INSR. To identify this type of antibody,
we used the insulin:INSR complex to screen phage li-
braries. This approach reduced the potential for obtaining
antibodies that bound to the orthosteric site of the INSR
because the latter site was occupied by its ligand, insulin.
Two lines of evidence indicated that the binding of XMetA
to the INSR was allosteric and not orthosteric. First, al-
though XMetA bound directly to the INSR, it did not
compete with insulin for receptor binding. Second, func-
tional studies in cells and metabolic studies in animals
demonstrated that XMetA did not interfere with the
actions of insulin. A major finding was that XMetA acti-
vated the insulin receptor in a manner that was different
than insulin, an effect likely a result of a distinct struc-
tural state of the INSR induced by XMetA binding to its
allosteric site.

After insulin binds to the INSR, it stimulates receptor
autophosphorylation. XMetA also stimulated this function,
but compared with insulin, it acted as a partial agonist. In
contrast with its effects on the INSR, and unlike insulin
itself (46), XMetA did not activate the IGF-IR. The meta-
bolic effects of the INSR are known to occur primarily
through the PI3K/Akt pathway (17). XMetA was also a
partial agonist of the PI3K/Akt pathway as measured by
Akt phosphorylation. XMetA, like insulin, activated glu-
cose transport but, unlike insulin, did not stimulate the
growth of cancer cells. Accordingly, XMetA did not ac-
tivate Erk, which mediates insulin-dependent mitogenic

FIG. 3. XMetA does not activate the IGF-IR. CHO-hIGF-IR cells were
incubated with either 33 nmol/L XMetA or isotype control antibody in
the presence or absence of 100 nmol/L IGF-I. IGF-IR autophosphor-
ylation was measured by ELISA (n = 3). p, phosphorylation.

FIG. 4. XMetA promotes glucose uptake, but not cell growth. A: 3T3 cells expressing hINSR were incubated with increasing concentrations of
either XMetA (■), isotype control antibody (○), or insulin (▲), and 2-deoxy-D-glucose uptake was measured (n = 5). B: MCF-7 cells were in-
cubated with increasing concentrations of XMetA (■), isotype control antibody (○), or insulin (▲), and cell proliferation was determined by
CellTiter Glo assay (n = 6). C: MCF-7 cells were incubated with either 33 nmol/L XMetA (■) or isotype control antibody (○) with increasing
concentrations of insulin. Cell proliferation was then measured (n = 3). mAb, monoclonal antibody.
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signaling (47,48). Therefore, XMetA, which bound allo-
sterically to the INSR, recapitulated glucoregulatory
functions of insulin, without mimicking insulin-promoted
cell proliferation.

XMetA bound to and activated both the human and
mouse INSR with similar dynamics, thus allowing in vivo
studies in the MLDS/HFD mouse. The MLDS/HFD mouse is
a commonly used model of insulin-resistant, insulinopenic
diabetes (44,49). In these animals, XMetA normalized both
fasting glucose levels and glucose tolerance. Nonfasted
glucose levels, however, were improved, but not fully
normalized. The reasons for this are currently unclear. One
possibility is that, as a partial agonist that does not activate
Erk, XMetA may not activate insulin-dependent gene ex-
pression in the same manner as insulin itself. Additional
studies are needed to fully understand this phenomenon.
Nevertheless, the improvements in glucose resulted in
a significant improvement in hemoglobin A1c. XMetA also
improved other indices of diabetes including hyperphagia
and polydipsia, without significantly impacting body weight
in this model. Efficacy, as measured by fasting blood
glucose levels, was observed at an intraperitoneal dose as
low as 0.1 mg/kg and was maximal at 1.0 mg/kg. Pre-
liminary studies suggest that subcutaneous administra-
tion of XMetA for up to 3 weeks is equally as effective as
intraperitoneal dosing in MLDS/HFD mice (V.B. and A.L.,
unpublished data).

Of major interest was the observation that XMetA did
not cause hypoglycemia. XMetA was not associated with
hypoglycemia even when administered at doses that were

FIG. 5. XMetA improves hyperglycemia and other metabolic markers of disease in diabetic mice. A: CHO-mINSR cells were incubated with in-
creasing concentrations of XMetA (■), isotype control antibody (○), or insulin (▲), and Akt phosphorylation was measured by ELISA (n = 3).
B: Fasting blood glucose measurements were obtained weekly for 6 weeks from control mice treated with 10 mg/kg isotype control antibody (○) and
diabetic mice treated with either 10 mg/kg XMetA (■) or isotype control antibody (●). C: After 3 weeks of treatment, fasting blood glucose was
measured in control mice treated with 10 mg/kg isotype control antibody (white bar), diabetic mice treated with 10 mg/kg isotype control antibody
(gray bar), and diabetic mice treated with the indicated doses of XMetA (black bars). D: Nonfasted blood glucose measurements were obtained
weekly for 6 weeks from control mice treated with 10 mg/kg isotype control antibody (○) and diabetic mice treated with either 10 mg/kg XMetA
(■) or isotype control antibody (●). After 6 weeks of treatment, blood hemoglobin A1c (E) and nonfasted plasma b-hydroxybutyrate (F) were
measured in control mice treated with 10 mg/kg isotype control antibody (white bar) and diabetic mice treated with either 10 mg/kg isotype control
antibody (gray bar) or XMetA (black bar). Values shown are mean 6 SEM. *P < 0.05 for diabetic mice treated with XMetA compared with isotype
control; n = 8 mice/group. mAb, monoclonal antibody.

TABLE 1
Metabolic profile of diabetic MLDS/HFD mice treated with XMetA

Nondiabetic
control mAb

Diabetic
control mAb

Diabetic
XMetA

Body weight (g) 41.0 6 0.6* 38.0 6 0.8 37.6 6 0.6
Weight gain (g) 6.4 6 0.5* 2.1 6 0.7 1.5 6 0.8
Food intake (g/day) 5.0 6 0.4* 7.7 6 0.3 4.8 6 0.6*
Water intake (g/day) 5.0 6 0.1* 21.3 6 0.9 11.1 6 2.2*
Triglycerides
(mg/dL) 93 6 15 94 6 14 99 6 21

Total cholesterol
(mg/dL) 175 6 13* 294 6 13 273 6 11

Non-HDL cholesterol
(mg/dL) 40 6 4* 107 6 6 78 6 4*

Free fatty acids
(mg/dL) 27.0 6 2.0* 32.9 6 1.3 21.2 6 2.4*

Insulin (pg/mL) 385 6 60* 158 6 38 295 6 37*
C-peptide (pmol/L) 698 6 61* 353 6 29 334 6 40

Data are represented as mean 6 SEM (n = 8). mAb, monoclonal
antibody. *P , 0.05 vs. MLDS-HFD/control.
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10-fold above the minimum dose required for complete
efficacy. The reasons for this positive outcome are not
fully understood at this time. One possibility is that, as
a partial agonist of the INSR, the hypoglycemic potential of
XMetA is lower than that of insulin and does not over-
whelm the endogenous compensatory mechanisms that
prevent hypoglycemia. Another possibility is that XMetA
tissue–specific distribution and/or activity differs from
than that of insulin. Further studies may help fully un-
derstand this phenomenon.

As an allosteric activator of the INSR, XMetA allowed
the binding of insulin and subsequent insulin signaling.
When an insulin bolus was given to diabetic mice, the ef-
fect of insulin, as measured by kinetics of glucose lowering,
was diminished relative to that observed in normal mice. It
is noteworthy that XMetA normalized these kinetics, most
likely by its ability to correct many of the metabolic ab-
normalities associated with the diabetic state. These studies

demonstrate, therefore, that XMetA improves the response
to an insulin bolus in diabetic mice. This outcome raises the
interesting possibility that XMetA may be used in combi-
nation with short-acting insulins in diabetes.

In addition to positive effects on glucose metabolism in
diabetic mice, XMetA improved other metabolic parame-
ters. XMetA lowered plasma non-HDL cholesterol and free
fatty acids and completely normalized hyperketonemia.
The observed improvement in b-hydroxybutyrate was
greater than the improvement in hemoglobin A1c, consistent
with the observation that lower levels of INSR signaling are
required to prevent diabetic ketoacidosis compared with
that required for complete glycemic control (50). XMetA
increased circulating insulin levels without a concomitant
increase in C-peptide, suggesting that XMetA may affect
insulin clearance by binding the INSR in the liver and other
organs. Thus it is possible that the observed increase in cir-
culating insulin contributes to the metabolic improvements

FIG. 6. XMetA improves glucose tolerance in diabetic mice. A: After 3 weeks of treatment, glucose was administered intraperitoneally (IP) at 1 g/kg
to fasted mice. Blood glucose levels were measured for 120 min in control mice treated with 10 mg/kg (○) and diabetic mice treated with either
10 mg/kg XMetA (■) or isotype control antibody (●). B: After 3 weeks of treatment, glucose was administered orally at 1 g/kg to fasted mice. Blood
glucose levels were measured for 120 min in control mice treated with 10 mg/kg isotype control antibody (○) and diabetic mice treated with either
10 mg/kg XMetA (■) or isotype control antibody (●). Values shown are mean 6 SEM. *P < 0.05 for diabetic mice treated with XMetA compared
with isotype control antibody; n = 8 mice/group.

FIG. 7. XMetA improves insulin tolerance in diabetic mice. A: After 5 weeks of treatment, insulin was administered intraperitoneally at 0.75 units/kg.
Blood glucose levels were measured for 120 min in control mice treated with 10 mg/kg isotype control antibody (○) and diabetic mice treated with
either 10mg/kg XMetA (■) or isotype control antibody (●).B: Data normalized to preinsulin glucose values. Values shown are mean6 SEM. *P< 0.05
for diabetic mice treated with XMetA compared with isotype control antibody; n = 8 mice/group.

V. BHASKAR AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 61, MAY 2012 1269



described herein, in addition to the direct glucoregulatory
activity of XMetA. Again, further studies may help fully
understand the mechanisms whereby XMetA controls
glucose and insulin metabolism.

In the treatment of diabetes, novel and improved ther-
apeutic modalities for those individuals with impaired
insulin secretory function would be helpful. Currently, long-
acting basal insulins are given daily, or more often, and are
associated with both hypoglycemia and weight gain (20).
To more effectively control basal hyperglycemia, either
very long acting insulins or other novel agents that stim-
ulate the INSR could be of benefit. Therefore, a highly
specific, ultra-long-acting activator of INSR, such as a
monoclonal antibody, would represent a new paradigm in
diabetes therapy. Herein, we demonstrate that XMetA, an
allosteric activator of INSR both in vitro and in vivo, has
the potential to normalize glycemic control in a model of
insulinopenic diabetes without causing hypoglycemia or
promoting weight gain. To our knowledge, XMetA is the
first fully human monoclonal antibody to the INSR reported
to correct hyperglycemia and improve diabetes in vivo.
Fully human antibodies typically have a half-life greater
than 1 week and relatively low immunogenicity in humans.
Thus, a fully human monoclonal antibody that activates
the INSR has the potential for dosing in humans at once
weekly intervals or less. These observations suggest,
therefore, that antibodies like XMetA, either alone or in
combination with short acting insulins/oral agents, may
represent a novel strategy for controlling blood glucose
levels in diabetes.
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