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OBJECTIVE — Mucosal administration of insulin retards development of autoimmune dia-
betes in the nonobese diabetic mouse model. We conducted a double-blind crossover study in
humans at risk for type 1 diabetes to determine if intranasal insulin was safe, in particular did not
accelerate �-cell destruction, and could induce immune effects consistent with mucosal tolerance.

RESEARCH DESIGN AND METHODS — A total of 38 individuals, median age 10.8
years, with antibodies to one or more pancreatic islet antigens (insulin, GAD65, or tyrosine
phosphatase-like insulinoma antigen 2) were randomized to treatment with intranasal insulin
(1.6 mg) or a carrier solution, daily for 10 days and then 2 days a week for 6 months, before
crossover. The primary outcome was �-cell function measured as first-phase insulin response
(FPIR) to intravenous glucose at 0, 6, and 12 months and then yearly; the secondary outcome was
immunity to islet antigens, measured monthly for 12 months.

RESULTS — No local or systemic adverse effects were observed. Diabetes developed in 12
participants with negligible �-cell function at entry after a median of 1.1 year. Of the remaining
26, the majority had antibodies to two or three islet antigens and FPIR greater than the first
percentile at entry, as well as �-cell function that generally remained stable over a median
follow-up of 3.0 years. Intranasal insulin was associated with an increase in antibody and a
decrease in T-cell responses to insulin.

CONCLUSIONS — Results from this pilot study suggest that intranasal insulin does not
accelerate loss of �-cell function in individuals at risk for type 1 diabetes and induces immune
changes consistent with mucosal tolerance to insulin. These findings justify a formal trial to
determine if intranasal insulin is immunotherapeutic and retards progression to clinical diabetes.

Diabetes Care 27:2348–2355, 2004

T ype 1 diabetes is an autoimmune
disease in which T-cells mediate de-
struction of insulin-secreting �-cells

in the pancreatic islets. Asymptomatic in-
dividuals with preclinical type 1 diabetes

can be identified by the presence of circu-
lating antibodies (Abs) to insulin, GAD
65-kDa isoform, and tyrosine phos-
phatase-like insulinoma antigen 2 (IA2)
(1–3). Insulin is the only self-antigen spe-

cific for �-cells, and several lines of evi-
dence indicate that it may play a major
role in driving autoimmune �-cell de-
struction (4 –7). In experimental rodent
models, administration of self-antigens to
mucosa-associated lymphoid tissues can
induce immune tolerance and prevent au-
toimmune disease (8,9). In the nonobese
diabetic (NOD) mouse, a spontaneous
model of autoimmune type 1 diabetes,
oral (10) or naso-respiratory (11) insulin
induces regulatory, diabetes-protective T-
cells. After naso-respiratory insulin, there
was a decrease in T-cell and an increase in
Ab responses to insulin (11), conforming
to the shift from T-helper (Th)-1 cellular
immunity to Th2 humoral immunity that
is associated with protection against dia-
betes in this rodent model (12). In hu-
man volunteers, oral (13) or intranasal
(14) administration of the experimental
antigen, keyhole limpet hemocyanin
(KLH), induced similar shifts in T-cell
and Ab responses to KLH. Mucosa-
mediated immune responses to poten-
tially therapeutic self-antigens have not,
however, been documented in humans.

Enthusiasm to translate therapeutic
effects of mucosal tolerance from rodents
to humans has been tempered by failure
to demonstrate clinical benefit in the fol-
lowing trials of oral antigens: myelin basic
protein in multiple sclerosis (15), colla-
gen in rheumatoid arthritis (16,17), and
insulin in recently diagnosed (18,19) type
1 diabetes. These trials did not report ev-
idence for an immune effect; therefore, it
is not clear that the dose of oral antigen
used was in fact immunogenic. A ran-
domized trial of oral insulin completed in
islet Ab–positive individuals at risk for
type 1 diabetes was reported orally by Dr.
Jay Skyler (Chairman, Diabetes Preven-
tion Trial–Type 1 [DPT-1] Study Group)
at the American Diabetes Association
63rd Scientific Meeting in 2003 but has
not been formally published. Compared
with the oral route, naso-respiratory ad-
ministration has the advantage that anti-
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gen is delivered directly in an undegraded
form to the mucosa and in some cases has
been shown to be more effective (20).
Nevertheless, it is debatable whether
mucosa-mediated immunoregulation
would counteract pathogenic immunity
in end-stage autoimmune disease, and
the preferred candidates for such im-
munoregulatory therapy are asymptom-

at ic indiv iduals with prec l in ica l
autoimmune disease. Therefore, with the
aim of establishing the potential efficacy
of mucosal antigen for preventing auto-
immune disease, we conducted a ran-
domized, double-blind, crossover study
in individuals at risk of type 1 diabetes to
determine if intranasal insulin was safe
and could induce changes in immunity to

insulin consistent with mucosal toler-
ance. In the absence of absorption-
promoting agents, intranasal insulin has
no systemic metabolic effects (21–23).
However, in regard to safety, it is neces-
sary to ensure that mucosal administra-
tion of insulin to individuals at risk for
type 1 diabetes does not activate patho-
genic immunity and accelerate �-cell
destruction.

RESEARCH DESIGN AND
METHODS — A total of 38 individu-
als at risk for type 1 diabetes (16 females
and 22 males, median age 10.8 years) (Ta-
ble 1) were recruited by invitation from
the Melbourne Pre-Diabetes Family Study
(24), with informed consent and Human
Ethics Committee approval. All were first-
degree relatives of someone with type 1
diabetes and had circulating Abs to at
least one of the following islet antigens:
insulin, GAD65, or IA2. Of the partici-
pants, 4 had one Ab, 22 had two Abs, and
12 had three Abs. The risk for type 1 di-
abetes increases with the number of anti-
gen specificities (1–3). All subjects were
included in the intention-to-treat analysis.

Treatment, assignment, and
compliance
Humulin (a gift from Eli Lilly, Australia)
or carrier solution (placebo) was trans-
ferred under sterile conditions into 15-ml
brown glass bottles (fitted with plastic
pump spray nozzles) by the Clinical Trials
Service, Pharmacy Department, Royal
Melbourne Hospital. Humulin contains
pure recombinant human insulin at 4
mg/ml in a carrier of water with 1.6 mg/ml
glycerol and 0.25/ml m-cresol preserva-
tive. There is no evidence that either glyc-
erol or m-cresol is immunogenic or alters
immune responses. Randomization from
computer-generated numbers was per-
formed in blocks of four by the Clinical
Trials Service. Two 100-�l spray doses
per nostril, equivalent to 20 units or 800
�g insulin per nostril (total 1.6 mg), were
self-administered daily for 10 consecutive
days and then on each weekend day. Par-
ticipants and, if appropriate, their par-
ent(s) were instructed in the use of the
nasal spray before the study, and their
technique was checked during the study.
The dose schedule was based on the fol-
lowing considerations. In the NOD
mouse, an antidiabetic effect of aerosol-
ized insulin was observed after daily ad-
ministration for up to 10 days and then

Table 1—Characteristics of participants at entry and their status at follow-up, ordered by
randomization

Sex
Age

(years) HLA-DR
FPIR

(mU/l)

Islet Abs* Study
arm† Status‡

Follow-up
(years)§IAbs GAD65Abs IA2Abs

F 10.0 3 4 28 785 43 47 I/P D 0.33
F 32.3 3 13 40 205 16 0.2 I/P D 0.75
M 18.0 4 4 36 1 54 0.8 I/P D 0.75
F 9.5 3 4 18 365 66 61 I/P D 0.92
M 12.7 3 4 50 21 3.6 85 I/P D 1.75
M 10.7 3 4 43 205 69 78 I/P D 2.08
M 8.9 11 6 40 740 36 0.5 I/P ND 1.92
M 14.5 1 2 252 1 10 0 I/P ND 1.92
F 18.7 3 4 55 110 60 0 I/P ND 2.17
F 7.6 4 4 127 205 56 0 I/P ND 2.17
M 11.8 3 4 91 66 67 0 I/P ND 2.50
M 19.5 3 3 65 12 12 2.0 I/P ND 2.50
F 6.2 3 4 21 22 49 0 I/P ND 3.00
M 6.3 3 3 130 170 24 0 I/P ND 3.08
M 14.0 4 4 72 175 45 0 I/P ND 3.17
M 14.7 4 2 161 200 83 0 I/P ND 3.33
M 9.8 4 6 76 65 66 85 I/P ND 3.33
F 10.9 3 4 93 89 93 31 I/P ND 3.50
F 15.4 4 4 121 425 46 28 I/P ND 3.75
M 15.3 4 4 234 115 46 85 I/P ND 3.75
F 14.4 3 4 5 1,400 3.3 8.1 P/I D 0.58
M 10.4 3 4 56 26 63 41 P/I D 0.75
F 6.3 3 8 12 86 54 7.0 P/I D 1.25
F 8.5 8 4 35 1,900 55 98 P/I D 2.08
M 4.6 1 4 20 360 6.2 58 P/I D 3.50
M 16.1 3 13 42 23 42 87 P/I D 3.50
M 11.8 4 4 76 212 72 1.1 P/I ND 1.58
M 6.1 3 4 203 106 61 0 P/I ND 2.25
M 8.8 4 8 41 400 7.2 0 P/I ND 2.33
M 8.8 3 4 83 12 9.3 33 P/I ND 2.33
F 10.5 4 13 197 101 42 0 P/I ND 2.42
M 19.8 3 3 112 40 55 8.5 P/I ND 2.75
F 5.8 10 13 96 108 12 46 P/I ND 3.00
F 21.8 3 4 101 89 64 0 P/I ND 3.17
M 7.2 3 4 75 89 71 0 P/I ND 3.17
F 11.2 4 4 101 61 65 0 P/I ND 3.25
F 7.7 3 4 104 31 51 92 P/I ND 3.50
M 19.6 3 3 146 25 7.4 80 P/I ND 3.75

*Islet Ab control reference ranges: insulin �35 nU/ml; GAD65 �5 units/ml; IA2 �3 units/ml. †Randomi-
sation to insulin (I) followed by placebo (P) at crossover (I/P), or to placebo followed by insulin at crossover
(P/I). ‡ND, did not develop diabetes; D, developed diabetes (follow-up ceased at diagnosis). §Follow-up was
from the start of the 12-month study. HLA-DR, HLA D locus related.
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once or twice weekly (11). In adult hu-
mans, Waldo et al. (14) found that 100
mg KLH in a 1-ml nasal spray given on
four occasions 2 weeks apart increased Ab
and decreased T-cell proliferative re-
sponses to KLH. These investigators sug-
gested that Ab sensitization might be
avoided with a lower dose. The concen-
tration of insulin in commercially avail-
able preparations is fixed at 4 mg/ml, and
there is a practical limit to the volume that
can be administered intranasally, particu-
larly in children. We also reasoned that a
lower spray volume with a proportion-
ately lower dose of antigen would be de-
livered more selectively to the naso-
pharyngeal lymphoid tissue, which is
relatively rich in T-cells compared with
B-cells, with less spillover into the respi-
ratory tract and esophagus. Finally, al-
though each insulin dose was less than the
dose of KLH used by Waldo et al. (14), it
was administered on more occasions over
a 6-month period. It was in an acceptable
volume for children. Compliance was
based on monthly interview and monitor-
ing of the unused solution volume. Par-
ticipants or their parents were instructed
to report any symptoms and any local ef-
fect associated with spray use. They were
also instructed to report any malfunction
or breakage of the spray bottle pump in
order to receive an immediate replacement.

Outcome measures and study
protocol
The primary objective was to determine if
intranasal insulin was safe and, in partic-
ular, did not accelerate �-cell destruction

as determined by serial measurement of
first-phase insulin response (FPIR) to in-
travenous glucose. The secondary objec-
tive was to determine if intranasal insulin
induced changes in immunity to insulin
consistent with the induction of mucosal
tolerance.

A crossover design (Fig. 1) was used
to measure treatment effect as well as
“period” and treatment “carry-over” (i.e.,
residual) effects. Participants were ran-
domized to two arms (two 6-month treat-
ment periods): in the I/P arm, period 1 �
I (insulin) and period 2 � P (placebo); in
the P/I arm, period 1 � P and period 2 �
I. This design allowed treatment effects to
be measured serially in the same individ-
uals in a crossover comparison of periods
1 and 2, as well as between different indi-
viduals in a parallel across-arm compari-
son of insulin versus placebo in period 1.

FPIR was measured at randomization
and at 6 and 12 months. After the initial
visit, participants were seen monthly at
visits 1–6 in period 1 and visits 7–12 in
period 2, when venous blood was taken
for measurement of blood glucose;
plasma insulin, GAD65, and IA2 Abs; and
T-cell proliferative responses in the ab-
sence of antigen and in the presence of
tetanus toxoid or denatured human insu-
lin. Treatment was started at the initial
visit after blood sampling and crossed
over after the month 6 visit (Fig. 1). After
completion of the 12-month study, par-
ticipants were followed regularly and,
where possible, retested at least yearly.
The diagnosis of diabetes was based on

American Diabetes Association criteria
(25).

�-Cell function
FPIR was measured as the sum of plasma
insulin levels 1 and 3 min after the intra-
venous injection of 0.5 g glucose/kg body
wt (26). Previously, we reported that
when performed by a single operator as in
this study, the within-subject reproduc-
ibility of FPIR expressed as a mean coef-
ficient of variation was 11.4% (range 5.2–
19.2) (27,28). The first percentile cutoff
for FPIR in healthy prepubescent children
and young adults is �50 mU/l (29,30).
The cutoff increases transiently to �75
mU/l in late puberty (Tanner stages IV–
V). Insulin was measured with an IMX kit
(Abbott Laboratories, Abbott Park, IL).

Immune parameters
Islet antibodies were measured by liquid-
phase precipitation assays as previously
described (1,2,24). The assays have had
optimal sensitivity, specificity, validity,
and consistency in International Work-
shops and Standardization Programs con-
ducted by the Immunology of Diabetes
Society (e.g., the study by Verge et al. [2]).
The specificity and sensitivity of our as-
says in the 2003 Diabetes Antibody Stan-
dardization Program were as follows:
insulin Abs, 95 and 26%; GAD65 Abs, 97
and 80%; IA2 Abs, 100 and 68%. The
thresholds for positivity determined by
receiver operator characteristic analysis of
246 control subjects and 135 patients
with newly diagnosed type 1 diabetes
were as follows: 35 nU/ml insulin Abs, 5

Figure 1—Study design protocol.
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units/ml GAD65 Abs, and 3 units/ml IA2
Abs.

Proliferation of peripheral blood T-
cells in the absence or presence of tetanus
toxoid (20 Lyons flocculating units/ml) or
denatured human insulin (50 �g/ml) was
measured as counts per minute (cpm) 3H-
thymidine uptake on samples collected
between 8:30 and 10:00 A.M., as previ-
ously described (31). Because the distri-
bution of responses between replicates is
not Gaussian, data were expressed as the
medians of sextuplicates. Results were
then expressed as a stimulation index,
which is the ratio of median values in the
presence and absence of antigen. Preser-
vative-free tetanus toxoid (CSL, Mel-
bourne, Australia) was used as a control
antigen. Hormonally active native insulin
may suppress the function of antigen-
presenting cells or T-cells (32). Therefore,
insulin was denatured by heating a
1-mg/ml solution of human insulin in
0.01 mol/l HCl containing 100 mmol/l di-
thiothreitol at 90°C for 30 min, followed
by dialysis against sterile PBS. The endo-
toxin concentration in a 1-mg/ml solution
of denatured insulin, measured by Limu-
lus lysate bioassay (BioWhittaker, Walk-
ersville, MD), was �3 ng/ml.

Sample size and statistical analyses
There were no available data on the effect
of intranasal insulin on metabolic or im-
mune parameters in humans with which
to estimate sample size. As an alternative,
we used in-house measurements of insu-
lin Abs in newly diagnosed patients
treated with subcutaneous insulin. We es-
timated a sample size of 22 patients per
group for a two-sided test at a power of
80% and a level of significance of 5% to
detect a 50% difference in the rate of
change of insulin Abs (nU/ml per month).
Given the lack of previous data on which
to base sample size and the crossover de-
sign of the study, the consultant statisti-
cian’s advice was to perform a blinded
interim analysis after approximately half
this number of participants had com-
pleted the study. This analysis was per-
formed independently by Dr. Jane
Mathews, Statistical Centre, Peter Mac-
Callum Cancer Institute, Melbourne.

Immune parameters were analyzed
for two time periods: period 1 after
randomization and before crossover
(monthly visits 1–6) and period 2 after
crossover (monthly visits 7–12) (Fig. 1).
In each period, parameters measured

monthly in each participant were summa-
rized as follows: 1) the rate of change, or
slope, derived from the linear regression
of monthly values and 2) the median of
the monthly values. Two comparisons
were made by nonparametric Mann-
Whitney tests (two-tailed). First, a paral-
lel across-arm comparison of I (insulin)
versus P (placebo) in period 1 and, sec-
ond, a comparison of periods 1 and 2
within each arm, for “treatment” (I vs. P),
“period,” and “carry-over” effects. The pe-
riod effect was tested by comparing the
difference in a parameter between periods
1 and 2 for participants randomized to
one arm with that between periods 2 and
1 for participants randomized to the other
arm. A treatment carry-over effect was
tested by comparing the difference be-
tween I and P in period 1 with the differ-
ence between I and P in period 2,
according to Jones and Kenward (33).
Group results were expressed as the me-
dian and interquartile range (IQR) and
significance was taken as P � 0.05. The
raw data are available on request.

RESULTS — The characteristics at en-
try and status at follow-up of 20 partici-
pants randomized to the I/P arm and 18 to
the P/I arm are tabulated (Table 1). No
adverse local or general effects were re-
ported. Most participants initially noted
the odor of the spray (because of the pre-
servative), but this did not affect compli-
ance. By interview and spray bottle
inspection, compliance was 100%. Four
participants reported breakage of the
plastic pump during operation on one to
three occasions. In these cases, a replace-
ment bottle pump was provided within 3
days, and that dose was repeated. A
blinded interim analysis performed after
24 participants had completed the 12-
month study revealed no change in FPIR
but a highly significant difference in insu-
lin Abs between the two periods in each
arm. Because there had been no change in
�-cell function but a difference in insulin
Abs, the ethics committee considered that
the primary and secondary objectives had
been met. A further 14 participants who
had been entered by this stage went on to
complete the study, making a total of 38
participants finally analyzed.

�-Cell function
A total of 12 participants, 6 randomized
to either arm, developed diabetes a me-
dian of 1.1 (range 0.33–3.6) years from

entry. They were similar in age and num-
ber of islet Abs to the 26 who did not
develop diabetes and had similar changes
in Ab and T-cell responses to insulin
(Fisher’s exact tests). However, their FPIR
at entry was significantly lower than in
those who did not develop diabetes (me-
dian [IQR] 35.5 [19.0 – 42.5] vs. 98.5
[73.5–138] mU/l, P � 0.0001, Mann-
Whitney test). A total of 14 participants
had an FPIR at entry less than or equal to
the first percentile, and of these 11 devel-
oped diabetes. Of the other 24 partici-
pants with an FPIR at entry �50 mU/l,
only one with a borderline FPIR of 56
mU/l developed diabetes. FPIR at entry
was similar between the randomized
groups. There was no difference in FPIR
at entry and after 12 months (median
98.5 vs. 107 mU/l) in the 26 participants
who did not develop diabetes (Fig. 2). An
isolated fall in FPIR at 12 months in two
participants was associated with docu-
mented hemolysis of the plasma samples,
a condition known to artifactually lower
insulin values in the assay. With yearly
follow-up for a median 3.0 years, FPIR
was remeasured at least once in 21 of the
individuals who remained nondiabetic
(Fig. 2). Comparing the last measurement
with that at entry revealed no change in
12, an increase �50% in 6, and a decrease
�50% in 3.

Immune parameters
Administration of intranasal insulin was
followed by an increase in circulating in-
sulin Abs (Fig. 3). The increase in insulin
Abs was associated with a decrease in T-
cell responses to insulin, shown for the
monthly rate of change or slope of these
parameters for each participant (Fig. 4).
The difference in insulin Abs (nU � ml�1 �
month�1) was highly significant for the
parallel arm comparison of insulin versus
placebo in period 1 (median [IQR] 7.4
[1.7 to 35] vs. �6.3 [�22 to 6.7], P �
0.003) and for the within-arm crossover
comparisons between the periods (I/P
arm: 7.4 [1.7 to 35] vs. �6.8 [�35 to
2.7], P � 0.004; P/I arm: �6.3 [�22 to
6.7] vs. 26 [13 to 125]), P � 0.0001).
There was no period effect, but the influ-
ence of intranasal insulin on insulin Abs
was associated with a carry-over effect
from the insulin into the placebo period
(P � 0.02). Similar findings were ob-
tained when, for each participant, the me-
dian of monthly values in each 6-month
period rather than the monthly rate of
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change of insulin Ab values was used for
comparison (data not shown).

The maximum levels of insulin Abs
after intranasal insulin, in relation to pre-
treatment levels, are summarized in Table
2. During period 1, 11 of 20 participants
in the I/P arm compared with 2 of 18 par-
ticipants in the P/I arm had an increase in
insulin Abs �100 nU/ml within 4 months
of starting treatment. There were strong
positive relationships between levels of
insulin Abs in participants before and af-
ter intranasal insulin. Relating the median
level in the placebo period with the cor-
responding median level in the insulin
period of the P/I arm yielded a correlation
coefficient (r) of 0.79 (P � 0.0001, two-
tailed Spearman test). The slope of this
relationship by least squares linear regres-
sion was 1.5, indicating that responses
were proportionally stronger with in-
creasing pretreatment levels of insulin
(auto) Ab. There was also a significant
correlation between the levels of median
insulin Ab in the insulin and placebo pe-
riods of the I/P arm (r � 0.94, P �
0.0001). The levels of GAD65 and IA2
Abs did not change significantly through-
out the study.

Basal T-cell proliferation in the ab-

sence of antigen was not different for any
of the comparisons. Thus, basal counts
per minute (median cpm) expressed as
the median (IQR) for each period were
778 (445–1,140) and 698 (485–1,326)
for the I/P arm and 822 (502–1,289) and
908 (643–1,319) for the P/I arm. T-cell
proliferation indexes to tetanus (cpm tet-

anus/cpm basal), expressed as monthly
rates of change (I/P arm: �3.48 [�8.38 to
0.59] vs. �0.92 [�3.94 to 3.03]; P/I arm:
�6.00 [�7.91 to 0.305] vs. �1.18 [�6.35
to 1.62]) or medians (data not shown) for
each period, were also similar in both
arms.

T-cell proliferation indexes to insulin,

Figure 2—�-Cell function in study par-
ticipants. FPIR measured at the start,
crossover, and end of the study and dur-
ing follow-up. Circles and squares de-
note, respectively, participants who
remained diabetes-free or who developed
diabetes. Closed symbols joined by solid
lines are participants randomized to the
I/P arm; open symbols joined by dotted
lines are those randomized to the P/I arm.

Figure 3—Monthly insulin Abs (median for participants in either arm) during the study.
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expressed as monthly rate of change (Fig.
4), were not significantly different in the
parallel arm comparison of insulin and
placebo in the first period (median [IQR])
(�0.28 [�0.91 to �0.02] vs. �0.03
[�0.27 to 0.18], P � 0.09). However, in
the within-arm crossover comparisons,
intranasal insulin was associated with sig-
nificant decreases in T-cell proliferation

to insulin (I/P arm: �0.28 [�0.9 to
�0.02] vs. �0.09 [�0.14 to 0.33], P �
0.003; P/I arm: �0.03 [�0.27 to 0.18] vs.
�0.30 [�0.73 to 0.10], P � 0.02). There
was no effect of period and no carry-over
effect. Using the median of the monthly
values in each 6-month period, T-cell
proliferation to insulin during intranasal
insulin was significantly decreased in the

parallel arm comparison of insulin and
placebo in period 1 (1.20 [0.79–2.13] vs.
1.85 [1.35–3.50], P � 0.03) and in the
crossover comparison in the P/I arm (1.85
[1.35–3.50] vs. 1.13 [0.65–1.60], P �
0.008). There was also a significant differ-
ence in the crossover comparison in the
I/P arm (1.20 [0.79–2.13] vs. 0.60 [0.33–
0.88], P � 0.0006) associated with a car-
ry-over effect of intranasal insulin to
suppress the T-cell response into the pla-
cebo period (P � 0.002). Again, there was
no effect of period. No relationships were
found between immune responses and
HLA D locus–related status, FPIR, or dia-
betes development or between immune
or metabolic responses and insulin dose
per kilogram.

CONCLUSIONS — Intranasal insu-
lin was well tolerated and had no appar-
ent adverse effects. It was associated with
an overall increase in Abs and a decrease
in T-cell responses to insulin. The same
immune changes were observed after
naso-respiratory insulin in NOD mice
(11). In the only other studies in humans
in which immune markers were docu-
mented in response to mucosal antigen,
oral (13) or intranasal (14) administration
of the experimental antigen, KLH, simi-
larly increased Ab and decreased T-cell
responses to KLH. The changes we ob-
served in participants were insulin spe-
cific, because no changes were detected in
basal or tetanus toxoid–stimulated T-cell
responses or in Abs to GAD65 and IA2
after intranasal insulin. The changes in
immunity to insulin conform to the pat-
tern of Th1 to Th2 immune deviation that
has been associated with mucosal toler-
ance (8,9) and with protection from dia-
betes in the NOD mouse (12). Although
the directions of the immune responses to

Figure 4—Ab and T-cell responses to insulin in individual participants. The monthly rate of
change of either insulin Ab (A) or the T-cell response to denatured insulin (B) was determined from
serial measurements in each participant in the insulin (I)/placebo (P) and P/I arms. Dotted lines
link each subject in the two treatment periods.

Table 2—Maximum insulin Ab level (nU/ml)
level after intranasal insulin

n

After intranasal
insulin

�35 35–100 �100

Pretreatment*
�35 10 1 5 4
35–100 12 0 2 10
�100 16 0 0 16†

*Value at the initial visit in the I/P arm or the median
value in the placebo period of the P/I arm. †Twelve
increased by �100 nU/ml.
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insulin were similar overall within treat-
ment periods, there were large interindi-
vidual differences and some exceptions
(Fig. 4). The reasons are likely to be sev-
eral. First, although there was no appar-
ent relationship between dose per
kilogram and immune or metabolic ef-
fects, the possibility that responses were
dose related cannot be excluded and
would need to be addressed by dose-
ranging studies. Second, although all par-
ticipants appeared to be compliant,
variations in the technique of administer-
ing nasal insulin could lead to differences
in bioavailability and consequent im-
mune responses. Third, there is likely to
be genetic heterogeneity in priming to in-
sulin as an autoantigen, as suggested by
our finding of a strong correlation be-
tween pretreatment insulin (auto) Ab lev-
els and the insulin Ab response to
intranasal insulin. Although we found no
association with specific HLA alleles in
this study, insulin immunity may be con-
trolled by other genetic loci, for example,
IDDM2, which appears to regulate the
level of proinsulin gene transcription in
the thymus and therefore in all likelihood
the degree of immune tolerance to insulin
(34). A further factor in relation to the
T-cell studies is the well-recognized diffi-
culty of detecting responses to insulin and
other islet antigens with sensitivity and
precision (35). For the in vitro T-cell
studies, we used denatured insulin to
avoid a possible effect of the hormone to
suppress immune function (32) and an
assay protocol that allowed us previously
to demonstrate proliferation to islet anti-
gen peptide epitopes (31). However, the
magnitude of the responses was low, un-
derscoring the need for improved means
of assaying antigen-specific T-cells. There
were discrepancies between results for
the parallel arm and carry-over analyses
depending on whether monthly rates of
change or medians for each period were
used, but the crossover analyses with ei-
ther parameter were consistent in show-
ing that T-cell proliferation to insulin
varied according to treatment period.

Insulin auto-Abs are a risk marker for
type 1 diabetes (1–3) and the increase in
insulin Abs after intranasal insulin raises
concern that this treatment might accel-
erate diabetes development. However, an
increase in insulin Abs was not associated
with deterioration of �-cell function in
the 24 participants with an FPIR greater
than the first percentile at entry, exclud-

ing the 1 with a borderline FPIR of 56
mU/l who developed diabetes during the
study. On the contrary, the remarkable
stability of FPIR on follow-up in these
participants, most of whom had Abs to at
least two islet antigens and were therefore
at significant risk (1–3), contrasts with the
decline in FPIR over a similar period that
we have observed in comparable individ-
uals from the Melbourne Pre-Diabetes
Family Study (24; L.C.H., P.G.C., unpub-
lished data). Furthermore, in the recently
reported DPT-1, a trial of oral insulin in
islet Ab–positive relatives with FPIR
greater than the first percentile, the ob-
served and predicted progression to dia-
betes over 5 years in the control (and
treated) groups was 36% (J. Skyler, per-
sonal communication). All participants in
the current study received treatment with
intranasal insulin for 6 months, and the
study was not designed to answer
whether intranasal insulin could prevent
development of clinical diabetes. How-
ever, on the basis of our own and other
(36) natural history studies, and the find-
ings of DPT-1, we were surprised that
only one of the participants with Abs to
two or three islet antigens and FPIR
greater than the first percentile pro-
gressed to diabetes during follow-up. In-
dividuals who did develop diabetes had
similar immune profiles to those who re-
mained asymptomatic but were distin-
guished by very low FPIR at entry, which
is a recognized antecedent of symptom-
atic disease (37,38).

Trials of oral insulin in individuals
with recently diagnosed type 1 diabetes
(18,19) showed no apparent clinical ben-
efit but did not report treatment effects on
surrogate markers of potential efficacy.
Therefore, it is not possible to know if oral
insulin was bioavailable and immuno-
genic at the level of the mucosa. We chose
to evaluate the nasal delivery because it
has several potential advantages over the
oral route. Insulin is delivered in an un-
degraded form directly to the naso-
pharyngeal mucosa, whereas oral insulin
is subject to degradation in the stomach.
Possibly related to this is the fact that the
dose of nasal insulin required to induce
regulatory T-cells and protect against di-
abetes development in the NOD mouse
(11) is lower than that of oral insulin (10)
and therefore may be more readily extrap-
olated to humans. In addition, immune
tolerance has been observed after nasal
but not oral delivery of the identical pep-

tide (20). We found that intranasal insu-
lin induced immune effects but had no
apparent effect to accelerate diabetes de-
velopment. This is, to our knowledge, the
first demonstration in humans of an effect
of mucosally administered autoantigen
on potential surrogate disease markers.
Although these immune effects are con-
sistent with the induction of mucosal tol-
erance and are in accord with the
literature (11,13,14), they do not consti-
tute proof of immune tolerance to insulin.
The ultimate demonstration of this in hu-
mans would be the ability of intranasal
insulin to prevent or delay diabetes onset.
We propose that the present study pro-
vides a rationale to determine in a formal
trial whether intranasal insulin is immu-
notherapeutic and retards �-cell destruc-
tion and progression to clinical diabetes.

Acknowledgments— The study was sup-
ported by VicHealth and by the Juvenile Dia-
betes Research Foundation. The insulin and
carrier solution were donated by Eli Lilly, Aus-
tralia.

We thank Lorraine Fong, Sue Ewart, and
Angela Morris, Pharmacy Department, Royal
Melbourne Hospital, for randomization, for-
mulation, and dispensing; Matthew Wright for
technical assistance; and Dr. Anne-Louise
Ponsonby for critical comments on the manu-
script.

References
1. Bingley PJ, Christie MR, Bonifacio E, Bon-

fanti R, Shattock M, Fonte MT, Bottazzo
GF, Gale EA: Combined analysis of auto-
antibodies improves prediction of IDDM
in islet cell antibody-positive relatives. Di-
abetes 43:1304–1310, 1994

2. Verge CF, Stenger D, Bonifacio E, Colman
PG, Pilcher C, Bingley PJ, Eisenbarth GS:
Combined use of autoantibodies (IA-2 au-
toantibody, GAD autoantibody, insulin
autoantibody, cytoplasmic islet cell anti-
bodies) in type 1 diabetes: combinatorial
islet autoantibody workshop. Diabetes 47:
565–571, 1998

3. Harrison LC: Risk assessment, prediction
and prevention of type 1 diabetes. Pediat-
ric Diabetes 2:71–82, 2001

4. French MB, Allison J, Cram DS, Thomas
HE, Dempsey-Collier M, Silva A, Geor-
giou HM, Kay TW, Harrison LC, Lew AM:
Transgenic expression of mouse proinsu-
lin II prevents diabetes in nonobese dia-
betic mice. Diabetes 46:34–39, 1997

5. Wegmann DR, Eisenbarth GS: It’s insulin.
J Autoimmun 15:286–291, 2000

6. Thebault-Baumont K, Dubois-Laforgue
D, Krief P, Briand JP, Halbout P, Vallon-

Intranasal insulin in type 1 diabetes

2354 DIABETES CARE, VOLUME 27, NUMBER 10, OCTOBER 2004

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/27/10/2348/561986/zdc01004002348.pdf by guest on 10 April 2024



Geoffroy K, Morin J, Laloux V, Lehuen A,
Carel JC, Jami J, Muller S, Boitard C: Ac-
celeration of type 1 diabetes mellitus in
proinsulin 2-deficient NOD mice. J Clin
Invest 111:851–857, 2003

7. Narendran P, Mannering SI, Harrison LC:
Proinsulin-a pathogenic autoantigen in
type 1 diabetes. Autoimmun Rev 2:204–
210, 2003

8. Weiner HL: Oral tolerance: immune
mechanisms and treatment of autoim-
mune diseases. Immunol Today 18:335–
343, 1997

9. Harrison LC, Hafler DA: Antigen-specific
therapy for autoimmune disease. Curr
Opin Immunol 12:704–711, 2000

10. Bergerot I, Fabien N, Baguer V, Thivolet
C: Oral administration of human insulin
to NOD mice generates CD4� T cells that
suppress adoptive transfer of diabetes. J
Autoimmun 7:655–663, 1994

11. Harrison LC, Dempsey-Collier M, Kramer
DR, Takahashi K: Aerosol insulin induces
regulatory CD8 gamma delta T cells that
prevent murine insulin-dependent diabe-
tes. J Exp Med 184:2167–2174, 1996

12. Adorini L, Gregori S, Harrison LC: Under-
standing autoimmune diabetes: insights
from mouse models. Trends Mol Med 8:
31–38, 2002

13. Husby S, Mestecky J, Moldoveanu Z, Hol-
land S, Elson CO: Oral tolerance in hu-
mans: T cell but not B cell tolerance after
antigen feeding. J Immunol 152:4663–
4670, 1994

14. Waldo FB, van den Wall Bake AW, Mes-
tecky J, Husby S: Suppression of the im-
mune response by nasal immunization.
Clin Immunol Immunopathol 72:30 –34,
1994

15. Weiner HL, Mackin GA, Matsui M, Orav
EJ, Khoury SJ, Dawson DM, Hafler DA:
Double-blind pilot trial of oral toleriza-
tion with myelin antigens in multiple scle-
rosis. Science 259:1321–1324, 1993

16. Trentham DE, Dynesius-Trentham RA,
Orav EJ, Combitchi D, Lorenzo C, Sewell
KL, Hafler DA, Weiner HL: Effects of oral
administration of type II collagen on
rheumatoid arthritis. Science 261:1727–
1730, 1993

17. McKown KM, Carbone LD, Kaplan SB,
Aelion JA, Lohr KM, Cremer MA, Bustillo
J, Gonzalez M, Kaeley G, Steere EL, Somes
GW, Myers LK, Seyer JM, Kang AH,
Postlethwaite AE: Lack of efficacy of oral
bovine type II collagen added to existing
therapy in rheumatoid arthritis. Arthritis
Rheum 42:1204–1208, 1999

18. Pozzilli P, Pitocco D, Visalli N, Cavallo
MG, Buzzetti R, Crino A, Spera S, Suraci
C, Multari G, Cervoni M, Manca Bitti ML,
Matteoli MC, Marietti G, Ferrazzoli F,

Cassone Faldetta MR, Giordano C,
Sbriglia M, Sarugeri E, Ghirlanda G: No
effect of oral insulin on residual beta-cell
function in recent-onset type 1 diabetes
(the IMDIAB VII): IMDIAB Group. Diabe-
tologia 43:1000–1004, 2000

19. Chaillous L, Lefevre H, Thivolet C, Boi-
tard C, Lahlou N, Atlan-Gepner C, Bou-
hanick B, Mogenet A, Nicolino M, Carel
JC, Lecomte P, Marechaud R, Bougneres
P, Charbonnel B, Sai P: Oral insulin ad-
ministration and residual beta-cell func-
tion in recent-onset type 1 diabetes: a
multicentre randomised controlled trial:
Diabetes Insuline Orale group. Lancet
356:545–549, 2000

20. Metzler B, Wraith DC: Inhibition of
experimental autoimmune encephalo-
myelitis by inhalation but not oral ad-
ministration of the encephalitogenic
peptide: influence of MHC binding affin-
ity. Int Immunol 5:1159–1165, 1993

21. Moses AC, Gordon GS, Carey MC, Flier
JS: Insulin administered intranasally as an
insulin-bile salt aerosol: effectiveness and
reproducibility in normal and diabetic
subjects. Diabetes 32:1040–1047, 1983

22. Gizurarson S, Bechgaard E: Intranasal ad-
ministration of insulin to humans. Diabe-
tes Res Clin Pract 12:71–84, 1991

23. Kupila A, Sipila J, Keskinen P, Simell T,
Knip M, Pulkki K, Simell O: Intranasally
administered insulin intended for preven-
tion of type 1 diabetes: a safety study in
healthy adults. Diabete Metab Res Rev 19:
415–420, 2003

24. Colman PG, McNair P, Margetts H,
Schmidli RS, Werther GA, Alford FP,
Ward GM, Tait BD, Honeyman MC, Har-
rison LC: The Melbourne Pre-Diabetes
Study: prediction of type 1 diabetes using
antibody and metabolic testing. Med J
Aust 169:81–84, 1998

25. Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus: Report
of the Expert Committee on the Diagnosis
and Classification of Diabetes Mellitus.
Diabetes Care 20:1183–1197, 1997

26. Bingley PJ, Colman P, Eisenbarth GS,
Jackson RA, McCulloch DK, Riley WJ,
Gale EA: Standardization of IVGTT to
predict IDDM. Diabetes Care 15:1313–
1316, 1992

27. McNair PD, Colman PG, Alford FP, Har-
rison LC: Reproducibility of the first
phase insulin response to intravenous
glucose is not improved by retrograde
cannulation and arterialization or the use
of a lower glucose dose. Diabetes Care 18:
1168–1173, 1995

28. Koschmann M, Alford FP, Ward GM,
Walters JH, Colman PG, Harrison LC: Re-
producibility of estimating first phase in-

sulin responses to intravenous glucose.
Diabetes Nutr Metab 5:73–79, 1992

29. Srikanta S, Ganda OP, Rabizadeh A,
Soeldner JS, Eisenbarth GS: First-degree
relatives of patients with type 1 diabetes
mellitus: islet cell antibodies and abnor-
mal insulin secretion. N Engl J Med 313:
461–464, 1985

30. Lorini R, Vanelli M: Normal values of
first-phase insulin response to intrave-
nous glucose in healthy Italian children
and adolescents: the Prediabetes Study
Group of the Italian Society for Pediatric
Endocrinology and Diabetology (SIEDP).
J Pediatr Endocrinol Metab 9:163–167,
1996

31. Honeyman MC, Brusic V, Stone NL, Har-
rison LC: Neural network-based predic-
tion of candidate T-cell epitopes. Nat
Biotechnol 16:966–969, 1998

32. Hunt P, Eardley DD: Suppressive effects
of insulin and insulin-like growth factor-1
(IGF1) on immune responses. J Immunol
136:3994–3999, 1986

33. Jones B, Kenward MG: Design and Analysis
of Cross-Over Trials. London, Clapham
and Hall, 1989

34. Pugliese A, Zeller M, Fernandez A Jr, Zalc-
berg LJ, Bartlett RJ, Ricordi C, Pietropaolo
M, Eisenbarth GS, Bennett ST, Patel DD:
The insulin gene is transcribed in the hu-
man thymus and transcription levels cor-
related with allelic variation at the INS
VNTR-IDDM2 susceptibility locus for
type 1 diabetes. Nat Genet 15:293–297,
1997

35. Roep BO, Atkinson MA, van Endert PM,
Gottlieb PA, Wilson SB, Sachs JA: Auto-
reactive T cell responses in insulin-depen-
dent (type 1) diabetes mellitus: report of
the first international workshop for the
standardization of T cell assays. J Autoim-
mun 13:267–282, 1999

36. Bingley PJ, Williams AJK, Gale EAM: Op-
timized autoantibody-based risk assess-
ment in family members: implications for
future intervention trials. Diabetes Care
22:1796–1801, 1999

37. Vardi P, Crisa L, Jackson RA: Predictive
value of intravenous glucose tolerance test
insulin secretion less than or greater than
the first percentile in islet cell antibody
positive relatives of type 1 (insulin-de-
pendent) diabetic patients. Diabetologia
34:93–102, 1991

38. Bingley PJF: Interactions of age, islet cell
antibodies, insulin antibodies, and first-
phase insulin response in predicting risk
of progression to IDDM in ICA� rela-
tives: the ICARUS data set: Islet Cell An-
tibody Register Users Study. Diabetes 45:
1720–1728, 1996

Harrison and Associates

DIABETES CARE, VOLUME 27, NUMBER 10, OCTOBER 2004 2355

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/27/10/2348/561986/zdc01004002348.pdf by guest on 10 April 2024


