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Recognition of Human Insulin In Vitro by T Cells from Subjects
Treated with Animal Insulins
Laura J. Nell, Valerie J. Virta, and James W. Thomas
Department of Internal Medicine, Baylor College of Medicine, Houston, Texas 77030

Abstract

Structurally defined proteins and peptides have provided con-

siderable information about the specificity and regulation of im-
mune responses in inbred animals. Many diabetics require ther-
apy with insulin; therefore, we used this defined protein as a

model antigen to investigate immune responses in the outbred
human population. In this report, we examine human T cell rec-

ognition of antigenic determinants on various insulins. A group

of 25 subjects was selected from over 200 diabetics because of
the magnitude of their in vitro responses. 13 of the 25 had sig-
nificant T cell responses to human insulin despite treatment with
only beef/pork insulin mixtures. This autoimmunity may be at-
tributed to crossreactivity of lymphocytes highly reactive to
"foreign" epitopes on therapeutic insulins. Alternatively, identical
determinants shared by human and animal insulins may be rec-

ognized. By employing additional insulins not used therapeuti-
cally and isolated A and B chains, several potential mechanisms
for lymphocyte autoreactivity to human insulin were demon-
strated. Someepitopes are conformational and require recognition
of an intact molecule, whereas other epitopes may arise from
antigen processing at the cellular level. Studies using zinc-free
insulins suggest that zinc-induced alterations of the molecular
surface may result in some shared reactivities between animal
and human insulin. Furthermore, T cell reactivity against "for-
eign" epitopes is more complex than anticipated from differences
in amino acid sequence. The response patterns of many subjects
indicate that the A-chain loop associates with the N-terminal B
chain to form a complex determinant. This determinant is rec-

ognized more often than individual amino acids. Weconclude
that insulin therapy generates polyclonal T cell responses directed
at multiple epitopes on the molecule. Many of these epitopes
are not identified by amino acid exchanges and their presence
on human insulin leads to apparent autoimmunity.

Introduction

Insulin is a two-chain globular protein, the molecular structure
of which has been extensively characterized. This structure is
highly conserved through evolution and the limited amino acid
differences in mammalian insulins (Fig. 1) occur at positions
that do not alter molecular conformation or affect biologic func-
tion (1). The naturally occurring amino acid substitutions are

on the surface of the molecule where amino acids that comprise
the A-chain loop (A8, A9, A10) are closely associated with the
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B-chain terminus (2, 3). Two 5,750,000-mol wt insulin mono-
mers form a dimer held together by ionic interactions and, in
the presence of Zn2", dimers assemble into hexamers that interact
to form larger aggregates (2, 4). These more complex molecular
forms are favored by the increased concentrations of insulin
found in islets and in therapeutic preparations (U-100 insulin
is 4 mg/ml) where hexamers are the major molecular form (2).
Recently, zinc has been shown to induce alterations in the surface
of the insulin molecule that result in the exposure of amino acid
side chains that are normally buried in monomer (4). Diabetics
treated with insulin, therefore, may be exposed to molecules
with alterations owing to zinc-induced changes on the surface
or to the approximation in hexamers of residues not associated
in the monomer. Either of these alterations may be potential
targets of the immune system that is tolerant to circulating insulin
monomers.

The majority of insulin-treated diabetics develop antibodies
after therapy with animal insulins. Immunologic complications
such as allergy and resistance have been documented even with
the use of highly purified and human insulin preparations (5-
8). Data from inbred animals show that the immune response
to epitopes on insulin is controlled at the cellular level by major
histocompatibility complex-linked immune-response genes (9-
1 1). A recent report of statistical associations between HLA-DR
type and responses to therapeutic insulin components supports
the concept that similar immune-response genes are present in
the outbred human population ( 12). In those studies, the critical
epitopes on the insulin molecule recognized by T lymphocytes
were surmised from amino acid differences between autologous
insulin and immunizing insulins. Several recent studies, however,
indicate that anti-insulin antibody can be detected in subjects
treated only with human insulin preparations (13, 14) and in
type I diabetics prior to insulin therapy (15, 16). In addition,
recent studies in mice have shown that both helper and sup-
pressor T cells are primed by insulins presumed to be "non-
immunogenic" (17, 18) and suggest that recognition of amino
acid exchanges is not the only factor determining insulin im-
munity. Cellular responses to autologous insulins have not been
examined in either inbred animals or human diabetic subjects.
In this study, we show that the potential immunogenic epitopes
on the insulin molecule are more numerous and complex than
anticipated from results with inbred animals. In many cases these
epitopes are present on both native and synthetic human insulin
preparations. Differences in the amino acid sequence predict
only a portion of the antigenic determinants present in insulin.

Methods

Patients. The subjects used in this study were identified by lym-
phocyte-proliferative responses to beef and pork insulins. Indi-
viduals with reproducible responses of >5,000 cpm were selected
from 200 diabetic outpatients. This level of responsiveness per-
mits discrimination between different antigens and conserves
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INSULIN A CHAIN

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
HUMAN - G1y-I1e-Va1-G1u-G1n-Cys-Cys-Thr-Ser-I1e-Cys-Ser-Leu-Tyr-Gln-Leu-G1u-Asn-Tyr-Cys-Asn
PORK -

BEEF -

SHEEP -

HORSE -

RABBIT -

RAT -

Ala Val

_Al a-Gly-Val

Gly-

Ass

GUINEA - Asp Gly-Thr Thr-Arg-His Gin-Ser
PIG

INSULIN B CHAIN

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 3U
HUMAN -Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-Val -Glu-Ala-Leu-Tyr-Leu-Val -Cys-Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Thr
PORK -

BEEF -

SHEEP -

HORSE -

RABBIT-

RAT - Lys Pro**

Al a

Al a

Ala

Ala

Ser

Met *-Ser

GUINEA- Ser-Arg Asn Thr Ser Gln-Asp-Asp I le Asp
PIG

* Present only in Rat I.
** Present only in Rat 11.

Figure 1. Amino acid sequence differences between human and other mammalian species variants of insulin. The three-letter amino
acid abbreviations are used with lines indicating identities. Sequences are from Reference 1.

scarce reagents. Reactivity of this magnitude is present in -20%
of insulin treated diabetics (19). The 25 subjects (13 women, 12
men) were between 24 and 68 yr of age and had been treated
with insulin for 2 wk to 18 yr at the onset of the study. All
patients had been treated with conventional beef/pork insulin
mixtures, and none had received human insulin preparations.
The 25 patients presented, as well as 99% of those studied, all
had insulin antibodies when sera were tested in an enzyme linked
immunoassay (20). Although variation in antibody levels be-
tween individuals was large, the amount and specificity of an-
tibody did not differ between subjects with and without T cell
responses. On the basis of disease presentation and other clinical
characteristics, nine subjects were felt to have type I (insulin-
dependent) diabetes. These are indicated by * in our figures and
tables.

Insulins. Beef, pork, and human insulins for in vitro assays
were generously provided by Dr. R. Chance (Lilly Research
Laboratories, Indianapolis, IN), or were purchased from Novo
Research Institute (Bagsvaerd, Denmark). The lots of insulin
used were: Lilly beef, 615-70N-80; Lilly pork, 615-075-256; Lilly
biosynthetic human, 615-84S- 178-2 and 615-2H2-270-3; Novo
monocomponent beef, 0 8591356; Novo monocomponent pork,
S 8311160; Novo cadaveric human, 800527; and Novo mono-
component semisynthetic human, 6-9-10.2.4. In assays done by
the manufacturers, maximum contamination of any of these
insulins with proinsulin, glucagon, pancreatic polypeptide, so-
matostatin, or vasoactive intestinal peptide was <0.001 %. Most
were assayed at <0.01 ppm. The Lilly insulins contained 0.6-
0.7% zinc, the Novo insulins 0.38-0.43% zinc, with comparable
amounts of zinc in the beef, pork, and human insulins from

each manufacturer. Sheep insulin (lot 71 F-0226) and horse in-
sulin (lot 79C-0010) were purchased from Sigma Chemical Co.
(St. Louis, MO). Beef and pork sodium insulins were prepared
by Dr. Chance and contained no detectible zinc. A and B chain
peptides of beef insulin were prepared by Dr. W. Danho and
Dr. H.-G. Gattner in the laboratory of Dr. D. Brandenburg
(Deutsches Wollforschungsinstitut, Aacken, Federal Republic
of Germany) and were the generous gift of Dr. Alan Rosenthal
(Merck Institute, Rahway, NJ). These preparations have been
described elsewhere (21-23). Briefly, two forms of each chain
were employed: those preparations that permitted recombination
of disulfide bonds to form loop peptides and those in which the
intrachain disulfides were blocked by carboxymethylation.
A(SS)SCM2 represents A chain with an intact intrachain disulfide
bridge and carboxymethylated interchain disulfide bridges;
A(SS)2 represents A chain with two intact disulfide bridges; B(SS2)
represents B chain with one intact disulfide bridge; B(SCM)2
represents B chain with carboxymethyl disulfide bridges. Al-
though primary structure has been shown to determine the for-
mation of disulfide bonds (2), the exact manner of disulfide bond
formation cannot be proven. For this reason, we used two dif-
ferent preparations of each chain with different degrees of pro-
tection of disulfide bonds.

Lymphocyte cultures. Proliferative responses of peripheral
blood mononuclear cells were assayed by [3H]thymidine
([3H]TdR)' uptake on day 9 of culture as previously described
(19). Briefly, cells were isolated by centrifugation over Isolymph
(Gallard-Schlesinger Corp., Carle Place, NY), washed and cul-

1. Abbreviations used in this paper: SI, stimulation index; TdR, thymidine.
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tured at 1 X 105/well in RPMI containing 5%human serum (lot
2E009, M.A. Bioproducts, Walkersville, MD) and supplements.
Cells were cultured in triplicate with at least three doses of each
insulin. Uptake of [3H]TdR by cells during the last 18 h of culture
was determined by scintillation spectroscopy. Data are expressed
as the mean counts per minute (cpm) of triplicate cultures with
the standard error of the mean. Net responses (Acpm) were cal-
culated by subtracting the mean cpm of unstimulated control
cells from the mean cpm of cultures with insulin. Errors of Acpm
were calculated by the formula for propagation of errors. Stim-
ulation indices (SI) were calculated by dividing the mean cpm
in response to insulin by the mean cpm in control cultures. SI
were rounded off to the nearest whole numbers. Wehave pre-
viously shown that this system assays insulin-immune T lym-
phocyte responses that are accessory cell-dependent (19).
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Figure 3. Proliferative responses to human insulin that are as strong as

to therapeutic beef and pork insulins. Data are the Acpm in response

to 100 ,gg/well concentrations of beef, pork, sheep, horse, and human
insulins with the stimulation index (SI) at the top of each bar. Sponta-
neous [3 Hthymidine (mean cpm±SEM) ranged from 367±198 (pa-
tient M.S.) to 2,721±690 (patient A.V.).

Results

Patterns of response to mammalian insulins. Assaying [3H]TdR
uptake, we found -20% of diabetics develop strong T lympho-
cyte-proliferative responses (>5,000 cpm) to beef and pork in-
sulin in vitro. To characterize the fine specificity of these re-

sponses, we compared the reactivity to several insulin concen-

trations using a battery of mammalian insulins. In general, three
patterns of lymphocyte recognition can be detected, and these
are summarized in Fig. 2. Surprisingly, in some individuals the
dose response curve to human insulin was identical to that ob-
tained with animal insulins (Fig. 2 A). Cells from other subjects
(Fig. 2 Band C) responded to animal insulins, but the responses

were diminished or absent when human insulin was tested. In-
terestingly, lymphocytes that distinguish the A loop of beef in-
sulin, where there are known amino acid differences from human
insulin, were present in only a few subjects (4 of 25). This rec-

ognition was seen only with careful dose response curves (Fig.
2 C). The four subjects in this group were the only patients
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found to respond to low doses of any insulin (10lMg), a concen-
tration where the predominant molecular form is the monomer
(2). In the following data, these general patterns of response are
shown to be more complicated, however this arbitrary division
serves as a guide for presentation of the complex data.

Responses in individual patients. The data shown in Figs. 3
and 4, and Table I summarize the maximal proliferative response
and SI of individual patients to multiple insulins. As shown in
the representative curves in Fig. 2, cells from the subjects in
Figs. 3 and 4 did not respond to low doses of any insulin (10 or
20 ag/well). Therefore, only the maximum responses are shown
in Figs. 3 and 4. The responses shown in Fig. 3 are from seven
subjects whose lymphocyte reactivities to human insulins are as
strong as those to animal insulins. These responses were seen
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Figure 2. Lymphocyte-proliferative dose-response curves of patients
with representative patterns of responses to species variants of insulins.
Data are the mean± 1 SEMcpm of [3H]thymidine taken up by tripli-
cate cultures in response to beef (o), pork (e), sheep (A), and human
(a) insulin versus the concentration of insulin used. The spontaneous
background proliferation is also given for each individual (x). (A) Cells
from patient S.C., representative of those with equivalent responses to
all the insulins, including human. (B) Cells from patient J.H., repre-
sentative of those responding to animal insulins but not to human in-
sulin. Panel (C) Cells from patient C.T., representative of those re-
sponding to animal insulins with a preferentially stronger response to
beef insulin.
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insulin. Data are as in Fig. 3. (A) Cells from individuals with equal re-
sponses to all the ungulate insulins. (B) Cells from patients with stron-
ger responses to therapeutic beef and pork than to nontherapeutic
sheep and horse insulins. Spontaneous [3H]thymidine uptake (mean
cpm±SEMranged from 208±34 (patient L.P.) to 2,035±980 (patient
J.H.).
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Table I. Preferential Responsiveness to Low Doses of Beef Insulin

Proliferative responses to mammalian insulin4

Patient Insulin dose* Beef Pork Sheep Human§

T.S. 10 23,450 (8) 9,805 (4) 23,714 (9) 526 (1)
20 42,246 (15) 14,701 (6) 26,573 (10) 8,195 (4)
50 45,464 (16) 30,783 (11) 41,783 (15) 13,212 (5)

100 73,063 (25) 75,087 (25) 92,242 (31) 28,233 (10)

M.L. 10 23,328 (7) 7,608 (3) 17,605 (5) 361 (1)
20 41,429 (11) 17,494 (5) 17,834 (5) 1,772 (1)
50 54,369 (15) 17,879 (5) 30,774 (10) 10,715 (4)

100 77,164 (20) 37,102 (10) 44,541 (12) 19,127 (6)

M.K. 10 15,587 (5) 0 (1) 2,533 (2) 1,404 (1)
20 15,769 (5) 7,760 (3) 10,185 (4) 5,094 (2)
50 34,666 (11) 17,435 (6) 13,580 (5) 5,197 (2)

100 35,493 (11) 36,382 (11) 31,289 (10) 13,380 (5)

C.T. 10 16,475 (18) 326 (1) 1,627 (3) 3,950 (5)
50 50,381 (54) 27,137 (29) 9,269 (11) 1,345 (2)

100 43,943 (47) 33,180 (36) 28,759 (31) 2,008 (3)

* Ag insulin/0.2-ml well. t Data are Acpm (SI), calculated as described in Methods, in response to insulin from the indicated species. § Re-
sponses to synthetic human insulin except patient C.T. where responses are to cadaveric human insulin.

with biosynthetic (recombinant DNA), semisynthetic (derived
from pork insulin), and pancreatic (cadaver) human insulin
preparations. Occasional individual variation that is not easily
attributed to known structural changes is noted (e.g., C.W.).
These differences suggest that these responses are heterogenous.
More than half of this group of subjects (four of seven) had type
I diabetes. The data summarized in Fig. 4 show lymphocyte
responses with preferential reactivity to animal insulins as com-
pared to human insulin. However, at least 4 of 12 individuals
show some reactivity with human insulin. This autoreactivity
may represent cross-reactivity of cells that have strong responses
to heterologous insulins or it may be due to populations of cells
that recognize epitopes similar to those recognized by the subjects
in Fig. 3. Previously, in studies that compared reactivities to beef
and pork insulins only, responses such as in Fig. 4 A were at-
tributed to the B30 terminus where animal insulins differ from
human insulin (12). However, some individuals with identical
responses to beef and pork insulin have diminished responses
when sheep and horse insulins (identical at B30) are used (Fig.
4 B). In these subjects both the A loop residues and the B ter-
minus need to be intact for optimal responses. Thus, the epi-
tope(s) recognized may require interaction between several res-
idues rather than being the single amino acid exchange at B30.
The close approximation of B30 with the A loop residues 8, 9,
10 (<10 A) (2, 3) may allow those areas of the two chains to be
recognized as a single epitope on the molecule. Evidence for a
similar conformational determinant recognized by mice immune
to insulin has been reported (3).

Although we had anticipated that lymphocyte reactivity with
the A loop of beef insulin would dominate human responses to
insulin, such individuals were unusual (4 of 25). Because this
group contains the only subjects with significant responsiveness
to the 10- and 20-,gg doses of any insulins, all the dose-response

curves of these four subjects to animal and human insulins are
shown in Table I. At low antigen concentrations (10 and 20 4g)
reactivity to A-loop determinants in beef insulin over pork and
human is seen with all four subjects. At higher antigen concen-
trations reactivity with both pork and human insulin can be
seen. Only the cells from subject C.T. do not respond at the
highest dose of human insulin. Recognition of A-loop residues
was found to be heterogeneous; subjects T.S. and M.L. have
similar responses to beef and sheep insulins at the 10-,Rg doses
but subjects M.K. and C.T. respond poorly to sheep. Thus, the
serine present at A9 in beef insulin, but absent in sheep insulin
(Fig. 1), is a single amino acid substitution that is potentially
recognized by a portion of A-loop responders. The multiple ep-
itopes recognized by lymphocytes from these subjects can not
be attributed to prolonged immunization because subjects T.S.
and M.L. had only received 2 wk of insulin therapy. No subjects
have been identified that respond exclusively to one epitope.

Recognition of isolated A- and B-chain determinants. The
above data show that T cells from many diabetic subjects do
not distinguish insulins of different amino acid composition. To
further dissect this response, we employed isolated A and B
chains to characterize the antigenic determinants on the mole-
cule. The data shown in Fig. 5 summarize experiments com-
paring lymphocyte responses to equal molar amounts of native
insulins and isolated A and B chains of beef insulin. Although
of appropriate size, these chain preparations may contain intra-
chain disulfide linkages not present in the native molecule;
therefore, two preparations each of both A and B chains were
tested for reactivities. The responses in Fig. 5 A are those of three
individuals whose lymphocytes recognize determinants shared
by human and animal insulins. Only one of these subjects has
a response to isolated A and B chains. This supports the concept
that the response of these individuals, although similar in mag-
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Figure 5. Lymphocyte-proliferative responses of individual patients to
50 ag/well of intact beef, pork, and human insulins and to 25 ag/well
isolated A and B chains from beef insulin. Data are presented as in
Fig. 3. (A) Cells from subjects with responses to human insulin as
strong as to animal insulins. (B) Cells from subjects with greater re-
sponses to therapeutic beef and pork than to human insulin. (C) Cells
from subjects with preferentially stronger responses to low doses of
beef insulin. Spontaneous [3H]thymidine (mean cpm±SEM) ranged
from 367±198 (patient M.S.) to 2,621±276 (patient L.N.).

nitude, is heterogenous; some require intact native conformation,
others do not. Subject C.W. responds only to chain preparations
that do not have blocked disulfide bridges, suggesting some con-
formational limitations to recognition of the isolated chains by
his lymphocytes. All other subjects (Fig. 5 B, those with pref-
erential reactivity to animal over human insulin, and Fig. 5 C,
those with responses to low doses of beef insulin) respond to A
and B chains preparations regardless of the presence of car-
boxymethyl groups used to block cysteines. In Fig. 5 C, only
one of the individuals whose responses were preferential for the
A-chain loop of intact beef insulin had a correspondingly greater
reactivity to isolated A chain than with B chain (M.L.). Reactivity
with B-chain residues, however, further confirms the interpre-
tation that multiple determinants on both chains are recognized
by these subjects. These results and those in Table I suggest that
the epitopes recognized by human lymphocytes are more com-
plex than some responses noted in inbred animals that appear
to be directed at "single residues" (11, 23). The weaker responses

to isolated chains may be due to differences in the secondary
structure between the chain and the native molecule as a result
of disulfide bond recombination during chain isolation. The dif-
ferences however, may also reflect disruption of epitopes that
require the approximation of the A loop and the B-chain ter-
minus. Also, recent studies of antigen processing in animal sys-
tems suggest that some T cells only recognize determinants after
the antigen has been processed by the macrophage (24-26). Thus,
B-chain responses by cells from subjects whose predominant
reactivity was directed at the A loop of intact beef insulin (Fig.
5C) may suggest recognition of epitopes on the antigen-pre-
senting cells in vitro that are not available on the intact molecule
but arose through antigen processing at the injection site. Because
processed insulin derivatives have not been identified in the cir-
culation (27), these events may be limited to the cells involved
locally in the immune response. Such neoantigenic determinants
may be clinically important for the induction of helper T cells
and may further expand the heterogeneity of the response.

Role of zinc in T cell responses to insulin. In the presence of
zinc, insulin forms a variety of complexes and recent studies
have shown that this process induces conformation changes on
the surface of the molecule (4). These changes, which principally
involve the shift of amino acid side chains out to the surface of
the molecule, may persist in the monomer. To determine the
role of zinc-insulin complexes in T cell responses, we compared
the reactivity to insulins containing zinc with preparations that
had zinc removed (sodium insulins). In Table II are data from
five individuals comparing responses to several concentrations
of sodium and zinc insulins. The presence or absence of zinc
does not influence the response of some subjects (M.K. and
M.L.), whereas the lymphocyte reactivity to zinc-free insulins is
diminished in others (S.C., A.J., L.O.). Thus, epitopes present
in zinc-dependent conformations such as hexamers or surface
changes induced by zinc may be recognized by immune T cells.
Subjects whose T cells respond equally to human and to animal
insulins (S.C. and L.O.) appear to recognize zinc-associated de-
terminants. Because therapeutic insulin preparations contain
concentrations that favor the formation of complexes including
dimers, hexamers, and larger aggregates (2), all insulin-treated
diabetics have been exposed to determinants present on these
complexes. Because the zinc-dependent alterations arise at sites
not influenced by amino acid sequence variation between species,
they could explain some shared reactivities to human and animal
insulins. Interestingly, subject M.L. was treated with an insulin
preparation that contained increased amounts of zinc (Lente)
yet his lymphocyte reactivity was not influenced by the divalent
cation.

Discussion

These studies were initiated to test the hypothesis that cellular
reactivity to limited epitopes on the insulin molecule could be
used to dissect the immune response in the outbred human pop-
ulation. In contrast to studies of inbred animals, our data indicate
that therapy with animal insulin results in polyclonal expansion
of T cells that recognize multiple determinants on the molecule,
including epitopes on human insulin. The potential antigenic
moieties include amino acid exchanges between animal and hu-
man insulin, determinants created by the approximation of res-
idues on both chains (e.g., A loop and B-chain terminus), de-
terminants present on isolated A and B chains, and determinants
present in zinc-dependent complexes. No individual was iden-
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Table II. Cell Responses to Zinc-containing and Monomeric Zinc-free Sodium Insulin *

Insulin

Pork Beef

Patient Insulin doset Zinc Sodium Zinc Sodium

M.K. 10 0 (1) 0 (1) 15,587 (5) 25,622 (7)
50 17,435 (6) 20,696 (7) 34,666 (11) 27,635 (8)

100 36,382 (11) 43,495 (12) 35,493 (11) 35,718 (10)

M.L. 10 23,775 (7) 25,874 (7)
50 ND§ ND§ 54,369 (15) 41,621 (11)

100 77,171 (20) 37,245 (10)

S.C.* 10 3,859 (3) 515 (1) 3,155 (3) 1,442 (2)
50 26,097 (13) 1,205 (2) 16,251 (9) 3,207 (3)

100 23,113 (12) 3,156 (3) 30,758 (15) 3,200 (3)

L.O.* 10 828 (2) 2,235 (3) 2,676 (4) 2,291 (3)
50 29,000 (30) 2,581 (4) 21,917 (23) 2,581 (4)

100 38,274 (39) 0 (1) 39,754 (41) 1,208 (2)

A.J. 10 2,049 (3) 542 (1) 424 (1) 2,795 (3)
50 14,206 (12) 210(1) 4,481 (5) 406(1)

100 11,127 (10) 1,108 (2) 15,900 (14) 457 (1)

* Net [3H]TdR uptake in mean counts per minute of triplicate cultures after 9 d in culture with insulins, expressed as Acpm (SI). t Insulin doses
in ,sg/0.2-ml well. § Not determined.

tified whose cellular reactivity was solely directed at a single
epitope and half of the subjects had responses directed at epitopes
present on both synthetic and pancreatic human insulins.

The autoreactivity against human insulin may develop by
several mechanisms. One possibility is that new determinants
may arise during antigen processing in vivo. It has been dem-
onstrated that accessory (non-T) cells can take up and degrade
antigen by a metabolically active process that requires lysozomal
enzymes (28, 29). The degraded antigen, potentially in the form
of peptides, is then reexpressed on the accessory cell surface in
association with Ia antigens for recognition by T cells (26). Stud-
ies with several defined proteins (ovalbumin, lysozyme, myo-
globin, and cytochrome c) demonstrate that the epitopes rec-
ognized on the accessory cell surface may not be in the native
molecule, but rather are a denatured or degraded form (24-26,
28). The response to the "denatured" A- and B-chain prepara-
tions seen in most subjects (Fig. 5 B and C) may represent rec-
ognition of similar denatured determinants that arise from an-
tigen processing of insulin. In addition, the preferential response
to zinc insulin (human or animal) over sodium insulin by some
subjects may indicate recognition of alterations in the molecule
induced by zinc. This hypothesis is also supported by the ob-
servation that few subjects respond to low doses of insulin where
the monomer is the predominant form. The responses at higher
doses in most subjects are consistent with recognition of deter-
minants found on dimers, hexamers, and other zinc-dependent
aggregates. In that insulin is stored in islets complexed with zinc
(2), it is interesting to speculate that the exposure to such de-
terminants during islet cell destruction may be responsible for
the anti-insulin antibodies found in association with the islet
cell inflammation of type I diabetes. Because free zinc ions in
sufficient concentration are mitogenic for T cells, an additional
adjuvant effect of zinc may also be postulated. In the preparations

used, however, zinc is internalized in complexes of insulin. Fur-
thermore, kinetics and ion concentration required for mitogenic
responses to free zinc are different than the response to insulin
(30 and unpublished observations). Antibody studies also support
the concept that immunoreactive determinants on the molecules
are present in zinc-dependent conformations (31, 32). In studies
with insulin antisera not only was zinc-free insulin shown to
have marked decreased immunologic activity at concentrations
where insulin was thought to be monomeric (31), but it was also
shown that addition of zinc restored immunologic activity (32).
Recognition of similar zinc-dependent immunogenic determi-
nants by human lymphocytes is one potential explanation for
the extensive cross-reactivity between human and animal in-
sulins.

In addition to alterations of the insulin molecule to produce
"neoantigenic" determinants, some of the reactivities with hu-
man insulin may be explained on the basis of cross-reactivities
at high concentrations of antigen. This assay system does not
permit us to distinguish cross-reactions from the combined re-
sponses of several clones. However, one subject with beef-pref-
erential responses did not show reactivity to the highest concen-
tration of human insulin (C.T., Table I), indicating that cross-
reactivity of beef insulin-specific T cells will not always be seen
with human insulin. This is further supported by the other sub-
jects in Fig. 4 who also respond to animal insulins without re-
acting to human insulin. More important, autoimmunity to hu-
man insulin may stem from recognition of "self" epitopes by
cells that escape normal immune regulation or tolerance mech-
anisms (18). Whereas this possibility is not easily tested using
species variants of insulin, some subjects were noted to require
the serine at position A9 for optimal responses to low doses of
beef insulin. This residue is also present in human insulin. The
hydroxyl group of this senine has been shown to contribute to
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immunogenic determinants recognized by some mice (33), and
may also be recognized by autoreactive T cells in humans. Similar
epitopes may be involved in the complex cellular regulation
recently shown in mice to control helper T cell generation for
insulin (18). These studies have recently been expanded to dem-
onstrate that murine helper T cells can be generated with au-
tologous insulin (Jensen, P. E., and J. A. Kapp, manuscript sub-
mitted for publication). This autoimmunity was detected when
immunoregulatory circuits were removed. Likewise, our studies
indicate the complexity of the human immune response to in-
sulin may be enormous, and treatment with heterologous insulin
may predispose to a more complex response by circumventing
normal regulatory events. Similar studies carried out on indi-
viduals treated only with human insulin would help contrast
the response with heterologous insulin and establish the role of
both processed antigenic determinants and zinc-induced changes
in immunogenicity. The detection of anti-insulin antibodies in
subjects treated only with human insulin (13, 14) suggests that
helper T cells recognizing human insulin can develop without
the use of animal insulins.

Our preliminary attempts to use serological HLA detection
to study the genetic contributions to these responses were dis-
appointing. Three subjects with the strongest responses to beef
insulin all had different DRtypes, and none had DR4 that was
previously reported to be statistically associated with the beef
response ( 12). Although serologic typing may identify statistical
associations with responsiveness in population studies, they are
not predictive in individuals. In view of the multiple epitopes
involved in the T cell responses, the racial mixture of our study
population, and the complexity of human Ia antigens, we cannot
justify the expense of serologic typing as a means to identify
genetic contributions to the response. Rather, our current ap-
proach is to develop T cell lines reactive with individual epitopes.
This will enable us to determine whether differences in the mag-
nitude of responses are due to different frequencies of responding
cells or to cross-reactivities of cells for different epitopes. Cell
lines can be used to determine the role of antigen processing in
the human T cell response to insulin. These lines can then be
used to determine whether restriction elements for different ep-
itopes are shared between individuals and may help identify
important mechanisms that regulate the immune response to
insulin in humans.
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