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Memory IgM protects endogenous insulin from
autoimmune destruction
Timm Amendt & Hassan Jumaa*

Abstract

The enormous diversity of antibody specificities is generated by
random rearrangement of immunoglobulin gene segments and is
important for general protection against pathogens. Since random
rearrangement harbors the risk of producing self-destructive anti-
bodies, it is assumed that autoreactive antibody specificities are
removed during early B-cell development leading to a peripheral
compartment devoid of autoreactivity. Here, we immunized wild-
type mice with insulin as a common self-antigen and monitored
diabetes symptoms as a measure for autoimmune disease. Our
results show that autoreactive anti-insulin IgM and IgG antibodies
associated with autoimmune diabetes can readily be generated
in wild-type animals. Surprisingly, recall immunizations induced
increased titers of high-affinity insulin-specific IgM, which
prevented autoimmune diabetes. We refer to this phenomenon as
adaptive tolerance, in which high-affinity memory IgM prevents
autoimmune destruction by competing with self-destructive anti-
bodies. Together, this study suggests that B-cell tolerance is not
defined by the absolute elimination of autoreactive specificities, as
harmful autoantibody responses can be generated in wild-type
animals. In contrast, inducible generation of autoantigen-specific
affinity-matured IgM acts as a protective mechanism preventing
self-destruction.
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Introduction

Self-tolerance is crucial for maintaining physiological integrity by

avoiding autoimmune reactions. Currently, central and peripheral

tolerance mechanisms are believed to control the B-cell antigen

receptor (BCR) repertoire during B-cell development thereby

preventing the generation or survival of self-reactive B cells (Good-

now et al, 1988; Nemazee & Buerki, 1989; Benschop et al, 2001).

It is assumed that autoreactive B cells are subjected to receptor

editing by secondary immunoglobulin (Ig) gene rearrangement that

removes the autoreactive specificity and enables the expression of

non-autoreactive BCR (Gay et al, 1993; Tiegs et al, 1993; Zhang

et al, 2003). B cells that fail to remove their autoreactivity are

subjected to clonal deletion by central tolerance mechanisms during

early B-cell development in the bone marrow (Nossal & Pike, 1978;

Nemazee & Buerki, 1989; Hartley et al, 1991; Wardemann et al,

2003). Self-reactive B cells that circumvent central tolerance and

migrate to the periphery are thought to undergo clonal anergy (pe-

ripheral tolerance) which is characterized by downmodulation of

IgM-BCR expression and supposed functional unresponsiveness of

the respective cells (Nossal & Pike, 1980; Goodnow et al, 1988;

Brink et al, 1992; Cyster et al, 1994; O’Neill et al, 2011).

However, the high expression level of IgD-BCR on the suppos-

edly anergic cells and the differences in responsiveness between

IgM and IgD-BCR suggest that IgD marks maturation and selective

B-cell responsiveness rather than anergy (€Ubelhart et al, 2015; Setz

et al, 2019). In addition, the finding that the vast majority of normal

serum IgM is autoreactive is not in agreement with the concept of

general elimination of autoreactive B cells by strict tolerance mecha-

nisms (Lobo, 2016). In fact, natural serum IgM plays important roles

in homeostasis but is polyreactive and thus possesses a self-

destructive potential (Grönwall et al, 2012). Conventionally, trans-

genic mouse models expressing a defined autoreactive BCR speci-

ficity were used in the presence or absence of cognate antigen to

investigate B-cell tolerance and the prevention of self-destructive

antibody responses (Goodnow et al, 1988, 1989; Nemazee & Buerki,

1989; Nemazee & B€urki, 1989; Hartley et al, 1991). However,

replacement of the germline configuration of the Ig genes by expres-

sion cassettes for high-affinity mutated autoreactive BCR creates an

abnormal situation for early B-cell development and results in an

unphysiologically monospecific repertoire (Goodnow et al, 1988;

Nemazee & B€urki, 1989; Hartley et al, 1991). Moreover, the studied

model autoantigens have no relevance to known autoimmune

diseases (Cooper & Stroehla, 2003; Suurmond & Diamond, 2015).

Therefore, there is urgent need for the development of physiologi-

cally relevant experimental models to study the mechanisms of

immune tolerance and autoimmune diseases.

Epidemiological studies show that up to 5% of the population in

industrialized countries suffers from autoimmune diseases such as

rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), or

diabetes type 1 (T1D) (Cooper & Stroehla, 2003). Notably, autoanti-

bodies are present in the vast majority of autoimmune diseases and
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often are the driving force for pathogenesis (Suurmond & Diamond,

2015).

We recently described that mature B cells are responsive to poly-

valent antigen, while monovalent antigen modulates this respon-

siveness (€Ubelhart et al, 2015; Setz et al, 2019) suggesting

alternative mechanisms for the control of self-reactive B cells and

how autoantibody responses are resolved. To investigate these

mechanisms, we selected a disease-related autoantigen (insulin) and

established a novel experimental system in wild-type mice. The

results uncover an unexpected mechanism of adaptive tolerance in

which autoantigen-specific high-affinity protective memory IgM

(PR-IgM) plays a pivotal role counteracting self-destructive antibody

responses.

Results

Polyvalent autoantigen induces autoreactive IgG

To avoid the usage of transgenic mice that artificially harbor

monospecific antigen-reactive B cells, we used wild-type mice with

a physiological BCR repertoire. Here, we selected native insulin and

insulin-related autoantigens as a physiologically relevant system for

autoimmune diseases. During biosynthesis in the pancreas, proin-

sulin is cleaved into the well-studied hormone insulin and the so-

called C-peptide (CP), which are both secreted into the bloodstream

(Fig 1A). In contrast to insulin, CP is less conserved between mouse

and man (Fig 1B). In addition, insulin is found in nanomolar

concentrations in the blood and plays pivotal roles in regulating

blood glucose levels and diabetes. In contrast, CP is barely detect-

able in the blood (picomolar concentrations) and has no clearly

reported physiological function (Zhu et al, 2016). Using full-length

CP or native insulin, we aimed at investigating autoreactive anti-

body responses toward an abundant, functionally important, and

highly regulated autoantigen (i.e., insulin) compared to a barely

detectable autoantigen lacking obvious physiological function (CP).

To this end, we used biotinylated full-length CP to generate poly-

valent antigen complexes (cCP) by incubation with streptavidin

(SAV). The non-complexed, soluble form of the CP (sCP) was used

as monovalent antigen. We injected wild-type mice with sCP, cCP to

test their potential to induce autoreactive antibody responses

(Fig 1C). Similar to control immunization (CI), sCP induced no

detectable IgG immune responses, whereas the polyvalent form cCP

induced IgG as measured at d14 and d28, respectively (Fig 1D). In

addition to ELISA experiments, a Western blot analysis was

performed to determine the specificity of the generated antibody

responses. The serum of mice immunized with cCP contained IgG

antibodies recognizing pancreatic Proinsulin (Appendix Fig S1). To

confirm the memory response against CP, we performed another

recall immunization at d42 using cCP again without adjuvant and

detected at d49 a robust IgG response against CP (Fig 1D). To con-

firm these findings, we performed ELISpot analysis to determine the

number of anti-CP-IgG secreting cells. In agreement with the serum

Ig results, the ELISpot experiments showed that mice immunized

with cCP possess increased numbers of IgG secreting cells (Fig 1E).

Together, these data show that antibody responses can be

directed against an autoantigen, that is, CP, suggesting that the

respective autoreactive B cells were neither clonally deleted by

central tolerance nor functionally silenced by anergy.

Native insulin induces autoreactive IgG responses

To test our hypothesis that autoreactive anti-insulin B cells are natu-

rally present in the periphery and are not deleted by central toler-

ance nor turned unresponsive by anergy, we generated polyvalent

insulin complexes (cInsulin) by incubating biotinylated native

insulin with streptavidin (Fig 1F). Importantly, the biotinylated

insulin used for the reported experiments is biologically active when

injected in monovalent form into mice as determined in our own

previous experiments.

Wild-type mice were injected with 10 µg of cInsulin and moni-

tored over time for the presence of anti-insulin antibodies in serum.

In parallel, we tested whether the immunized mice developed a

diabetes-like dysregulation of glucose metabolism by monitoring

glucose levels in blood and urine as well as signs of acute pancreati-

tis. We detected considerable amounts of anti-insulin IgG at d14 and

after booster immunization at d27 (Fig 1G). In order to exclude any

drastic effects of CpG that we used in initial injections, we

performed immunization experiments by injecting InsA-KLH on day

0 without CpG. The mice immunized without CpG showed a robust

anti-insulin IgM response (Appendix Fig S2A and B). To confirm the

ELISA results, we performed ELISpot analysis and detected

increased numbers of anti-insulin IgG secreting B cells in the spleen

of cInsulin-immunized mice (Fig 1H). Furthermore, we analyzed

spleens of mice immunized with cInsulin on day 5 after boost (d26).

We observed a drastic increase in the germinal center (GC) B-cell

▸Figure 1. Polyvalent native self-molecules induce robust autoreactive IgG responses in vivo.

A Schematic illustration of proinsulin-derived full-length C-peptide and insulin.
B Table comparing human to murine C-peptide amino acid sequences. Underlined: sequence used as peptide for immunization.
C Schematic immunization schedule.
D–H (D) Serum anti-C-peptide-immunoglobulins (coating: C-peptide) titers of mice immunized with cCP (n = 9 for d14 and d28; n = 5 for d49) and (G) anti-insulin-

immunoglobulins (coating: insulin) titers of mice immunized with complex native insulin (cInsulin, n = 5) and control-immunized (CI: CpG only, n = 3) measured
by ELISA at indicated days. Dots represent individual mice. Mean � SD, statistical significance was calculated by using Mann–Whitney U-test. (E, H) ELISpot assays
showing CP-specific IgG (n = 4 mice/group) (E) and insulin-specific IgG (n = 3 mice/group) (H) producing splenocytes at day 14. Top lane showing representative
images of wells. Mean � SD, statistical significance was calculated by using Mann–Whitney U-test, *P < 0.05, **P < 0.01. (F) Schematic illustration of native
insulin (cInsulin) and full-length C-peptide (cCP) tetrameric polyvalent complexes.

I Flow cytometric analysis of splenocytes of mice immunized with cInsulin or control immunization on day 26. Left and middle panel showing germinal center (GC)
B cells (GL-7+) pre-gated on B cells (CD19+ B220+). Right panel showing insulin-reactive GC B cells pre-gated on GL-7+ cells in a histogram. Data are representative
of two independent experiments with n = 4/group.
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population (GL-7+) in cInsulin-immunized mice as compared to the

control mice (Fig 1I). Interestingly, GC B cells of cInsulin-

immunized mice showed clear binding to native insulin (Fig 1I). In

contrast to polyvalent streptavidin, immunization with insulin

coupled to a monovalent streptavidin failed to induce antibody

responses suggesting that the foreign carrier is not required to

induce autoantibody responses and that the antigen valency is

essential for eliciting the autoimmune response (Appendix Fig S3A

and B).

Mice immunized with cInsulin showed substantial signs of

diabetes as measured by increased concentrations of blood glucose,

starting at d7 and continuing through d14 to d26 after booster

immunization (see below).

Together, these data show that regardless of concentration, anti-

body responses can easily be directed against autoantigens suggest-

ing that the respective autoreactive B cells are present in the

periphery and capable of generating autoimmune responses.

B cells are required for autoimmune diabetes induced by
polyvalent insulin

To test whether antibody production and thus B cells and autoanti-

bodies induce the elevated blood glucose levels, we injected 10 µg

cInsulin into B-cell-deficient, mb1-knockout mice (Hobeika et al,

2006) lacking the BCR component Iga, also known as CD79A

(Fig 2A). In contrast to wild-type animals, no increase in blood

glucose levels was observed in the B-cell-deficient mice suggesting

that the presence of B cells and autoantibody secretion are crucial

for the development of diabetes symptoms observed in wild-type

mice (Fig 2B). Moreover, the increase in blood glucose was accom-

panied by detectable glucose in the urine of wild-type mice injected

with cInsulin (Fig 2C). In agreement with diabetes development,

water consumption of wild-type mice injected with cInsulin dramati-

cally increased (Fig 2D). Due to the severity of diabetes symptoms,

we sacrificed the mice at day 26 and analyzed the pancreas and

spleen.

In contrast to control immunization, cInsulin-immunized mice

showed highly increased recruitment of macrophages (CD11b+),

neutrophils (Ly6G+), and B cells (CD19+) to the pancreas (Fig 2E).

Interestingly, increased recruitment of neutrophils has previously

been shown to be associated with severe pancreatitis (Yang et al,

2015). Moreover, IgG+ macrophages of mice immunized with

cInsulin showed augmented binding to native insulin (Fig 2E)

which supports autoantibody-mediated acute inflammatory

processes at the pancreas (Yang et al, 2015). In addition, characteri-

zation of inflammatory cytokines by bead arrays using pancreas

supernatants showed elevated levels of TNF-a and IL-12 in mice

immunized with cInsulin supporting the notion of acute pancreatitis

(Appendix Fig S4A and B). Consequently, the observed acute

pancreatitis triggered organ damage indicated by highly elevated

serum pancreatic lipase levels (Smith et al, 2005; Gomez et al,

2012) (Fig 2F). FACS analysis of the spleen showed no difference of

B cells between control immunization mice and those immunized

with cInsulin (Appendix Fig S5).

To show that the secreted insulin-specific IgG was responsible

for the diabetes symptoms, we performed IgG pulldown experi-

ments using serum from mice immunized with cInsulin or control

immunization (Fig 2G and H). Since the IgG purification may result

in dissociation of endogenous insulin from insulin-specific serum

IgG, we determined the anti-insulin binding capacity. Here, we

compared insulin binding of total IgG before and after purification

by pulldown. We found that a considerable amount of the IgG

isolated from cInsulin mice was reactive to insulin, which may

suggest that direct serum IgG measurements may not detect the

entire insulin-specific IgG due to masking of the antibody binding

sites by endogenous insulin (Fig 2G). To test the pathogenicity of

purified anti-insulin IgG, we injected equal amounts of IgG from

control immunization or mice immunized with cInsulin

▸Figure 2. Polyvalent native insulin induces autoreactive IgG responses and autoimmune diabetes in wild-type mice.

A Flow cytometric analysis of peripheral blood showing B cells (CD19+ Thy1.2-) and T cells (Thy1.2+ CD19-) of wild-type (left) and B-cell-deficient (right) mice. Cells were
pre-gated on lymphocytes. Representative of three independent experiments (n = 5/group).

B Blood glucose levels of cInsulin-immunized (red: WT, n = 5; yellow: B-cell-deficient, n = 5) and CI mice (gray, n = 8) were assessed at indicated days post-
immunization. Dots represent individual mice, mean � SD. Statistical significance was calculated by using repeated measure ANOVA test, ***P < 0.001,
****P < 0.0001.

C Urine glucose levels of cInsulin-immunized (red, n = 3 for d0, d26; n = 5 for d14) and CI mice (gray, n = 3) were monitored at indicated days post-immunization.
Upper panel showing visualization of glucose standard (top lane) and representative images of tested animals (middle and bottom lanes), respectively. Dots represent
individual mice, mean � SD. Statistical significance was calculated by using repeated measure ANOVA test, *P < 0.05.

D Water intake of cInsulin-immunized (n = 5) and CI mice (gray, n = 5) monitored from d21 to d26, mean � SD.
E Flow cytometric analysis of the pancreas of cInsulin-immunized (red) and CI mice (gray) at day 26. Upper panel showing pancreatic macrophages (CD11b+ Ly6G-),

neutrophils (Ly6G+ CD11b+), and B cells (CD19+) pre-gated on living cells (FVD-). Lower panel showing histograms for insulin binding (left) and streptavidin (SAV)-
binding (right). Representative of two independent experiments with n = 5/group. F: Serum pancreatic lipase titers of mice immunized with cInsulin (n = 5) or control
immunization (n = 4) measured by ELISA. Dots represent individual mice. Mean � SD, statistical significance was calculated by using Mann–Whitney U-test,
**P < 0.01.

F Serum pancreatic lipase titers of mice immunized with cInsulin (n = 5) or control immunization (n = 4) measured by ELISA. Dots represent individual mice.
Mean � SD, statistical significance was calculated by using Mann–Whitney U-test, **P < 0.01.

G Quantification of total (red) and insulin-specific (salmon) IgG after serum IgG purification of cInsulin-immunized mice via ELISA with n = 3/group (coating: anti-IgG).
Mean � SD, statistical significance was calculated by using Mann–Whitney U-test, *P < 0.05.

H Coomassie-stained SDS–PAGE showing purified serum IgG of cInsulin-immunized (red) and CI mice (gray) under reducing (+b-ME), and non-reducing conditions.
Representative of two independent experiments.

I Blood glucose levels of intravenously (i.v.) injected wild-type mice at indicated hours post-injection. 20 µg of purified serum IgG from cInsulin-immunized mice (red,
n = 6) or CI mice (gray, n = 5) was used for injection. Dots represent individual mice. Mean � SD, statistical significance was calculated by using repeated measure
ANOVA test, ***P < 0.001, ****P < 0.0001.

Source data are available online for this figure.
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intravenously into wild-type animals and monitored blood glucose.

We found that injecting total IgG containing 2 µg anti-insulin IgG

was sufficient to induce hyperglycemia in recipient mice suggesting

that anti-insulin-IgG neutralizes insulin thereby causing diabetes

symptoms (Fig 2I).

These data demonstrate that autoreactive B cells recognizing a

metabolism-regulating hormone are neither deleted nor functionally

silenced and can induce severe autoimmunity when the autoantigen

valency is shifted toward polyvalency.

Presence of monovalent autoantigen suppresses IgG
antibody responses

It is conceivable that the immune response toward polyvalent CP or

polyvalent cInsulin used in this study was affected by the presence

of endogenous monovalent counterparts. Therefore, we tested the

effect of combining the monovalent and polyvalent antigen forms in

immunization experiments.

To this end, we injected wild-type mice with sCP alone, cCP

alone, or combinations of both and monitored the generation of

autoreactive antibody responses over time. While the monovalent

sCP alone induced no detectable IgM or IgG responses, it modulated

the immune responses elicited by the polyvalent CP (cCP). In fact,

the IgG response at d14 was significantly reduced in mice immu-

nized with sCP:cCP ratio of 20:1 as compared to mice immunized

with only cCP (0:1) (Fig 3A). In contrast to IgG, CP-specific IgM was

slightly increased in mice immunized with sCP:cCP combination at

20:1 ratio (Fig 3A). Importantly, no difference was detected in the

IgG response against streptavidin (SAV) which was used to generate

polyvalent CP complexes (Appendix Fig S6).

These data suggest that soluble monovalent antigen modulates

the immune response and determines the IgG:IgM ratio of antibody-

secreting cells during immune responses. To confirm this conclu-

sion, we performed ELISpot analysis to determine the number of

IgG or IgM secreting cells in the spleens of the different groups

of mice. In agreement with the serum Ig results, the ELISpot

A B

C D

Figure 3. Ratios of monovalent to polyvalent autoantigen control the isotype composition of secreted antibodies.

A–D (A, C) Serum anti-C-peptide-immunoglobulins titers of mice immunized with CP (0:1 n = 10; 20:1 n = 5) (coating: C-peptide) and (D) anti-insulin-IgM titers of mice
immunized with complex insulin (cInsulin, n = 5) (coating: insulin) and control immunization (CI: CpG only, n = 3) measured by ELISA at indicated days. Dots
represent individual mice. Mean � SD, statistical significance was calculated by using Kruskal–Wallis test. (B) ELISpot assay showing CP-specific immunoglobulin
producing splenocytes at day 7 (left panel) and day 14 (right panel). Top lane showing representative images of wells. Dots represent individual mice (n = 4/group)
Mean � SD, statistical significance was calculated by using Kruskal–Wallis test, *P < 0.05, **P < 0.01, ***P < 0.001.
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experiments showed that mice immunized with a ratio of 20:1 of

sCP:cCP possess increased numbers of IgM secreting cells while the

numbers of IgG secreting cells were decreased as compared to mice

immunized with cCP (stated as sCP:cCP = 0:1) (Fig 3B).

Later challenge with the same antigen at d21 resulted in further

increase of CP-specific IgM at d28 in mice immunized with sCP:cCP

ratio of 20:1 while the IgG response was reduced in these mice as

compared with mice immunized with only with cCP, sCP:cCP ratio

of 0:1 (Fig 3C).

To further support the notion that the presence of endogenous

monovalent antigen augments antigen-specific IgM antibody

responses, we measured the IgM responses against polyvalent

cInsulin and observed an increased anti-insulin IgM response at d7

and d27 (Fig 3D).

In summary, the results show that B-cell responses are induced

by polyvalent antigen and modulated by monovalent counterparts

thereby regulating B-cell responsiveness and the isotype composi-

tion of generated antibody. This leads to a dynamic and pivotal B-

cell function that differs from the conventional view.

Insulin-derived epitope induces harmful IgG response

Since monovalent native insulin has a drastic effect on blood

glucose levels, we were not able to test combinations of polyvalent

and monovalent native insulin in immunization experiments.

However, to further confirm the presented findings we performed

immunization experiments using an insulin-A-chain-derived

peptide, referred to as InsA, which is a frequently reported epitope

targeted by human autoantibody responses (Padoa et al, 2005). We

coupled the selected peptide to the protein-carrier KLH to generate a

polyvalent antigen complex (cInsA) which was used in further

experiments either alone or in combination with the monovalent

peptide (sInsA). We found that InsA induced IgM and IgG autoanti-

body responses binding native insulin (Fig 4A). However, the poly-

valent cInsA alone (sInsA:cInsA ratio of 0:1) readily induced the

production of anti-insulin-IgG, whereas addition of soluble peptide

(sInsA:cInsA ratio of 100:1) resulted in significant reduction of

autoreactive IgG at d14 and, one week after boost, at d28 (Fig 4A).

Most likely, the amount of autoreactive anti-insulin IgG is higher

than detected in direct serum ELISA as anti-insulin-IgG bound to

endogenous insulin escapes detection as described above.

Notably, comparable IgM and IgG responses were observed

against the carrier protein KLH underlining the autoantigen-specific

effect of the monovalent InsA antigen on the suppression of IgG

responses induced by cInsA in the KLH-InsA complexes

(Appendix Fig S7A and B).

Moreover, the presence of soluble InsA resulted in robust

insulin-specific IgM production at d7 and d28, which was slightly

higher than in mice immunized with polyvalent cInsA alone (sInsA:

cInsA ratio of 0:1) (Fig 4A). Since insulin is present in high amounts

in the circulatory system, we conclude that the presence of endoge-

nous monovalent insulin modulates the immune response elicited

by cInsA, thereby leading to increased autoreactive IgM responses

as compared to IgG. Taken together, our data indicate that the ratio

of polyvalent to monovalent antigen is mirrored by the ratio of

antigen-specific IgG to IgM (c/l ratio) during memory responses

(Fig 4B).

Serum IgG of mice immunized with polyvalent peptide only

(sInsA:cInsA ratio of 0:1) readily detected native insulin in Western

blot analysis (Fig 4C), while serum IgG of mice immunized in the

presence of soluble peptide (sInsA:cInsA ratio of 100:1) was insuffi-

cient to clearly detect insulin (Fig 4C). In addition, ELISpot analysis

using splenic B cells from mice immunized with cInsA confirmed

the increased presence of anti-insulin IgG secreting cells in respec-

tive mice (Fig 4D).

To confirm that the increased anti-insulin IgG is associated with

harmful autoimmune responses, we tested whether mice immu-

nized with cInsA show signs of diabetes. One week after immuniza-

tion at d7, we found that both groups of mice immunized with

cInsA only (sInsA:cInsA ratio of 0:1), or combination of monovalent

and polyvalent cInsA (sInsA:cInsA ratio of 100:1) show increased

blood glucose as compared to control immunization (Fig 4E).

One week after booster immunization, however, increased blood

glucose was observed only in mice immunized with polyvalent InsA

(0:1 ratio of sInsA:cInsA) (Fig 4F). In addition, we tested whether

the glucose concentration was also increased in the urine. Indeed,

the increased autoreactive anti-insulin IgG led to detectable glucose

in the urine (Fig 4G). In contrast to IgG, no detectable signs of

▸Figure 4. Soluble insulin-A peptides modulate autoimmune responses.

A Serum anti-insulin-immunoglobulin titers of mice immunized with InsA peptide (red: 0:1, n = 10 and green: 100:1, n = 5) and control immunization (CI: CpG only,
gray, n = 3) measured by ELISA at indicated days (coating: insulin). Dots represent individual mice. Mean � SD, statistical significance was calculated by using
Kruskal–Wallis test, *P < 0.05, ***P < 0.001.

B Ratios of IgG to IgM derived from ELISA values plotted against molar ratios of antigens for n = 5/group. Mean � SD, statistical significance was calculated by using
Kruskal–Wallis test, *P < 0.05, ***P < 0.001.

C Western blot analysis of insulin-specific serum IgG derived from InsA peptide-immunized mice. Top panel (green): 100:1 serum, lower panel (red): 0:1 serum (sInsA:
cInsA). Serum of mice was used as primary antibody and detection was done with anti-mouse-IgG-HRP. Black filled arrow: Proinsulin (12 kD), Black non-filled
arrow: insulin (6 kD), b-actin (42 kD, loading control). Representative of two independent experiments.

D ELISpot of InsA peptide-immunized (red, n = 11) and CI mice (gray, n = 8) showing insulin-specific IgG-producing splenocytes on day 14. Representative wells are
shown (top lane). Mean � SD, statistical significance was calculated by using Mann–Whitney U-test, ****P < 0.0001.

E, F Blood glucose levels of InsA peptide-immunized (red: 0:1, n = 5 for E and n = 10 for F; green: 100:1, n = 5 and n = 4 for F, d30, d32) and CI (gray, n = 5 for E and
n = 10 for F) mice were assessed at indicated days. Dots represent individual mice. Mean � SD, statistical significance was calculated by using Kruskal–Wallis test
(E) and repeated measure ANOVA test (F), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

G Urine glucose levels of InsA-peptide-immunized (red: n = 10 for d28, d32 and n = 8 for d30; green: n = 5 for d28, n = 4 for d30, n = 3 for d32) and CI (gray, n = 3)
mice were monitored at indicated days post-immunization. Dots represent individual mice. For 100:1: representative data are shown for two independent
experiments with total n = 10. Mean � SD, statistical significance was calculated by using repeated measure ANOVA test, ***P < 0.001.

H Table comparing human to murine insulin-A-chain amino acid sequences. Underlined: sequence used as peptide.

Source data are available online for this figure.
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autoimmune diabetes were observed in mice immunized with 100:1

ratio and possessing increased amounts of autoreactive anti-insulin

IgM after booster immunization (Fig 4F, for IgM amount compare

Fig 4A).

FACS analysis of splenic B cells at d28 after immunization

suggests that InsA immunization resulted in an increase of B cells

with elevated amount of IgM (Appendix Fig S8A and B). Moreover,

mice immunized with cInsA only (sInsA:cInsA = 0:1) showed

increased number of macrophages in the pancreas which bound

autoreactive IgG as determined by the increased InsA peptide bind-

ing (Appendix Fig S8C). Similar results were observed in the spleen

(Appendix Fig S9).

Interestingly, InsA is highly conserved between mouse and man

(Fig 4H) and anti-InsA antibodies bind native insulin and are often

involved in human autoimmune diabetes (Padoa et al, 2005).

Therefore, this model might be of great use for investigating the

molecular mechanisms underlying autoantibody-driven diabetes

development and pancreatitis.

Together, our data suggest that increased ratio of complex poly-

valent autoantigen leads to increased amount of autoreactive IgG

and subsequent self-destructive autoimmune responses in wild-type

animals. In contrast, an increase in monovalent antigen results in

increased autoreactive memory IgM which seems to prevent self-

destructive immune responses.

Adaptive immune tolerance by autoreactive memory IgM

The data presented above suggest that high titers of memory anti-

insulin-IgM during secondary immune responses protect from

dysregulation of glucose metabolism and autoimmune diabetes in

mice immunized with InsA.

To test whether increased ratios of secondary autoreactive anti-

insulin-IgM counter the pathological effects on glucose metabolism

induced by autoreactive anti-insulin-IgG, we challenged the mice

initially immunized in the presence of monovalent InsA peptide

(sInsA:cInsA ratio 100:1) with polyvalent antigen cInsA at d51

(Fig 5A). This treatment usually induces autoimmune diabetes from

d7 to 28 (Appendix Fig S10A–C, d7 vs. d14). However, mice pre-

immunized in the presence of monovalent InsA peptide (sInsA:

cInsA ratio 100:1) showed no dysregulation of glucose metabolism

at d51 to 59 (Fig 5B and C). These mice produced autoreactive anti-

insulin-IgM but no anti-insulin IgG (Fig 5D and E). Our data suggest

that primary immunization in the presence of monovalent InsA

peptide (sInsA:cInsA ratio 100:1) induced adaptive tolerance against

the pathogenic immunization with polyvalent cInsA. Moreover,

these findings indicate that this unique tolerance mechanism creates

a novel class of memory responses by eliciting and maintaining the

production of protective regulatory IgM (PR-IgM).

We tested whether mice immunized with only cInsA (sInsA:

cInsA ratio 0:1) also developed adaptive tolerance by PR-IgM. While

mice immunized with 100:1 ratio were protected against diabetes

already at the first booster immunization by d21, mice immunized

with 0:1 ratio showed diabetes signs until d32 (Fig 4G). When these

mice were subjected to a second booster immunization at d42, they

showed weaker diabetes signs and reduced duration as compared to

the first booster immunization (Fig 5F, compare Fig 4G). In agree-

ment with the role of PR-IgM in preventing diabetes, we observed

elevated amounts of anti-insulin IgM and no detectable anti-insulin

IgG at d49, one week after booster immunization (Fig 5F). More-

over, the increased levels of PR-IgM also correlated with a decrease

in serum pancreatic lipase levels (Appendix Fig S11).

These data show that PR-IgM protects from destructive autoim-

mune responses and that the presence of monovalent autoantigen

accelerates the development of PR-IgM as compared with only

complex autoantigen.

Higher antigen affinity for memory anti-insulin-IgM

Our data suggest that an increased amount of insulin-reactive PR-

IgM as compared to insulin-reactive IgG is key for protection from

diabetes after booster immunization with InsA. To determine the

autoreactive IgG to IgM ratio required for protection, we plotted the

ratios of insulin-reactive IgG to IgM obtained from ELISA measure-

ments on a two-dimensional graph against blood glucose levels or

urine glucose levels. According to this analysis, the ratio of insulin-

reactive IgG to IgM must be below 0.1 (c/µ < 0.1) to avoid the

development of diabetes symptoms (Fig 6A).

Next, we addressed the question whether PR-IgM responses

resemble memory responses by providing long-term tolerance. To

this end, we monitored the decline of anti-insulin IgM levels over

time followed by anti-insulin recall responses (Fig 6B). We found

that anti-insulin IgM persists for weeks and that booster immuniza-

tion with cInsA at day 71 induces only IgM, but neither IgG nor

signs of dysregulated glucose metabolism in blood or urine (Fig 6B

and C, and Appendix Fig S10B and C). IgM memory responses are

associated with increase of antibody-affinity toward antigen which

can be monitored by determining the antibody binding capacity to

low-valence antigen as compared to high-valence counterpart

(Shimizu et al, 2004). Therefore, we performed ELISA experiments

using monovalent InsA (1) or polyvalent InsA (4) as antigen for

coating of ELISA plates. Increased binding to monovalent InsA indi-

cates increased affinity of the insulin-specific antibodies. Interest-

ingly, IgM generated after booster InsA immunization shows higher

anti-insulin affinity compared to the primary IgM collected on day 7

(Fig 6D). To further examine the role of autoreactive memory PR-

IgM generated during immune responses, we purified total IgM from

control immunization or InsA-immunized mice (Fig 6E). To confirm

that PR-IgM (d85) has an increased affinity to insulin, we performed

interferometric assays for affinity characterization (Kumaraswamy &

Tobias, 2015). We found that purified PR-IgM shows a highly

increased binding affinity to insulin compared to the primary IgM or

isotype control (Fig 6F).

When administered intravenously into na€ıve wild-type mice,

insulin-reactive memory PR-IgM from InsA-boosted mice, collected

at d85, showed no effect on blood glucose levels and behaved simi-

lar to control IgM suggesting that PR-IgM binds insulin without

inducing insulin depletion (Fig 6G). However, primary insulin-

reactive IgM, collected at d7, led to increased blood glucose levels

by 5 h after intravenous injection (Fig 6G).

Together, autoreactive memory PR-IgM does not induce dysregula-

tion in blood glucose levels despite its increased anti-insulin affinity.

Protective memory anti-insulin-IgM is monospecific

The results presented above point toward an unexpected fundamen-

tal difference between autoreactive primary IgM and PR-IgM. In fact,
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primary anti-insulin-IgM induced diabetes symptoms although

produced at much lower quantity as compared to memory PR-IgM

which possesses a higher insulin affinity but did not induce

pathology. To directly test the protective function of autoreactive

memory PR-IgM against destructive autoimmunity, mice were

immunized with cInsA alone or cInsA together with intravenous

A

C
D

E F

B

Figure 5. Monovalent insulin-A peptides induce immune tolerance via autoreactive memory IgM.

A Immunization scheme. *monitoring: diabetes symptoms observed (red bar).
B Blood glucose levels of InsA-peptide-immunized mice (n = 3) and CI (n = 7) mice were assessed at indicated days post-immunization. Dots represent individual

mice. Mean � SD, statistical significance was calculated by using repeated measure ANOVA test, all comparisons were not significant.
C–F (C, F) Urine glucose levels of InsA-peptide-immunized (n = 3) and CI (n = 3) mice were monitored at indicated days post-immunization. Dots represent individual

mice. Mean � SD, statistical significance was calculated by using repeated measure ANOVA test, *P < 0.05. (D, E) Serum anti-insulin-immunoglobulin titers of mice
immunized with InsA peptide (day 59, day 78: n = 3, day 49: n = 7) and control immunization (CI: CpG only, n = 3) measured by ELISA at indicated days (coating:
insulin). Dots represent individual mice. Mean � SD, statistical significance was calculated by using Mann–Whitney U-test (D) and repeated measure ANOVA test
(E). *P < 0.05, **P < 0.01.
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injections of 50 µg total IgM containing 5 µg of anti-insulin memory

PR-IgM every 48 h starting from d0 (Fig 7A and B). Interestingly,

the presence of insulin-specific PR-IgM mitigated autoimmune dysg-

lycemia and completely prevented glycosuria on day 7 as compared

to mice immunized with cInsA alone (Fig 7B). To exclude that PR-

IgM injections neutralized injected cInsA, we performed anti-carrier

(KLH) ELISA and found no difference in anti-KLH-IgM levels

between the two groups at day 7 (Appendix Fig S12). Similarly,

intravenous injections of anti-insulin PR-IgM together with total IgG

pulldown from cInsA immunized mice prevented hyperglycemia

induced by anti-insulin IgG in the pulldown (Fig 7C).

These data suggest that memory anti-insulin PR-IgM directly

prevents the depletion of insulin by primary anti-insulin IgM as well

as anti-insulin IgG thereby blocking diabetes development.

One explanation for the differences between the autoreactive

primary and memory PR-IgM might be that primary IgM is

polyreactive and might be produced by B1 B cells as a first line of

immune protection (Benedict & Kearney, 1999; McHeyzer-Williams,

2003; Lobo, 2016; Kreslavsky et al, 2018). Presumably, this polyre-

activity results in joint immune complexes with a high molecular

weight containing multiple autoantigens allowing elimination by

phagocytes thereby depleting the bound insulin. In contrast, autore-

active memory PR-IgM might be monospecific for autoantigen and

may therefore release the autoantigen after binding without forma-

tion of immune complexes. To test this, we analyzed the polyreac-

tive potential of primary IgM as compared to memory PR-IgM.

Anti-DNA ELISA (Fig 7D) and indirect immune fluorescence using

HEp-2 slides (Fig 7E) showed that in contrast to primary IgM,

memory PR-IgM is not polyreactive but specifically binds to insulin

(Fig 7D and E).

To show that anti-insulin IgM is specifically responsible for the

observed effects, we performed insulin-specific pulldown assays

◀ Figure 6. High-affinity memory IgM counteracts IgG-mediated self-destructive autoimmune responses in vivo.

A Ratios of IgG to IgM derived from ELISA values plotted on a two-dimensional graph against blood glucose levels (left panel) and urine glucose levels (right panel) for
n = 5/group. Central bands: median, boxes: interquartile range, whiskers: max./min., statistical significance was calculated by using Mann–Whitney U-test, **P < 0.01.

B Serum anti-insulin-IgM titers of mice immunized with InsA peptide with a c/µ ratio < 0.1 (black, n = 5) and CI (gray, n = 3) mice measured by ELISA at indicated
days (coating: insulin). Dots represent individual mice. Mean � SD, statistical significance was calculated by using repeated measure ANOVA test, *P < 0.05.

C Blood glucose levels of InsA-peptide-immunized mice (c/µ < 0.1, black, n = 5) and CI (gray, n = 6) mice were assessed at indicated days post-immunization with a
commercial blood glucose monitor device. Dots represent individual mice. Mean � SD, statistical significance was calculated by using Kruskal–Wallis test, all
comparisons were not significant.

D Insulin-specific IgM affinity maturation of InsA-peptide-immunized mice at indicated days was measured by ELISA. Ratios of IgM binding to InsA(1) and InsA(4)
(referring to molar antigen density) were calculated and plotted as relative units (n = 5 for d7, d28; n = 3 for d78). Dots represent individual mice. Mean � SD,
statistical significance was calculated by using repeated measure ANOVA test, **P < 0.01. Serum dilutions: 1:25.

E Coomassie-stained SDS–PAGE showing purified serum IgM of complex InsA-peptide (cInsA)-immunized and CI mice under reducing (+b-ME), and non-reducing
conditions. Representative of two independent experiments.

F Anti-insulin affinity of PR-IgM (blue), primary IgM (red), and isotype control (black) measured by bio-layer interferometry. IgM binding to insulin was acquired in pm
and used to calculate the dissociation constant shown in the graph (Kd = 1/Ka). Graph is showing antigen-antibody association phase. Data are representative for
three independent experiments.

G Blood glucose levels of intravenously injected mice with purified IgM from control immunization (CI, n = 5), complex InsA peptide (cInsA) immunization day 7 (total
IgM d7, n = 4) and day 85 (total IgM d85, n = 5). Mean � SD, statistical significance was calculated by using repeated measure ANOVA test showing comparison of
red to black line, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Source data are available online for this figure.

▸Figure 7. Differences in the affinity and specificity of primary versus memory IgM control autoimmune responses.

A Schematic illustration of immunization schedule with complex InsA peptides (cInsA) intraperitoneally and insulin-specific protective IgM (PR-IgM) in 48 h cycles
intravenously (i.v.). *monitoring: diabetes symptoms were only observed within cInsA only group.

B Blood and urine glucose levels of mice immunized with complex InsA peptides (cInsA) (red, n = 5) and cInsA plus intravenously injected (i.v.) pIgM (salmon, n = 5)
at day 7. Dots represent individual mice. Mean � SD, statistical significance was calculated by using Mann–Whitney U-test, *P < 0.05.

C Blood glucose levels of mice intravenously injected with total IgG pulldown of cInsA immunized mice (red, n = 4), or total IgG (cInsA) together with anti-insulin PR-
IgM (black, n = 4). Measurements were done 5 h post-intravenous injection. Data were collected from two independent experiments. Mean � SD, statistical
significance was calculated by using Mann–Whitney U-test, **P < 0.01.

D, F (D) Serum (dilution: 1:50) and (F) insulin-specific IgM (concentration: 500 ng/ml) tested for dsDNA (left panel, coating: calf thymus dsDNA) and insulin (right panel,
coating: insulin) reactivity measured by ELISA. Mice were immunized with cInsA and serum was collected on day 7 (D: n = 8, left; n = 5, right; F: n = 4) and day 85
(D: n = 4, left; n = 5, right, F: n = 4) post-immunization. Dots represent individual mice. Mean � SD, statistical significance was calculated by using Mann–
Whitney U-test, **P < 0.01, ****P < 0.0001.

E, G Anti-nuclear-IgM (ANA) of control-immunized (CI, n = 3) and complex InsA-peptide(cInsA)-immunized mice on day 7 (n = 3) and day 85 (n = 3) analyzed by
indirect immunofluorescence. We used (E) total serum (dilutions: 1:20) or (G) insulin-specific IgM (concentration: 500 ng/ml) purified from serum at indicated days
on commercial HEp-2 slides. Scale bar: 10 µm. Green fluorescence indicates IgM bound to nuclear structures. Data are representative for three independent
experiments with isotype control: n = 3, day 7: n = 3, day 85: n = 3.

H Coomassie-stained SDS–PAGE showing primary (cInsA d7) and memory (cInsA d85) insulin-specific purified IgM pre-incubated with insulin and calf thymus dsDNA.
Samples were loaded onto the gel after size exclusion with a cut-off at 10,000 kD (fractions referring to >/< 104 kD). IgM heavy chain (HC): 69 kD, IgM light chain
(LC): 25 kD, J-chain: 15 kD. Data shown are representative of three independent experiments.

I Blood glucose levels of mice intravenously injected with either IgM isotype ctrl (n = 6), anti-insulin PR-IgM (d85, n = 5), anti-insulin primary IgM (d7, n = 4) after
insulin-specific pulldown. Mean � SD, statistical significance was calculated by using repeated measure ANOVA test showing comparison of red and black line,
***P < 0.001, ****P < 0.0001.
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using sera from InsA-immunized mice. The pulldown resulted in

pure insulin-specific IgM as revealed by Western blot analysis. We

blotted insulin-specific purified IgM onto membranes and examined

the presence of IgM and IgG heavy chains. As expected, we could

only detect IgM heavy chains indicating an IgG-free pulldown

(Appendix Fig S13A). We also performed anti-DNA ELISA (Fig 7F,

Appendix Fig S13B) and indirect immune fluorescence on HEp-2

slides (Fig 7G) using purified primary anti-insulin IgM or memory

anti-insulin PR-IgM. The results confirm the finding that in contrast

to primary IgM, purified anti-insulin PR-IgM is not polyreactive and

specifically binds to insulin (Fig 7F and G). In addition, we

performed ELISA-based competition assays by using soluble dsDNA

as competitor. The results show that dsDNA is able to heavily inter-

fere with primary IgM binding to insulin, but has only a slight inter-

fering effect on PR-IgM (Appendix Fig S14). These results support

the notion that PR-IgM is monospecific to insulin, whereas primary

IgM remains polyreactive.

To directly test the hypothesis that primary anti-insulin IgM

forms large immune complexes whereas PR-IgM does not, we incu-

bated anti-insulin primary IgM or PR-IgM with insulin and DNA and

determined the formation of immune complexes using size exclu-

sion spin columns. In contrast to PR-IgM, we found that primary

anti-insulin IgM forms mainly large complexes of > 104 kD (Fig 7H).

To show that the purified primary anti-insulin IgM is responsible for

the dysregulation of glucose metabolism, we injected 5 µg of puri-

fied anti-insulin primary IgM or PR-IgM intravenously and moni-

tored blood glucose. In contrast to PR-IgM, we observed a vigorous

increase in blood glucose after injection of purified primary anti-

insulin IgM (Fig 7I). Interestingly, the increase in blood glucose

emerged faster after injection of purified anti-insulin primary IgM as

compared to total primary IgM (compare Fig 6G with Fig 7I).

In summary, these data suggest that increased specificity to

autoantigen is important for autoreactive memory PR-IgM to be

protective during immune responses (graphical abstract). Moreover,

the induced generation of autoreactive PR-IgM is most likely a criti-

cal step in B-cell tolerance.

Discussion

A critical aspect for understanding autoreactive immune responses

is the design of experimental systems that resemble physiological

situation. A key characteristic of the present study is the use of

wild-type animals expressing a normal B-cell repertoire combined

with insulin as a widely studied autoantigen which regulates

glucose metabolism (Tokarz et al, 2018). Moreover, anti-insulin

antibodies represent an essential part of the diabetes mellitus meta-

bolic disorder characterized by high blood glucose and associated

complications (Uchigata et al, 1994, 2010; Pavithran et al, 2016; Hu

& Chen, 2018). Thus, in contrast to transgenic mouse models

expressing monospecific transgenic BCRs and cognate antigen, our

experimental system uses a physiological B-cell repertoire in wild-

type mice and a disease-related autoantigen.

Notably, the diabetes symptoms used as readout for the genera-

tion of anti-insulin antibodies are similar to exogenous insulin anti-

body syndrome (EIAS), which is a clinical syndrome associated

with insulin antibodies induced by exogenous insulin in diabetic

patients (Hu & Chen, 2018). Indeed, about half of the patients

receiving insulin during diabetes therapy acquire anti-insulin anti-

bodies that are associated with unpredictable phases of glucose

metabolism dysregulation referred to as dysglycemia (Berson et al,

1956; Uchigata et al, 1994; Lahtela et al, 1997; Hu & Chen, 2018). In

agreement with our data, the most abundant class of anti-insulin

antibodies in EIAS patients is IgG (Fineberg et al, 2005) and these

autoantibodies are sufficient for induction of insulin resistance

(Ganz et al, 1990; Asai et al, 2003; Koyama et al, 2005). On the

other hand, it has also been observed that some anti-insulin anti-

bodies seem to act as carrier that bind to insulin and prolong its

action in a kind of “reservoir-like” effect (Hu & Chen, 2018). It is

tempting to speculate that the protective anti-insulin IgM discovered

in our experiments serves as carrier that releases endogenous

insulin in controlled manner and at the same time prevents IgG

binding and subsequent destruction. Thus, understanding the func-

tion of protective anti-insulin IgM may not only help to protect

endogenous insulin but might also lead to optimized release of the

substituted insulin via the reservoir function.

The current results reveal an unexpected regulatory role of

soluble monovalent antigen. Although by itself unable to mount

considerable antibody responses, monovalent antigen modulates

immune responses induced by multivalent antigen toward the

generation of IgM. This occurs at the expense of IgG, and since

autoreactive IgG is a hallmark of autoimmune diseases, monovalent

antigen might prevent the outbreak of autoimmune diseases by

shifting the immune responses toward protective IgM. Together

with previous findings suggesting that IgD-BCR controls the respon-

siveness of mature B cells by sensing the antigen valency, it is

conceivable that monovalent antigen modulates B-cell responsive-

ness and IgG antibody generation via the IgD-class BCR (€Ubelhart

et al, 2015). As a consequence, autoimmune diseases might develop

when the ratio of autoantigen complexes exceeds a distinct thresh-

old which then leads to increased autoreactive IgG as compared to

IgM. In fact, our data show that an increased ratio of multivalent to

monovalent antigen is associated with increased ratio of IgG to IgM

in the immune responses. This relationship is independent of

whether the antigen is self-derived or foreign. Therefore, anti-

insulin autoantibodies of IgM and IgG type were easily generated in

wild-type mice after injection of insulin complexes suggesting that

autoreactive B cells recognizing insulin are present in the periphery.

Similarly, B cells recognizing the C-peptide, as an example for low-

abundance autoantigen, are also present and induce specific autoan-

tibodies upon encountering multivalent C-peptide. This suggests

that the peripheral repertoire of B cells of wild-type animals contains

autoreactive specificities for most likely every autoantigen. These

autoreactive B cells are regulated by the relative amounts of antigen

forms as shown for insulin in this study. The resulting model has

fundamental consequences for B-cell selection, antibody responses

after vaccination, B-cell tolerance, and control of harmful autoim-

mune responses. By proposing a dynamic regulation of B-cell

responses including the inducible production of autoantigen-specific

protective IgM, this model questions the central B-cell tolerance

concept, which suggests that the elimination of autoreactive B-cell

specificities in early stages of development is crucial for avoiding

harmful autoreactive responses (Goodnow et al, 1988, 1989;

Nemazee & Buerki, 1989; Nemazee & B€urki, 1989; Hartley et al,

1991; Brink et al, 1992). Given the ample generation of autoreactive

antibodies and the protective role of autoreactive IgM shown here,
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it is likely that a highly diverse autoreactive primary B-cell reper-

toire is essential for the unrestricted generation of protective IgM to

control harmful autoimmune responses. This might explain why

immune deficiencies are often associated with autoimmune diseases

as deficiencies might interfere with the generation of a diverse B-cell

repertoire (Gupta & Gupta, 2017). According to this scenario, the

secondary rearrangements of the immunoglobulin genes including

receptor editing represent mechanisms that expand the B-cell reper-

toire and thus the ability to manage the potential changes in foreign

or self-antigen. The important role of autoreactive B-cell specificities

for B-cell development is exemplified by the autoreactive behavior

of the precursor-BCR, which is expressed on developing early B cells

(Köhler et al, 2008; Herzog & Jumaa, 2012).

A diverse B-cell repertoire ensures the generation of protective

IgM to the same degree of diversity as that of generating pathogen-

specific antibodies. The main difference is that IgG isotypes are

characteristic for effective, long-term, pathogen-specific antibody

responses. Interestingly, our data demonstrate that protective IgM is

induced by recall immunizations and shows affinity maturation

typical for memory responses. Therefore, it is likely that the control

of destructive autoimmune reactions involves the inducible genera-

tion of autoreactive IgM as part of an adaptive tolerance memory

that prevents self-destructive responses. Consequently, it is reason-

able to consider the generation of memory IgM as important sign of

autoreactive processes as compared with memory IgG as a standard

indication for efficient pathogen-specific immunizations. These

characteristics might be of great importance for vaccination strate-

gies as increased ratio of memory IgM may be indicative of autoim-

mune processes. Given the autoreactive potential of B cells shown

here and the possibility that certain individuals under yet unknown

conditions cannot produce protective IgM and can therefore not

control the autoimmune processes, determining the ratio of memory

IgM and IgG might be a crucial step for vaccine design and assess-

ment of vaccination results.

Thus, our study has important consequences for vaccine

design and application as the development of vaccines relies on

the current model of B selection proposing that central tolerance

mechanisms remove most autoreactive B-cell specificities resulting

in a peripheral B-cell repertoire mostly devoid of autoreactive

potential. Accordingly, the proposed absence of autoreactive

specificities would prevent vaccines from inducing autoreactive

responses. However, our finding that the normal peripheral B-cell

repertoire is capable of inducing broad autoreactive responses

suggests that caution is required when designing and applying

new vaccines.

Similarly, the use of sulfhydryl group-containing drugs was

reported to be associated with dysglycemia and the development

of anti-insulin autoantibodies (Wintersteiner, 1933; Pavithran

et al, 2016). According to our data, it is conceivable that

sulfhydryl-groups cause complex formation, possibly by mediating

disulfide bonds, of autoantigens including insulin thereby trigger-

ing autoreactive B cells to produce insulin-specific antibodies.

Given the autoreactive potential of normal B cells, medications,

nutrients, protein degradation or cell death might contribute to

the formation of autoantigen complexes and thus induce autoreac-

tive responses.

Notably, natural IgM produced by B1 cells has been proposed to

play a protective role in other human diseases associated with

immune cell activation (Shapiro-Shelef & Calame, 2005; Cantrell,

2015) by altered self-structures. In arthrosclerosis for instance, natu-

ral IgM is proposed to bind to oxidized self-structures thereby

preventing the activation of innate immune cells and the subsequent

inflammation (Benedict & Kearney, 1999; Amir et al, 2012; Tsian-

toulas et al, 2012). However, in contrast to the protective memory

IgM described here, natural antibodies are produced in the absence

of previous exposure to antigen and do not undergo affinity matura-

tion as they usually lack mutations in their Ig genes (Nakamura

et al, 1988).

The anti-insulin protective IgM (PR-IgM), which is produced

during secondary responses, is likely to be memory IgM for several

reasons. First, serum titers of anti-insulin IgM were greatly

increased after boost immunization, which is typical of a memory

response (Weill & Reynaud, 2020). Second, antigen affinity of IgM

was increased from primary (d7) to secondary (d28) immune

responses after the first boost at d21 and was maintained for long

time after immunization. Third, the number of IgM+ insulin-reactive

B cells was considerably increased compared at d85 as compared

with d7. Fourth, IgM on d85 is not polyreactive, and therefore, it is

unlikely that PR-IgM is produced by recall primary responses which

are clearly polyreactive according to our data.

The primary IgM, which induces diabetes symptoms in our

study, most likely belongs to natural antibodies suggesting that

polyreactive IgM may also induce harmful autoimmune responses.

Currently, it is unclear how the high-affinity anti-insulin memory

IgM protects insulin from removal by IgG or primary low-affinity

IgM. It is possible that low-affinity anti-insulin IgM, due to reduced

specificity for insulin, binds other autoantigens leading to higher

molecular weight immune complexes that are bound and digested

by phagocytes. Anti-insulin IgM possessing high specificity might

prevent this scenario. Thus, an important consequence of the

present study is the opportunity of inducing or restoring immune

tolerance by characterization of the involved autoantigen and the

affinity of antibody binding. Using insulin as an example for a

common autoantigen shows that the ratio between monovalent anti-

gen and complex multivalent antigen is crucial for regulating

immune responses. Shifting the balance of autoantigen toward

multivalent forms leads to autoreactive IgG antibodies associated

with autoimmune diseases (Kaneko et al, 2006).

The induction of protective autoreactive memory IgM (PR-IgM)

by ratios of soluble and complex antigen prevents the development

of autoreactive IgG causing harmful autoreactive responses. It is

conceivable that this process protects soluble as well as membrane-

bound autoantigens, thereby preventing autoimmune targeting and

destruction of respective cells/autoantigens. Based on molecular

characterization of the self-structures involved in autoimmune

diseases, the regulated induction of protective IgM might provide a

new concept for the treatment of already manifest autoimmune

diseases or for preventing their development.

Taken together, this study is a paradigm shift from a static model

of B-cell development, in which absolute selection mechanisms are

proposed to prevent initial generation of autoreactive specificities,

toward a dynamic model of development, in which immune

responses are regulated by relative amounts of antigen forms and

antibody isotypes allowing an unrestricted potential of adaptive

immune responses that are regulated by adaptive tolerance

memory.
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Materials and Methods

Mice

Eight- to 12-week-old female C57BL/6 mice and female B-cell-

deficient mice (Hobeika et al, 2006) were immunized intraperi-

toneally (i.p.) with a mixture of 13–50 µg antigen with 50 µg CpG-

ODN1826 (Biomers) in 1× PBS for the first injection. Following

injections (boosts) were done without CpG-ODN1826. Control

immunization (CI) mice received PBS and CpG-ODN1826

(50 µg/mouse). Long-term immune responses of immunized mice

were monitored up to an age of over 30 weeks. Native biotinylated

murine insulin was purchased from BioEagle. Animal experiments

were performed in compliance with license 1,484 for animal testing

at the responsible regional board T€ubingen, Germany. All mice used

in this study were bred and housed within the animal facility of Ulm

University under specific-pathogen-free conditions or obtained from

Jackson at the age of 6 weeks.

Peptides

C-Peptide peptides (RoyoBiotech, Shanghai) and insulin peptides

(Peptides & Elephants, Berlin) were dissolved according to their

water solubility in pure water or 1% Dimethylformamide (DMF).

For covalent coupling of peptides to key hole limpet hemocyanin

(KLH), a N-terminal cysteine was added. Coupling of peptides to

streptavidin (SAV, Thermo Scientific) was done by addition of biotin

to the N-terminus. The C-terminus was left unmodified with an OH-

group for better handling.

Flow cytometry

Cell suspension was Fc-receptor blocked with polyclonal rat IgG-

UNLB (2,4G2; BD) and stained according to standard protocols.

Biotin-conjugated peptides/antibodies were detected using strepta-

vidin Qdot605 (Molecular Probes; Invitrogen). Viable cells were

distinguished from dead cells by usage of Fixable Viability Dye eFlu-

or780 (eBioscience). Cells were acquired at a Canto II Flow Cytome-

ter (BD). If not stated otherwise numbers in the dot plots indicate

percentages in the respective gates whereas numbers in histograms

state the mean fluorescence intensity (MFI).

Antibody specificity, conjugate, clone, supplier catalog number,

dilution: anti-CD45R/B220 (PE-Cy7 RA3-6B2 Invitrogen, 25045282,

1:200); Anti-CD19, (PerCP-Cy5.5, 1D3, BD Biosciences, 551001,

1:200); Anti-CD11b (FITC, M1/70, BD Biosciences, 557396, 1:200);

Anti-IgD (Biotin, southern Biotech, 1120-08, 1:300); Anti-IgG (APC,

Poly4053, BioLegend, 405308, 1:400); Anti-IgM (eFluor 450, eB121-

15F9, Invitrogen, 48-5890-82, 1:300); streptavidin (Qdot 605, Invit-

rogen, Q10001MP, 1:400); Anti-CD138 (PE, 281-2, BD Biosciences,

553714, 1:300); Anti-CD23 (PE, B384, BD Biosciences, 553139,

1:300); Anti-Ly6G (PE-Cy7, 1A8, BD Biosciences, 560601, 1:200);

Anti-CD16/CD32 (Unlabeled, 2.4G2, BD Pharmingen, 553142,

1:100); Anti-GL-7 FITC (09054D, BD Biosciences, 553666, 1:100).

Enzyme-linked immunosorbent assay (ELISA)

A 96-Well plates (Nunc, MaxiSorp) were coated either with, native

insulin (Sigma-Aldrich, Cat. 91077C), streptavidin (Thermo Scientific,

Cat. 21125), or calf thymus DNA (Thermo Scientific, Cat.15633019),

with 10 µg/ml, or anti-IgM, anti-IgG-antibodies (SouthernBiotech).

Loading with a biotinylated peptide (2.5 µg/ml) of SAV-plates and

blocking was done in 1% BSA blocking buffer (Thermo Fisher).

Serial dilutions of 1:3 IgM or IgG antibodies (SouthernBiotech) were

used as standard. The relative concentrations stated as arbitrary unit

(AU), were determined via detection by Alkaline Phosphatase (AP)-

labeled anti-IgM/anti-IgG (SouthernBiotech), respectively. The p-

nitrophenylphosphate (pNPP; Genaxxon) in diethanolamine buffer

was added and data were acquired at 405 nm using a Multiskan FC

ELISA plate reader (Thermo Scientific). All samples were measured

in duplicates.

For analysis of affinity maturation, results from plates coated

with either peptide (1) or peptide (4) were calculated by dividing

peptide (1) by peptide (4). Thus, results were stated as relative units

[RU] within the figures.

For determination of serum levels of pancreatic lipase (PL), we

used a mouse PL kit (MyBioSource, MBS733780) according to the

manufacturer’s protocol.

Antibody specificity, host/isotype, conjugate clone, class,

supplier catalog number, dilution: anti-mouse IgM (Goat, IgG, Unla-

beled, polyclonal, SouthernBiotech, 1020-01); anti-mouse IgG (Goat,

IgG, Unlabeled, polyclonal, SouthernBiotech, 1030-01); Mouse IgM

(Unlabeled, polyclonal, SouthernBiotech, 0101-01); Mouse IgG

(Unlabeled, polyclonal, SouthernBiotech, 0107-01); anti-mouse IgM

(Goat, AP, polyclonal, SouthernBiotech, 0120-04); anti-mouse IgG

(Goat, AP, polyclonal, SouthernBiotech, 0130-04).

Enzyme-linked immuno-spot assay (ELISpot)

Total splenocytes were measured in triplicates with 300,000 cells/

well. ELISpot plates were pre-coated with either native insulin

(Sigma-Aldrich, Cat. 91077C), or C-peptide (RoyoBiotech). After

12–24 h incubation of the cells at 37°C, antigen-specific IgM or IgG

was detected via anti-IgM-bio:SAV-AP or anti-IgG-bio:SAV-AP

(Mabtech). Handling of the plates and antibody concentrations was

done according to the manufacturer’s recommendations.

HEp-2 slides and fluorescence microscopy

HEp-2 slides (EUROIMMUN, F191108VA) were used to asses reac-

tivity of serum IgM or insulin-specific IgM to nuclear antigens

(ANA). Sera of insulin-A-peptide-immunized mice on days 7 and 85

post-immunization were diluted to an equal concentration of IgM

(approx. 500 ng/ml anti-Insulin-IgM in each sample) and applied

onto the HEp-2 slides. Anti-IgM-FITC (eBioscience, Cat. 11-5790-81)

was used for detection of ANA-IgM. Stained HEp-2 slides were

analyzed using fluorescence microscope Axioskop 2 (Zeiss) and

DMi8 software (Leica).

Monitoring of blood and urine glucose levels

Assessment of urine glucose levels was done using Combur 10 M

Test stripes (Roche Diagnostics, Mannheim). Sterile stripes were

used during daily mouse handling and the displayed color change

after testing was compared to the manufacturer’s standard of

glucose levels in mmol/l. AccuCheck (Roche Diagnostics,

Mannheim) blood glucose monitor was used to measure blood
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glucose levels of mice. Blood was taken from the tail vein from

ad libitum fed mice and transferred onto sterile test stripes. Glucose

levels were measured in mmol/l at days stated in the figures for

each mouse per group. Control mice were tested with immunized

littermates and measured at similar times of the day.

SDS–PAGE, Coomassie, and Western blot

Organs were taken immediately after sacrifice and lysed in RIPA

buffer containing protease and phosphatase inhibitors (50 mM Tris–

HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM

NaCl, 1 mM EDTA (pH 8)), 1 mM sodium orthovanadate, 1 mM

NaF, protease inhibitor cocktail (Sigma-Aldrich). Samples were

separated on 10–20% SDS–polyacrylamide gels and either blotted

onto PVDF membranes (Millipore) or incubated with Coomassie

(Coomassie brilliant blue R-250, Thermo Fisher) for 45 min and

subsequently de-stained. Membranes were blocked for 1 h at room

temperature in 5% BSA PBS with constant agitation. Primary anti-

bodies were diluted in 5% BSA PBS (BIOMOL Research Laborato-

ries). Secondary antibodies were diluted in 5% BSA PBS.

Development of the membrane and recording of the data were done

with an optical system Fusion SL (Vilber).

Antibody specificity, host/isotype, conjugate, clone, class,

supplier catalog number, dilution: anti-mouse-IgG (IgG1, HRP,

Human, cell signaling, 7076 1: 10,000); anti-beta-actin (IgG, Rabbit,

D6A8, cell signaling, 8457, 1:500); anti-rabbit-IgG (IgG, Goat, cell

signaling, 7074, 1:10,000).

Pulldown of total serum immunoglobulins

Sera of immunized mice were taken immediately after euthanasia

and either IgM or IgG were purified. Removal of antigen bound to

antibodies was achieved by repeated freeze-thaw cycles of the

serum and pH-shift during elution (Reverberi & Reverberi, 2007).

For IgG protein G sepharose beads (Thermo Fisher) were used

according to the manufacturer’s protocol and dialyzed overnight in

10 times sample volume in 1× PBS. For IgM, HiTrap IgM columns

(GE Healthcare, Sigma-Aldrich) were used according to the manu-

facturer’s protocol and dialyzed overnight in 10 times sample

volume 1× PBS. Quality control of the isolated immunoglobulins

was addressed via SDS–PAGE and Coomassie and the amount of

insulin-specific immunoglobulins determined via ELISA. Finally,

20–50 µg (1–10 µg insulin-specific-Ig) were injected intravenously.

Isolation of insulin-specific serum immunoglobulins

Sera of cInsA (complex insulin-A peptide) and control-immunized

mice were taken immediately after euthanasia and prepared for

insulin-specific immunoglobulin isolation. Streptavidin bead

columns (Thermo Scientific, Cat. 21115) were loaded with 10 µg

bio-insulin (BioEagle). The sera were incubated for 90 min at

room temperature to ensure binding of insulin-specific antibodies

to the beads. Isolation of the insulin antibodies was done by pH-

shift using the manufacturer’s elution and neutralization solutions.

Quality of the isolated immunoglobulins was examined via

Coomassie and Western blot analysis using anti-IgM heavy chain

(Thermo Scientific, Cat. 62-6820) and anti-IgG heavy chain (Cell

Signaling Technologies, Cat. 7076) antibodies. For further in vivo

experiments, the isolated antibodies were dialyzed overnight (see

above).

Bio-layer interferometry (BLI)

Bio-Layer Interferometric assays (BLItz device, ForteBio) were used

to determine the affinity of antigen-antibody interactions (Kumaras-

wamy & Tobias, 2015). Here, we used insulin-specific IgM (see

isolation of insulin-specific immunoglobulins) and insulin-bio

(Thermo Fisher) as target. Targets were loaded onto streptavidin

biosensors (ForteBio). Binding affinities of IgM to insulin were

acquired in nm. Subsequently, the calculated affinity value (Ka) was

used to determine the dissociation constant (Kd): Kd = 1/Ka. Follow-

ing protocol was used: 30-s baseline, 30-s loading, 30-s baseline,

240-s association, 120-s dissociation. For buffering of samples,

targets, and probes, the manufacturer’s sample buffer (ForteBio)

was used.

Flow Cytometric Bead Array for mouse inflammatory cytokines

To determine pancreas supernatant inflammatory cytokine levels of

mice immunized with cInsulin or control immunization, we

performed a BD Cytometric Bead Array (Mouse Inflammation, BD

Biosciences, Cat.: 552364, Lot.: 005197). Samples were diluted

according to the manufacturer’s protocol. IL-12p70, TNF-a, IFN-c,
MCP-1, IL-10, and IL-6 APC-labeled beads were used together with

PE-labeled detector reagent. The assay was measured at a FACS

Canto II and analyzed via FlowJo10 software. Relative cytokine

levels correlate to the mean fluorescence intensity of each cytokine

bead within the PE channel.

Statistical analysis

Graphs were created and statistically analyzed by using GraphPad

Prism (version 6.0h) software. The numbers of individual replicates

or mice (n) are stated within the figure or figure legends. Data sets

were analyzed by D’Agostino & Pearson omnibus normality test

and/or Shapiro–Wilk normality test in GraphPad Prism software to

determine whether they are normally distributed. If one of the data

sets was not normally distributed or the sample number n was too

small to perform the normality tests, non-parametric tests were used

to calculate P-values. Statistical tests used to calculate P-values are

stated within the figure legends. P-values > 0.05 were considered to

be statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001,

****P < 0.0001).

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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