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Abstract There are several pieces of evidence indicating
that Mycobacterium avium subspecies paratuberculosis
(MAP) infection is linked to type 1 diabetes (T1D) in
Sardinian patients. An association between MAP and T1D
was recently observed in an Italian cohort of pediatric T1D
individuals, characterized by a different genetic back-
ground. It is interesting to confirm the prevalence of anti-
MAP antibodies (Abs) in another pediatric population from
continental Italy, looking at several markers of MAP pre-
sence. New-onset T1D children, compared to age-matched
healthy controls (HCs), were tested by indirect enzyme-
linked immunosorbent assay for the presence of Abs
toward the immunodominant MAP3865¢/ZnT8 homo-
logues epitopes, the recently identified C-terminal
MAP3865c¢,31_257 epitope and MAP-specific protein MptD.
Abs against MAP and ZnT8 epitopes were more prevalent
in the sera of new-onset T1D children compared to HCs.
These findings support the view that MAP3865c/ZnT8
cross-reactivity is involved in the pathogenesis of T1D, and
addition of Abs against these peptides to the panel of
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existing TID biomarkers should be considered. It is
important now to investigate the timing of MAP infection
during prospective follow-up in at-risk children to eluci-
date whether Ab-titers against these MAP/ZnT8 epitopes
are present before T1D onset and if so if they wane after
diagnosis.

Keywords Mycobacterium avium subsp.
paratuberculosis - New-onset type 1 diabetes - Pediatrics -
Zinc transporter 8

Introduction

Type 1 diabetes (T1D) is one of the most frequent auto-
immune diseases, characterized by a T cell-mediated
destruction of insulin-secreting pancreatic B-cells. T1D
results from the interaction of multiple gene variants and
environmental factors, albeit the environmental factors
remain poorly defined [1, 2]. Even before the clinical
recognition of T1D, autoantibody responses against islet
cell proteins for instance (pre—pro)insulin, glutamic acid
decarboxylase-65 (GAD65), islet-associated antigen-2 (IA-
2) and the zinc transporter 8 (ZnT8) become detectable
providing indeed a system for disease prediction in healthy
individuals with a susceptible genetic background [3].
Anderson et al. [4] recently reported that autoantibodies to
either one or all three ZnT8 amino acid variants at position
325 (ZnT8RWQA) were found in 65 % of the children
recently diagnosed with T1D, thus reducing by 2.8 % the
frequency of autoantibody-negative patients previously
tested for antibodies (Abs) to GADG65, IA-2, insulin and
islet cell cytoplasm (ICA). There are several pieces of
evidence suggesting that Mycobacterium avium subspecies
paratuberculosis (MAP) infection is somehow linked to
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both T1D and multiple sclerosis in the Sardinian popula-
tion [5-9]. Indeed, anti-MAP and anti-ZnT8 Abs were
present in both TID adults and newly diagnosed T1D
children from Sardinia [5, 6]. What is more, an association
between MAP and T1D was recently observed in an Italian
cohort of pediatric T1D patients [10]. The latter being
sustained by two major pieces of evidence: the presence of
both MAP DNA and anti-MAP heparin-binding hemag-
glutinin (HBHA) Abs within the peripheral blood of this
cohort of newly diagnosed T1D children. In addition, a
significant correlation was found between anti-MAP
HBHA Ab-positivity and the presence of HLA DQALl
+0201/DQB 10202 [10].

In light of the recently proposed theory which envisions
MAP as a new T1D environmental trigger acting through a
molecular mimicry mechanism [5, 6, 11] and due to the
fact that most of the evidence sustaining this hypothesis is
the outcome of studies performed only on Sardinian T1D
subjects, it is relevant to investigate further the prevalence
of anti-MAP Abs outside Sardinia. To this end, our major
objective is to assess the prevalence of anti-MAP/ZnTS8
Abs in another pediatric population from continental Italy,
looking at several markers of MAP presence in new-onset
TID subjects. Antibodies to insulin, GAD65, IA-2 and
ZnTS8, were also measured through radioimmunoassay and
radioligand assays. A correlation analysis between the
protein A radioimmunoprecipitation assay using °>S-
labeled methionine in vitro translation products of human
ZnT8 C-terminal fragments (ZnT8A) [12] and our indirect
enzyme-linked immunosorbent assay (ELISA) previously
described [5, 6] was also performed. Moreover, we sear-
ched for Abs directed against MAP-specific protein MptD,
and the results obtained were used to perform a correlation
analysis between ZnT8A and MptD Abs titers.

We asked whether the increased prevalence of
MAP3865¢/ZnT8 sero-positivity found in Sardinian sub-
jects [5, 6] could be mirrored by this population of new-
onset T1D children from continental Italy. Noteworthy, it
is the first study to date reporting that MAP3865¢/ZnT8
peptides are recognized by new-onset T1D children from
continental Italy.

Material and methods
Subjects

New-onset T1D children [n = 59; 32 boys, 27 girls; mean
age 9.4 + 5 years; the median (interquartile range) of
diabetes duration was 92 (32.5-129.5) days]; diagnosed in
line with the American Diabetes Association criteria [13];
and healthy controls (HCs) (n = 60; 32 boys, 28 gitls;
mean age 9.3 £ 3.5) attending the Pediatric Diabetes Unit
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Table 1 New-onset T1D children demographic and clinical
characteristics

Identity*  Gender Age at onset Days® ZnT8  GADG65
D.1 F 8.25 30 55.23 4.3
D.2 F 14.66 30 - 1.2
D.3 M 10.75 184 96.05 18.9
D5 F 15.25 92 69.54 3.61
D.6 M 8.33 61 47.44 28
D.7 F 11.33 61 15.19 27.52
D.8 M 5.08 30 - 0.14
D.9 M 7.83 92 - 3.8
D.10 F 3.25 30 - 15
D.11 F 24.25 0 69.5 14
D.13 M 3.16 237 86.57 2.33
D.14 F 9.58 250 - 0.21
D.15 M 5.75 61 - 8.2
D.16 F 15.25 236 52.32 0.31
D.17 M 15.25 250 - 0.5
D.18 F 5.83 0 44.38 513
D.19 M 7.33 0 4.48 5.56
D.20 F 6.5 92 - 4.2
D.21 M 9.5 122 - 56.7
D.22 M 10.58 122 - 0.4
D.23 F 13.25 246 - 11
D.24 M 5.08 122 - -
D.25 M 14 67 - 0.2
D.26 M 15.42 61 - 13.7
D.27 M 14.16 60 6.38 0.3
D.28 M 6.66 0 52.91 0.4
D.29 M 12.16 184 50.19 6.2
D.30 F 3.08 120 62.16 0.3
D.31 M 3.08 77 73.45 0.15
D.32 F 7.83 122 - 0
D.33 M 10.16 122 - 0.4
D.34 F 13.08 184 - 14.9
D.35 F 12 122 - 3.9
D.99 F 12.83 30 - 80.63
D.111 M 11.33 166 - 0
D.113 M 4.66 61 - 0.3
D.202 F 4.75 0 - 39.1
D.208 F 492 171 15.67 1.4
D.217 M 9.42 107 59.87 0.18
D.228 M 10.82 92 - 0.9
D.234 M 12.83 118 66.08 1.84
D.253 M 10.92 137 - 85
D.255 F 7.42 122 7.46 1.28
D.262 F 1.83 119 47.14 1.1
D. E2 F 10 37 17 83
D. E3 M 1.91 0 - -
D. E4 F 4 186 - 8.8
D. E5 M 11.83 210 199.2 2.57
D. E6 M 15.16 105 21.45 58
D. E7 F 2.33 204 40.47 1.2
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Table 1 continued

Identity® Gender Age at onset  Days®  ZnT8°  GAD65!
D. E9 M 18.58 30 54.16 16.4

D. E10 M 13.33 88 19.96 1.8

D. Ell F 16.33 35 - 5.2

D. El12 F 3.44 61 25.22 0.8

D. E13 M 11.25 90 12443 2

D. El4 F 9.66 0 19 16.89
D. El5 M 5.16 210 28.71 6

D. El6 F 17 0 - 53.62
D. E17 M 5.66 0 - 0.4

All positive values are shown in bold

* D: positive pediatric diabetes patient (n = 59); mean age
9.4 £ 5 years

b Days after diagnosis of T1D
¢ Positive if >30 U/ml
4 Positive if >0.9 U/ml

of Tor Vergata University Hospital of Roma were recrui-
ted. Patient’s details are provided in Table 1. Blood sam-
ples were processed as follow: 5 ml of peripheral blood
was drawn in Vacutainer Serum tubes, the blood was
allowed to clot undisturbed 15-30 min at room tempera-
ture, clot was removed centrifugation at 1,000-2,000x g for
10 min and the resulting supernatant (serum) was collected
for use in ELISA. Frozen aliquots were stored at —80 °C
and used within 6 months.

Ethical statement

Blood samples were collected after obtaining informed
written consents from the guardians of all children. The
study protocols were approved by the ethics committee of
the Pediatric Diabetes Unit of Tor Vergata University
Hospital of Roma, Italy.

Peptides

Peptides MAP3865¢125_133 (MIAVALAGL) and
MAP3865c33_14;1 (LAANFVVAL) along with their respec-
tive homologous peptides ZnT8;75_13s (MIIVSSCAV),
ZHT8]86_]94 (VAANIVLTV) and MAP38650281_287 (HAT-
VQID) were synthesized at >90 % purity (LifeTein, South
Plainfield, NJ 07080, USA). Peptides purity was assessed by
HPLC. MptD protein was expressed and purified as formerly
described [14].

ELISA

Indirect ELISA to detect Abs specific for MAP3865¢/ZnT8
peptides and anti-MAP-specific MptD protein was

performed as previously described [5]. Receiver operating
characteristic (ROC) curves were used to identify the
optimal cutoff points, setting specificity at 95 % (i.e.,
Ab + HCs <5 %) for the new-onset T1D children. Results
were normalized to a robustly positive control serum
included in all tests, the reactivity of which was set at
10.000 arbitrary units (AU)/ml. Interassay CV for the dif-
ferent ELISAs ranged from 6.7 to 7.8 %. The level of
statistical significance of the ELISA was assessed by
Fisher’s exact test using Graphpad Prism 6.0 software.

Competitive inhibition assays

Competition inhibition assays were performed as described
elsewhere [5]. Briefly, sera were pre-incubating overnight
at 4 °C with saturating concentrations (10-20 pM, titrated
for each individual serum) of MAP peptides, the corre-
sponding ZnT8 peptides, irrelevant peptide
(MAP3865¢511_217, ILSESSP) or no peptide. Sera were
then submitted to ELISA on plates coated with
MAP3865¢55_133 or MAP3865¢33_14; at the concentra-
tion of 10 pg/ml.

Autoantibody assays

Antibodies to the ZnT8 C-terminal region (268-369, 325R,
or 325 W) present in the sera were measured by protein A
radioimmunoprecipitation assays as described by Lampa-
sona et coworkers [12]. ZnT8-C-terminal constructs (RW)
were expressed in vitro in a rabbit reticulocyte lysate using
the TNT Quick Coupled Transcription/Translation System
kit (Promega) in the presence of 40 pl of *°S-labeled
methionine (PerkinElmer), purified by size-exclusion chro-
matography on NAP-5 columns (GE Healthcare BioSci-
ences), and the recovered radioactivity was measured on a
B-counter (PerkinElmer). A standard curve was derived from
serial dilutions of a positive serum included in each assay
run. Relative concentrations were expressed in arbitrary
units. Threshold for Ab-positivity was set at the 99th per-
centile of 100 non-diabetic control subjects and corre-
sponded to antibody levels >30 U/ml. The assay for ZnT8A
(RW) showed an interassay coefficient of variation (CV) of
14 % and an intra-assay CV of 11 %.

Auto-antibodies to GAD65 and to IA-2 were routinely
determined by direct radioligand assays [15] using three
different commercial kits (CentAK® anti-GADg¢s, and
CentAK® anti-IA,, Medipan, Germany) according to the
manufacturer’s instruction. Results are expressed in arbi-
trary units derived by a standard curve established plotting
the mean values of the calibrators included in each assay
run. Positive values for auto-antibodies to GAD65 and to
IA-2 were considered >0.9 and >0.75 U/ml, respectively.
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Fig. 1 Prevalence of Abs against homologous ZnT8 and MAP3865¢
transmembrane epitopes in new-onset T1D and HCs children. Sera
were tested for their reactivity against plate coated with
MAP3865c¢55_133 (@) and its homologous ZnT875 156 (b); and with
MAP3865c¢33_141 and its homologous (¢) ZnT8,g¢ 194 (d). The dotted
line lines indicate the cutoff for positivity used in each assay, as
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Fig. 2 Prevalence of Abs against MAP3865c,g, g7 epitope and

MAP-specific protein MptD in new-onset T1D and HCs children.
Sera were tested for their reactivity against plate-coated
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calculated by ROC analysis. The percent fraction of Ab-positive sera
is indicated on top of each distribution, while bars indicate the
corresponding median =+ interquartile range. AUC and p values are
given in the fop right corner. Figure shows representative experi-
ments out of three performed
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new-onset type 1 diabetes children. Data representation is the same as
in Fig. 1
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Results

To determine whether the immunogenic MAP3865¢/ZnT8
peptides in Sardinian patients are also recognized by a
pediatric population from continental Italy, we tested sera
from new-onset T1D pediatric individuals using our pre-
viously optimized indirect ELISA [5, 6].

Five MAP3865¢/ZnT8 peptides, four belonging to the
fourth transmembrane domain [5], one C-terminal peptide
(MAP3865¢,g81_287) [6] homologue to the human C-termi-
nal region (ZnT8y43_3¢0) formerly identified [4, 16-18],
together with the MAP-specific protein MptD, were
examined both in 59 new-onset T1D and 60 age-matched
HCs via indirect ELISA. All the peptides were highly
recognized proving detectable reactivity. Results are sum-
marized in Figs. 1 and 2.

Prevalence of Abs against MAP3865¢/ZnT8 epitopes
and MAP-specific protein MptD in 59 new-onset T1D
children and 60 age-matched HCs

MAP3865¢;55_133 Abs were detected in 45.7 % of new-
onset T1D subjects and in 5 % of HCs, this difference was
statistically significant (Fisher’s exact test: p < 0.0001;
area under ROC curves AUC = 0.81; Fig. 1a).
7ZnT873_13¢ Ab reactivity was slightly higher than the
one showed by its homologue MAP3865c,5_133 when
comparing new-onset T1D with HCs (47.4 and 5 %,
respectively; p < 0.0001; AUC = 0.85; Fig. 1b).

The hOIIlOlOgOU.S MAP3865C133_141 and ZnT8136_194
peptides were recognized by 42.4 and 44.0 % of new-onset
T1D patients, but only in 5 % of HCs (AUC 0.8 and
p < 0.0001 for both; Fig. 1c—d).

MAP3865¢,51_-37 Abs were detected in 40.6 % of new-
onset T1D children and in 5 % of HCs, this difference
being statistically significant (p < 0.0001; AUC = 0.81;
Fig. 2a).

Antibodies against the MAP-specific protein MptD were
found in 25 out of 59 new-onset T1D children (42.4 %)
versus 2 out of 60 (5 %) HCs (AUC = 0.79, p < 0.0001;
Fig. 2b).

Competitive inhibition assays

Abs targeting MAP3865c and ZnT8 homologous regions
display similar frequencies among new-onset T1D children
(45.7-474 and 42.4-44 %, respectively; Fig. 1), thus
suggesting that Abs recognizing these epitopes could be
cross-reactive. To verify whether cross-recognition
between homologue epitopes occurs, competition experi-
ments were performed. Three anti-MAP3865c¢,5_33-posi-
tive and one anti-MAP3865c,5_133-negative sera were pre-
adsorbed overnight with different peptides, afterward

submitted to ELISA on MAP3865c;,5_133-coated plates
(Fig. 3a). While a control peptide caused only a very slim
decline in signal, both MAP3865¢c,5_133 and its homolo-
gous ZnT8;;3 135 peptide robustly inhibited the
MAP3865¢,5_133 reactivity to a similar extent (51-88 %).
As to MAP3865ci33_14 reactivity, it was efficiently
inhibited (37-85 %) upon serum pre-adsorption with either
MAP3865¢33_14; or its homologous ZnT8g¢_194 (Fig. 3b).
In sum, these results demonstrate that anti-MAP and anti-
ZnT8 Abs targeting homologous sequences are cross-
reactive.
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Fig. 3 Ab reactivities against MAP3865c epitopes are inhibited by
the homologous ZnT8 epitopes. a Three Ab-positive and one Ab-
negative sera from new-onset T1D children were pre-incubated
overnight with saturating concentrations of MAP3865c,5_133 (white
bars), ZnT875 136 (hatched bars), control (gray bars) or no peptide
(black bars) and their reactivity on MAP3865¢,5_133-coated ELISA
plates subsequently tested. b The same sera were pre-incubated with
MAP3865¢33_141 (White bars), ZnT8g¢ 104 (hatched bars), control
(gray bars) or no peptide (black bars) and their reactivity on
MAP3865c,33_141-coated ELISA plates subsequently tested. Histo-
gram bars depict mean = SEM of triplicate wells obtained from two
separate experiments performed
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Autoantibody assays and correlation analyses
between ZnT8A and our MAP3865¢/ZnT8 indirect
ELISAs

In the present population of recent-onset children with
T1D, the prevalences of autoantibodies to GAD65 and IA-
2 were 70 and 68.4 %, respectively.

ZnT8 antibodies (ZnT8A) in sera samples were mea-
sured by immunoprecipitation of radio-labeled (*°S
methionine) recombinant ZnT8 antigens. ZnT8A levels
were determined searching for autoantibodies recognizing
both arginine (R) and tryptophan (W) residues at position
325 of ZnT8268-369 C-terminal region. ZnT8A and
GADG5 values concerning new-onset T1D children are
reported in Table 1. Unfortunately, ZnT8A data are avail-
able only for 30 new-onset T1D children. Among them, 19
were assessed to be Ab-positive (63.3 %).

In order to validate the information produced analyzing
these five MAP3865¢/ZnT8 peptides, a correlation analysis
between ZnT8A methodology and our MAP3865¢/ZnT8
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Fig. 4 Correlation between titers of ZnT8A Abs and MAP/Znt8
reactive Abs. Correlation is shown between titers of Abs recognizing,
a ZnT8A Abs and MAP3865¢,5_133; b ZnT8A Abs and ZnT875_13¢;
¢ ZnT8A Abs and MAP3865C133,141; d ZnT8A Abs and ZHT8186,194.
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indirect ELISAs was performed. The analyses were carried
out on the aforementioned subset of 30 new-onset T1D
children, and the results are displayed in Figs. 3 and 4.

Indeed, there was a discreet degree of correlation between
titers of Abs recognizing MAP3865¢c and ZnT8 peptides with
ZnT8A (Flg 4), with MAP3865C|33_14] and ZHT8186_194
(Fig. 4c, d) displaying the highest correlation (+* = 0.35 and
p = 0.0005; * = 0.36 and p = 0.0004, respectively). As
regards MAP3865¢,5_133 and ZnT8,,5_g¢ (Fig. 4a, b), the
correlation was much weaker (#* = 0.14 and p = 0.037;
r* = 0.22 and p = 0.01, respectively).

The C-terminal MAP3865c,51_587 peptide showed a
slightly lower degree of correlation (/= 0.27 and
p = 0.002; Fig. 5a).

At last, the correlation between titers of Abs against
ZnT8A and MAP-specific protein MptD reactive Abs is
shown in Fig. 5b.

As to new-onset T1D children, the high frequencies of
Abs reacting against MAP-specific protein MptD, together
with the discreet degree of correlation found between the
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as calculated by ROC analysis
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ZnT8A and MAP3865c/ZnT8 assays, suggest that testing
for Abs against these peptides might be a useful marker to
track T1D and MAP infection in this pediatric population
from continental Italy.

Discussion

It is acknowledged that MAP infection and sero-reactivity
are highly prevalent among T1D Sardinian subjects [5-7,
11, 19]; in turn, MAP has been proposed as a potential
environmental trigger for T1D [20]. Indeed, it was recently
demonstrated that Abs against MAP3865¢ epitopes cross-
react with ZnT8 epitopes, raising the possibility of a
molecular mimicry between mycobacterial and B-cell epi-
topes [5, 6]. All the data accounting for this cross-recog-
nition originate from studies conducted on Sardinian
subjects, investigating both T1D adults and children [5-7,
11, 19]. Noteworthy, an association between MAP and
T1D was recently observed outside Sardinia, in an Italian
cohort of newly diagnosed T1D children [10], and it was
verified by the presence of both MAP DNA and sero-
reactivity against MAP HBHA antigen.

In the present study, we asked whether the increased
prevalence of anti-MAP3865¢/ZnT8 Abs found in Sardi-
nian subjects [5, 6] could be mirrored by this pediatric
population from continental Italy.

Unfortunately, thus far, no data are available on at-risk
individuals. Hence, our next objective is to explore the
frequency of MAP sero-reactivity in subjects prone to
develop T1D, both before and after T1D diagnosis. Soon
after the data produced studying new-onset T1D will be
compared to the one obtained studying at-risk subject
allowing us to decipher if MAP infection can be seen as a
cause or a straightforward consequence of the disease.
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Investigating the prevalence of anti-MAP3865¢c/ZnT8 Abs
in both new-onset T1D and at-risk subject is a mandatory
step to determine whether these peptides could be used as
early biomarkers of T1D.

There is evidence pointing out that systemic or
local infections can trigger autoimmune reactions to [-
cells, even if up until now research failed in identifying an
unquestionable environmental trigger [21]. A number of
reports have addressed MAP and its role in igniting auto-
immunity [5-11, 19, 20, 22-24], but the role played by
autoreactive effector T cells recognizing MAP3865¢/ZnT8
homologous sequences still need to be explored. Thus far,
it was reported that ZnT8gs_ 194 epitope is an immuno-
dominant CD8 (4) T cell target in a great part of T1D
patients outside Sardinia [25].

The present report demonstrates that Abs against
ZnT875_136 and ZnT8,gs_194 in conjunction with Abs against
MAP3865C125,133, MAP3865C133,141 and MAP3865C281,287
C-terminal peptides are common in new-onset T1D children
from continental Italy when compared with age-matched HCs.

Noteworthy, titers against MAP3865c33_14; and
MAP3865c¢;55_133 epitopes were more or less the same
displayed by the human homologous peptides (ZnT8;g¢_194,
7ZnT8,75_136) in new-onset T1D and healthy children, with a
prevalence ranging from 42.4 to 47.4 % (Fig. 1). Indeed,
Abs against MAP3865C125,133 and ZHT81787186 had been
previously found in only 34.5 % of new-onset T1D children
from Sardinia, conversely MAP3865ci33_14; and
ZnT8,g¢_194 Were recognized by the majority of newly
diagnosed Sardinian children (55.2 %) [6].

Our observations support the existence of an association
between Ab-positivity for MAP and ZnT8 homologue
peptides outside Sardinia in new-onset T1D children.

In conclusion, the high frequencies of Abs reacting
against MAP-specific protein MptD, together with the
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moderate degree of correlation found between ZnT8A and
MAP3865¢/ZnT8 peptide ELISA assays in patients with
T1D, suggest that searching for Abs against MAP3865c¢/
ZnT8 peptides in conjunction with anti-GADG65 and anti-
IA-2 measurements might be as a useful screening tool for
a complete picture of new-onset T1D children. Indeed, our
observations are largely consistent with our previous
reports conducted on Sardinian individuals, concluding that
MAP3865¢/ZnT8 peptide-based ELISA [5-7] produced
data somehow comparable to those obtained by ZnT8A
methodology. Being able to identify the majority of recent-
onset T1D children, our indirect ELISA could thus repre-
sent a cost-effective alternative to find out and track new-
onset T1D subjects. We are now going to follow over time
a pediatric court of children at risk to verify whether their
sero-reactivity against MAP3865¢c/ZnT8 changes before
and after T1D onset. It will help us to assess the potential
of anti-MAP3865¢/ZnT8 Abs as biomarker for disease
prediction.
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