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Abstract: Severe gastrointestinal symptoms (GIS) and food hypersensitivity are tightly associated
in young individuals with autism spectrum disorders (ASD). Here, we explored the relationship of
GIS (gastrointestinal severity index, ROMA 1V criteria, Bristol scale), ASD-like behaviors (Childhood
Autism Rating Scale), and certain sociodemographic/clinical traits (epidemiological survey) with
serum immunoreactivity (IgG, IgA, IgE titers) towards bovine milk caseins (BMC; by ELISA) and
subfractions (by immunoblotting) in thirty-one pediatric patients (~3-15 y, 77% male) with mild-
to-severe GIS and ASD-like behaviors. In total, 42%, 25%, and 23% of all participants exhibited no
(IgG—/IgA—), mono (IgG+/IgA—), or dual (IgG+/IgA+) immunoreactivity to BMC, respectively; the
trend was significantly associated with the severity of the GIS and ASD-like behaviors, regurgitations,
and self-reported allergies (OR: 1 — (1.9-3.1) — 13.5-16.0)]. No IgE+ response to BMC was found.
Dual responders were « > k > [3-casein, though nonspecific reactivity to other protein fractions was
also observed. The IgA+ > IgG+ but not IgE+ response to BMC (mainly «-casein) seems to be related
to the severity of GIS and ASD-like behaviors, although a larger number of ASD patients are needed
to draw a causal association.

Keywords: autism; food hypersensitivity; food allergy; bovine casein; gastrointestinal disorders

1. Introduction

Food hypersensitivity and severe gastrointestinal symptoms (GIS) are highly prevalent
in young people with autism spectrum disorder (ASD). The global prevalence of ASD is
currently estimated at 98/10,000 inhabitants (95% CI, 81-118), and it is associated with a
high rate (~49%, CI95% 44-54) of GIS, such as bloating, functional dyspepsia, constipation,
diarrhea, abdominal pain and distension, vomiting, and gastroesophageal reflux [1-3].
In addition, conservative figures indicate that one third of ASD patients will eventually
develop food protein hypersensitivity, with dairy/wheat proteins the most frequently
reported [3,4]. The convergence of a reduced luminal proteolytic capacity with an increased
intestinal permeability to food proteins in ASD, causes a lymphocytic proinflammatory
response [Thl (TNF«, IFNy), Th2 (IL-3, IL-4, IL-5, IL-10, IL-13), TH17 /Treg (IL-10, IL-17,
TGEFp), B (1 IL-6, TNF-«, | IL-10)] at intestinal and systemic levels [5,6]. This proinflamma-
tory response is often accompanied by a functional deficit in other cell-mediated responses
of the innate immune system [7].

The aforementioned scenario ultimately leads to Type I (IgE+, Th2 — B-cell activa-
tion), II (IgG+/IgM+; Th1l — B-cell activation), IV (IgG+/IgM+ > IgA+), and mixed food
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hypersensitivities [8,9]. While type I hypersensitivity has been extensively studied in
ASD-affected individuals, type II/IV food hypersensitivities such as protein-induced ente-
rocolitis syndrome, celiac disease, and allergic proctocolitis, often go unrecognized because
their GIS resemble those produced by food intolerances (non-immune) [8-10]. Although
their pathophysiology is not completely known, they seem to dysregulate the activity of
major histocompatibility (MHC) complex and Treg cells and increase the number of naive
CD4+/CD8+ cells and proinflammatory cytokines [9-11] and the stepwise fluctuation in
mucosal immunoglobulins, all of them observed in ASD patients fed ad libitum or restricted
in bovine milk (BM) and wheat proteins [12,13].

Bovine milk caseins (BMC; ~81% of all milk proteins) are a heterogeneous mixture of
proteins as1(~31%), as2 (~8%), B (~31%), k (~10%), v (~1%)-casein (CN) from here onwards
(wherever needed). Under normal physiological conditions, the in vitro/in vivo digestion
of BMC renders small peptides (<6 amino acids) very low immunogenic potential [14].
The “fragile gut” of children with ASD is not only characterized by a deterioration in the
intestinal barrier but also poor intraluminal proteolytic activity; so, it is not surprising that
there is a more pronounced immunogenic response to BMC in children with ASD compared
to neurotypical children [13,15]. It is noteworthy that certain neurotrophic peptides derived
from the incomplete digestion of BMC [e.g., 3-casomorphin-7 (BCM-7; Y-P-F-P-G-P-I)] have
been linked to ASD-like behaviors; yet, their immunogenic potential has not been studied
in depth [16]. Moreover, to our knowledge, the immunogenic potential of BMC fractions
other than 3-CN in ASD patients has not been reported previously. Thus, the purpose of
this study was to evaluate the specific IgA /IgG/IgE titers against whole/fractionated BMC
in thirty-one subjects with diagnosed ASD, exploring their relationship with the severity of
GIS and autism-like behaviors and some other ecological/clinical traits.

2. Materials and Methods
2.1. Reagents

Polyclonal goat anti-human IgG, IgA, and IgE conjugated with horseradish peroxidase
(HRP) were purchased either from Sigma-Aldrich Inc. (St. Louis, MO, USA) or Abcam
(Cambridge, CB2 OAX, UK). Bio-Rad’s Precision Plus Protein™ Standard (10-250 kDa)
and polyvinylidene difluoride (PVDF) membrane (C1620174, 0.45 pm pore size) were
obtained from Bio-Rad (Marnes-La-Coquette, France). Bovine serum albumin (BSA; A2934),
o- (C6780, 90% pure) and B- (C6905, 90% pure) bovine milk caseins (BMC), 3,3',5,5'-
tetramethylbenzidine (TMB), 3,3-diaminobenzidine (DAB), polysorbate (TWEEN® 20), phe-
nol red and analytical /molecular biology-grade salts [NaCl, NaHCO3, KH,POy, sodium
dodecyl sulfate (SDS)], and acids (H,SO,), were purchased from Sigma-Aldrich. Polyacry-
lamide (PA) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Study Design, Setting, and Participants

Thirty-one young ASD patients (3-15 years, 77% men) were included in this case-series
analysis and were recruited from January 2023 to April 2024 in Ciudad Juarez, Chihuahua,
Mexico (31°44'42" N, 106°29'06" W). All participants were previously diagnosed with
ASD by certified health professionals (pediatric neurologists and clinical psychiatrists),
based on the Diagnostic and Statistical Manual of Mental Illnesses (DSM-V-TR, 5th Ed.)
criteria [13,17]. The exclusion criteria included being >18 years old, having genetic disor-
ders other than ASD, acute immunocompromised conditions, and chronic gastrointestinal
disorders (e.g., achalasia, inflammatory bowel disease, and celiac disease). Parents, care-
givers, or legal guardians gave informed written consent for their child to participate.
The study’s protocol was reviewed and approved by the Bioethics Committee of the Au-
tonomous University of Ciudad Juarez (Authorizations: CIEB-2020-1-20, CEI-2022-2-743)
and was conducted according to the Declaration of Helsinki and Mexican regulations
for clinical studies and biological waste handling and disposal. This case series partially
complies with the STROBE (Strengthening the Reporting of Observational Studies in Epi-
demiology; https:/ /www.strobe-statement.org) (accessed on 28 April 2024) standards [18].
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2.3. Survey Questionnaire

The survey was administered through an in-depth interview with parents or caregivers.
This brought together various previously validated instruments and included sociodemo-
graphic information, perinatal health, clinical history, consumption of medications and
dietary supplements, eating problems (behavioral and functional), SGI evaluated by the
Bristol scale, ROME 1V criteria, gastrointestinal severity index (GSI) [19], and ASD-like
behaviors [Childhood Autism Rating Scale (CARS)] [20]; internal consistency (Cronbach
o = 0.87) convergent validity with DSM-V (Rho = 0.62, kappa = 0.33)]. Unadjusted as-
sociations between the immunoreactive to BMC groups [IgG—/IgA— (none; reference),
IgG+/IgA— (mono), and IgG+/IgA+ (dual)] were expressed as odds ratios with a 95%
confidence interval (CI95%).

2.4. Biological Samples

Peripheral (antecubital vein) blood samples were collected after an overnight fast
(8=12 h) in 10 mL-BD Vacutainer® SST™ tubes, centrifuged at 3000x g for 10 min after
clotting for 30 min. Sera was then aliquoted (1 mL) in Eppendorf tubes containing 1% 0.0~
NaNj3 (1 M) and stored at —20 °C until use (within a 7-day timeframe).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

A direct ELISA [21] was performed to evaluate individual IgA, IgG, and IgE titers
against BMC. Briefly, high-binding 96-well flat bottom microplates were coated with 100 pL
of a recently prepared BMC mix [a-CN (Sigma C6780) + B-CN (Sigma C6905), 1:1 w.w™!]
solution (5 ug.mL~!) prepared in coating buffer (0.1 M NaHCOj;, pH 9.8, 1% phenol red)
and left overnight. The next day, unbounded proteins were washed-out five times with
TWEEN® 20 (0.2% v.0~ 1) + phosphate saline buffer (PBST; 15 mM KH,POy, 0.15 M NaCl,
0.2%, 1% phenol red, pH 7.5), blocked (100 pL per well) with BSA in phosphate saline
buffer (1%, w.v~1) for 2 h at 20 °C, washed-out five times with PBST, and incubated with
serum samples (primary antibody) at ranging concentrations (1:40-10, 240) for 2 h at
20 °C. After, the microplates were washed-out with PBST, the HRP-conjugated secondary
antibody [goat anti-human, IgG, IgA or IgE, diluted 1:2000 dilution] was added to each
cell (100 pL) and incubated for 2 h at 20 °C, and the unbound conjugates were then
washed-out with PBST, as explained above. The reaction was developed with TMB for
5 min, stopped with 1 M HSO4, and the absorbance read at 450 nm in a microplate
reader (SPECTROstar Omega, BMG LABTECH, Ortenberg, Germany). Negative (no
plasma sample, no BMC) and positive (adult hypersensitized to bovine milk) controls were
included on each plate. Lastly, scattergrams were constructed with the raw absorbance
values from cohort subjects (n = 31) and the positive control (n = 1) and later used to
discriminate non-reactive [control mean absorbance (CMA) for IgA and IgG) from reactive
[IgG+ (CMA + 3 standard deviations, SD) IgA+ or IgE+ (CMA + 2.5 SD)] subjects, following
the recommendations from Vojdani et al. (2014) [22].

2.6. Immunoblotting

After separating all the protein subfractions (BMC mix) and pre-stained molecular
weight marker (10-250 kDa) using Laemmli’s SDS-PAGE [23], under the following con-
ditions: 15% (w.v™!) polyacrylamide small gel, 65 V/30 min-90 V /120 min] in a vertical
Bio-Rad Mini-Protean® III cell, they were electro-transferred (conditions: semidry blotting,
1.2 mA cm?, 80 mA, 1.5 h) to PVDF membranes (0.45 pm) using a blotting system (Thermo
Scientific™ Owl™ HEP-1 series). The blotted membranes were firstly activated (abso-
lute methanol, 30 seg) then blocked with TBST [0.05 M Tris, 0.15 M NaCl, 2% Tween-20
(pH 7.42)] for two minutes}, then with less-detergent (Tween-20, 0.05% v.0~ 1) TBST, and
further cut into smaller vertical strips (1 line per strip). The immunoreactivity of each
BMC fraction was further unveiled using immunoblotting [24] as follows: each strip was
incubated overnight at 4 °C with each serum sample (primary antibody, 1:50 v.0~! in TBST),
washed-out (five times) with TBST, incubated with secondary antibodies [Goat anti-human
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(IgG or IgA or IgE)-HRP; 1:1000 in TBST], and washed-out again; the HRP reaction was
started with DAB, stopped with phosphate saline buffer, washed with distilled water, and
dried on a filter paper.

2.7. Statistical Analysis

Categorical and continuous variables were expressed as proportions (%) and
mean =+ standard deviation (X + SD), after being tested for normality (Shapiro-Wilk
test). Inter-group comparisons [reference (IgG—/IgA—), mono (IgG+/IgA—), or dual
(IgG+/1gA+) immunoreactivity groups] for binary and/or multivariate response vari-
ables were evaluated using the Kruskal-Wallis test with Dunn’s Multiple comparison tests
or the Chi-square test (Pearson uncorrected). Non-adjusted multivariate logistic regres-
sion analysis [odds ratio (OR, CI195%)] was used for predictive variables associated with
immunoreactivity status [single or dual vs. reference group (no BMC reactants)]. Statis-
tical analyses were performed using NCSS software (vs. 2023, LLC. Kaysville, UT, USA;
https:/ /www.ncss.com/software/ncss/), and statistical significance was considered when
p <0.05.

3. Results
3.1. Hypersensitivity to Bovine Milk Caseins (BMC Mix) and Associated Determinants
Thirty-one young (8.6 = 5.9 y, 77% male) participants diagnosed with ASD (mild—
severe) in the last 34 years, with moderate access (69-82%) access to health services
(Table 1), participated in this study. In total, 42% (n = 13), 25% (n = 11), and 23% (n = 7)
of all participants exhibited no (IgG—/IgA—), mono (IgG+/IgA—), or dual (IgG+/IgA+)
immunoreactivity to BMC (Table 1; Figure S1), though none of them exhibited type 1
hypersensitivity (IgE+).

Table 1. Characteristics of participants stratified by level of immunoreactivity to BMC 1-3,

Level of Immunoreactivity

Reference Mono Dual
n 13 11 7
Male 10 (76.9) 9 (81.8) 5 (75.0)
Age (years; X £ SD) 8.6 (5.9) 7.5 (5.0) 7.7 (4.4)
ASD diagnosis [age (years): X & SD] 5 (4.3) 3(1.6) 3(0.9)
Healthcare access 9 (69.2) 9 (81.8) 5 (75.0)
Regurgitations 4(30.8)P 5 (45.5) ab 6 (85.7) 2
Food allergies 1(7.7)° 2(18.2) b 4(57.1)2
Postnatal diarrhea 8 (61.5) 2 6 (54.5) ab 1(14.3)b
Self-perceived good digestive health 6(46.2) 2 1(9.1)P 2(28.6) 2
>three prescribed medications 1(7.7)P 6(54.5)2 2 (28.6) 2b

1 Groups separated by immunoreactivity to bovine milk caseins (BMC mix): IgG—/IgA— (1; reference),
IgG+/IgA— (mono), IgG+/IgA+ (dual). ? Otherwise specified, data are expressed as 1 (%). 3 Different su-
perscript letters (within a same line) mean significant differences between groups (p < 0.05). autism spectrum
disorder (ASD), standard deviation (SD), mean (X).

Sociodemographic and clinical determinants associated with incremental immunoreac-
tivity (none — mono — dual) to BMC included self-reported regurgitations, food allergies
(Table 1), and severe GIS and ASD-like symptoms, as documented with both GSI [19] and
CARS questionnaires [20], respectively (Figure 1). On the other hand, non-trending, yet
statistically significant, determinants were self-perceived good digestive health (marginal
significance, p = 0.047), postnatal diarrhea, and polypharmacy (>three medications a day;
Table 1), while non-statistical differences (p > 0.05) between groups were documented
for other determinants, such as perinatal /obstetric health status, current clinical history,
postnatal lactation practices and current eating behaviors, Bristol scale, and GIS other than
postnatal diarrhea and regurgitations (Tables S1 and S2).


https://www.ncss.com/software/ncss/

Gastroenterol. Insights 2024, 15

534

Q ab a
<
>
Q
=1
<}
=2 ab
&
2 b ab ab
b
b b b b
o 1n KO < < K] S © < o 3 < oo K
[l «© N = L) — o © K] 15 <t B5 [N —
[SR TN N ~ S v o NN O =~ HaY - 10 Bl o JN
Mild Moderate Severe Mild Moderate Severe

Childhood Autism Rating Scale (CARS)  Gastrointestinal Severity Index (GSI)

Reference Mono M Dual

Figure 1. Frequency of gastrointestinal symptoms and ASD-like behaviors stratified by immunore-
activity to BMC. Different superscript letters within the same severity level, documented using
CARS [20] and GSI [19] questionnaires, mean significant differences (p < 0.05).

Multiple regression analysis subsequently showed that most statistically significant
determinants (reported in Table 1) were accentuated particularly in the dual (IgG+/IgA+)
immunoreactive group (Table 2).

Table 2. Multivariate logistic regression analysis of clinical determinants associated with the level of
immunoreactivity to BMC 2.

Level of Immunoreactivity

Reference Mono Dual
Food allergy 1.0 2.7 (0.2-34.2) 16.0 (1.3-200.9) *
Severe CARS 1.0 3.1 (0.5-22.0) 13.8 (1.5-127.5) *
Severe GSI 1.0 2.1 (0.3-15.4) 13.8 (1.5-127.5) *
Regurgitations 1.0 1.9 (0.4-10.0) 13.5 (1.2-152.2) *
Postnatal diarrhea 1.0 0.8 (0.2-3.8) 0.1(0.0-1.1)*
>three prescribed 1.0 14.4 (1.4-152.5) * 4.8 (0.4-65.8)

medications

! Groups separated by immunoreactivity to bovine milk caseins (BMC): IgG— /IgA— (1; reference), IgG+/IgA—
(mono), IgG+/IgA+ (dual). 2 Data are expressed as crude odds ratio (CI95%). * Statistically different from
reference group (p < 0.04). Autism spectrum disorder (ASD), standard deviation (SD), mean (X). Childhood
Autism Rating Scale (CARS [20]), gastrointestinal severity index (GSI [19]).

Severe CARS and GSI scores and the presence (self-reported) of regurgitations and food
allergy were ~12.5-15 times more frequent [OR 13.5-16.0] in the dual group (IgG+/IgA+)
than in the reference group (IgG—/IgA—), though the parents or caregivers reported
(anecdotally) that the participant did not suffer from diarrhea in the postnatal stage [OR
(CI95%) = 0.1 (0-1.1)]. Interestingly, the proportion of subjects with polypharmacy (>three
prescribed medications) was mono> dual> reference groups, but the OR for all other
parameters reported in Table 2 were not significantly different (p > 0.05) between the
reference and mono-reactive (IgG+/IgA—) groups.

3.2. Differential Recognition of BMC Protein Fractions by IgG+/IgA+ Subjects (Dual Group)
Laemmli’s SDS-PAGE of BMC protein fractions (left) and their immunorecognition by
the dual group (serum IgG+/IgA+, n = 6; right) are shown in Figure 2. Bands corresponding
to «S1, «S2, 3, and k-CN were observed at ~32, ~30, ~29, and ~27 kDa, and two additional
bands >65 kDa were tentatively identified as milk immunoglobulin (Ig) and BSA. In total,
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83, 33, and 67% of all six participants were IgA+ to x-casein (CN), k-CN and BSA, while
67%, 33%, 33%, and 33% were IgG+ to x-CN, k-CN, BSA, and Ig, respectively.

kDa Std A Std B

X P o o]

| i | r
50 — .
37 : —,..-.

as. .

BC ) * 1k .uu h Q
25 K-CN ] = [ 'v
20 ic
N 11 i"

Cs 1 2 3 4 6

Figure 2. Bovine milk caseins (BMC) subfractions and their immunodetection in participants with
dual immunoreactivity (IgG+/IgA+) to BMC. Laemmli’s SDS-PAGE of mixed BMC (A) and corre-
sponding IgA (B) or IgG (C) immunoblots identifying «S51/S2 (*), B (0),  (arrow) caseins (CN), milk
immunoglobulin (Ig, ), bovine serum albumin (BSA, ©), negative signal (?).

4. Discussion

ASD comprises complex and lifelong neurodevelopmental disorders primarily me-
diated by the central nervous system (CNS). However, the enteric nervous system (ENS)
is wired with the CNS in the so-called gut-brain axis, where both intestinal microbiota
and mucosa-associated lymphoid tissue (MALT) are major components of the now called
gut-brain connectome [25,26]. A wide range of immunological and microstructural dear-
rangements in the gut are causally linked with ASD-like behaviors, severe GIS, and in-
creased immunoreactivity (innate/adaptative) to food components, particularly dietary
proteins [8-13]. The evidence suggests that the chronicity of GIS accentuates the severity
of ASD-like behaviors, such as irritability and hyperactivity [25,27,28]. In addition, cer-
tain cross-sectional studies suggest that food > respiratory > skin allergies are much more
prevalent in children with ASD, compared to neurotypical children [1,3,29,30]. Although
the overall burden of gastrointestinal disorders and food allergies in the ASD population is
not known with certainty, parents with NT children suffering from multiple food allergies
report that allergy to bovine milk is the one with the highest financial, social, and emotional
burden [31]. However, the extent to which specific protein fractions from bovine milk (e.g.,
BMC) exert their immunogenic potential and how this correlates with both the prevalence
and number of GIS in ASD has not been sufficiently explored [22,27]. In this study, using a
stepwise immunochemical assessment, we report that the basal immunogenic status (not
assessed by oral challenge with dietary proteins) of most participants, resembles a mixed
or type IV (IgG+/IgM+ > IgA+) rather than type I (IgE-mediated) food hypersensitivity
that was strongly associated with the severity of GIS and ASD-like behaviors in a progres-
sive immunogenic manner [IgG—/IgA— (reference) < IgG+/IgA— (mono) < IgG—/IgA—
(dual)].

In the non-probabilistic sample (case-series) of ASD patients reported here, a high
rate (58%) of type IV [IgG+ with (23%) or without (25%) IgA+) but not type I hypersensi-
tivity (IgE-mediated) to BMC was documented. Most research on food hypersensitivity
in ASD individuals have been focused on type I hypersensitivity [1,3,8,11,29,30], as non-
IgE-mediated hypersensitivities (and their associated GIS) often go unnoticed not only by
caregivers but even by clinical pediatricians [8,9,29]. For instance, a cow’s milk protein al-
lergy is probably the most common type IV food hypersensitivity in ASD children affected
by food protein-induced enterocolitis syndrome (FPIES; known as “autistic enterocoli-
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tis”) [32,33]. Although the clinical diagnosis (including serologic testing) of both types of
hypersensitivities is feasible in neurotypical children with sufficient verbal communication
capacity, in those with ASD, it can be challenging and, therefore, could be underestimated,
particularly type IV hypersensitivities [9,10,33], such as those detected here. Lastly, the dual
humoral response (IgA+/IgG+) against BMC observed in 23% of all ASD patients studied
here, suggests a strong MALT activation in the Lamina propia due to an increased mucosal
permeability (known as leaky gut) [34,35]. MALT is the body’s first immunological barrier,
and its deficient humoral response (also known as primary humoral immunodeficiency)
leads to severe neurobehavioral disorders including ASD, psychotic disorders, and suicidal
behaviors [36].

Severe GIS and ASD-like symptoms and frequent regurgitations and food allergies
followed a quasi-incremental immunoreactive trend [reference (IgG—/IgA—) — mono
(IgG+/IgA—) — dual (IgG+/IgA+)]; other distal determinants, such as self-perceived good
digestive health, postnatal diarrhea, and polypharmacy, did not follow this trend. Non-IgE-
mediated food hypersensitivities typically manifest as moderate-to-severe GIS, including
profuse emesis (here possibly interpreted by the caregiver as regurgitation) but could
also manifest as contact dermatitis, dermatitis herpetiformis, pulmonary hemosiderosis,
failure to thrive, and even chronic malnutrition in severe cases [8]. Currently, there are few
studies exploring the relationship between type IV hypersensitivities and GIS in children
with ASD.

e El-Alameey et al. [37] found that forty children (6-12 y, 60% males) with ASD (62.5%
moderate-severe) and severe GIS had a significantly higher immunoreactivity to BMC
than neurotypical children, a fact associated with food selectivity, recurrent abdominal
pain, and reduced serum dipeptidyl peptidase-IV (DPP-IV) activity, an enzyme that,
together with milk-derived proline/glutamine-rich opioid peptides, plays a decisive
role in the pathophysiology of ASD [38,39].

e Anatolyevna et al. [27] observed that ~80% and ~19% of fifty-one Russian children
with ASD were IgG+ to BMC and wheat gliadins, respectively, but recognized the
need to clarify the nature of immunoreactivity or intolerance when choosing optimal
diet therapies.

e de Magistris et al. [13] showed that non-celiac ASD children fed unrestricted diets (milk
and wheat consumers; 1 = 129) exhibited a higher apparent intestinal permeability
[lactulose/mannitol test; OR = 14.8 (IC95% 2.0-111.6)], partially associated with a
mild IgE+ but not IgA+ nor IgG+ immunoreactivity to BMC than those observed in
neurotypical children (n = 44); the authors concluded that such discrepancies between
the observed low immunoreactivity (for bovine milk but not wheat proteins) [22] and
the high intestinal permeability could be related to “different pathways of intestinal
damage” apparently associated with a high ASD clinical heterogeneity.

Although the logistic regression reported here provides partial evidence of a progres-
sive and concurrent worsening in ASD-like behaviors and GIS with a quasi-incremental im-
munoreactive trend [reference (IgG—/IgA—) — mono (IgG+/IgA—) — dual (IgG+/IgA+)],
the clinical trajectory of the sensitization could be different in each individual due to multi-
ple factors, including a differential humoral response to different BMC protein subfractions.
For instance, BCM-7 (derived from Al variant of 3-CN) binds to p-opioid receptors located
along the gut, the immune system, and CNS, but its threshold of exposure has not been
established, and thus its dose-dependent neurotrophic action may vary among ASD indi-
viduals [17]. A complete overview on the metabolic fate and physiological consequences of
BMC-derived peptides in both neurotypical and ASD children has been recently reported
by Bjerklund et al. [29].

The non-IgE mediated immunogenic potential of BMC fractions other than 3-CN in
ASD patients, has rarely been reported. Here, SDS-PAGE [23] and immunoblotting [24]
of the BMC mix [x-CN (Sigma C6780) + 3-CN (Sigma C6905), >90% pure] revealed quite
interesting yet unexpected results:
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e  First, the frequency of immunoreactivity toward BMC subfractions by IgG+/IgA+-
BMC-sensitized individuals was «S2-CN> «S1-CN> k-CN, 3-CN> other minor frac-
tions (e.g., BSA/Ig). Research on the specific immunoreactivity to 3-CN and its
harmful peptide (BMC-7) has been perhaps the most studied, such that its dietary
elimination has allowed the differentiation of A1/A2 milk (3-CN variants), which
differs in the presence of BMC-7 [40]. In addition, xS51/«S1-CN play a major role in
Type 1 hypersensitivity to bovine milk (BM) in an age-specific manner [41]. However,
enzymatically digested raw BM may also unveil T-cell but not IgE-reactive epitopes
that may induce long-term immune tolerance (possibly IgG-mediated) in subjects with
cow’s milk allergy [42].

e  Second, although it might be obvious that the relative density of protein subfractions
in the BMC mix used here («51-CN, aS2-CN > 3-CN > k-CN, BSA > Ig; Figure 2)
differs from their natural occurrence in raw bovine milk («S1-CN, «S2-CN > 3-CN
> k-CN, B-lactoglobulin > x-lactalbumin > BSA > lactoferrin/Ig) [43], the presence
of additional BSA and IgG bands (>50 kDa) and other minor proteins (<24 kDa) was
evident. This issue has been reported by others when using the same pure standards,
either alone or mixed [44-46].

e  Third, the BSA immunoreactivity observed in patient-specific immunoblots could be
due to the ELISA assay, given that its binding to the microplate (ELISA) or to PVDF
membrane strips could be strong (e.g., covalent forces), though the BSA concentration
in the BMC mix is considerably low compared to «, 3-CN. Furthermore, the Ag-Ab
reaction with BSA from the blocking solution (ELISA assay) is negligible since, under
these conditions, BSA exhibits quite low capacity to adhere to the microplate (weak
bounding forces) or to create stable conjugates that can be eliminated in the washing
stages [47,48].

The evidence presented here indicates that the severity of GIS and ASD-like behaviors
seems to be associated with a selective humoral response to BMC in susceptible young
Mexicans living with ASD. Such sensitization seemed to be type IV rather than type I hy-
persensitivity, mainly targeting aS2-CN; several factors (alone or in combination) could be
playing a role in this fact, including the following: (A) the natural switching to a long-term
adaptative humoral response (mediated by IgA and IgG but not IgE), (B) that immunore-
activity was tested passively (basal serum titers) and not actively (e.g., after protein oral
challenge), or (C) that the true allergenic response to bovine milk proteins was probably
to non-casein proteins. Lastly, various parameters reported as predictors of systemic im-
munogenicity (Tables S1 and S2) could have reached statistical significance if the number
of patients analyzed was higher and, preferably, sorted into paired groups. The inclusion
of clinical tests demonstrating loss of intestinal integrity (high permeability to dietary
antigens) and concurrent inflammatory processes could have helped to establish a stronger
causal association between BMC immunoreactivity and the severity of gastrointestinal
symptoms and aberrant behaviors.

5. Conclusions

IgA+ > IgG+ but not IgE+ response to BMC (mainly o-casein) seems to be related to
the severity of GIS and ASD-like behaviors, although a larger number of ASD patients are
needed to disentangle such the direction of causality of this phenomenon (worsening of
ASD/GIS symptoms <+ humoral response/immunoreactivity grading).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ gastroent15030039 /s1: Figure S1: Scattergrams (absorbance at 450 nm) to
identify subjects (1 = 31) with IgA and IgG immunoreactivity to bovine milk caseins; Table S1: Early-life
events in participants with ASD stratified by immunoreactivity to BMC; Table S2: Eating behaviors and
gastrointestinal disturbances in ASD participants stratified by immunoreactivity to BMC.
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Figure S1. Scattergrams (absorbance at 450nm) to identify subjects (n=31) with IgA and IgG
immunoreactivity to bovine milk caseins. (Up) Cut-off point to identify IgA+ (Abs > 0.447; n=6) and IgA-
[control mean absorbance (CMA) = 0.237 + 0.07] subjects., (Down) Cut-off point to identify IgG+ (Abs > 1.3)
and IgG- [control mean absorbance (CMA)=0.927 + 0.14] subjects. Cutoff points were set at CMA +2.5 (IgA)
or + 3.0 (IgG) standard deviations (SD) and one subject previously identified with multiple
immunoglobulins (IgA+/IgG+) hypersensitivity toward bovine milk proteins (BMP) was included as
positive control. Reference method: Vojdani et al. (2014) [22].



Table S1. Early-life characteristics in ASD participants stratified by immunoreactivity group to
BMC.13,

Immunogenic response

Reference Mono Dual
n 13 11 7
Peri-gestational health
(Mother)
Gestational anemia 3(23.1) 2 (18.2) -
Bleeding 1(7.7) 4 (36.4) -
Maternal wasting 1(7.7) 2 (18.2) --
Maternal obesity 2 (15.4) 1(9.1) --
Gestational diabetes - 1(9.1) -
Gestational hypertension 3(23.1) 3 (27.3) --
Preeclampsia 3(23.1) 1(9.1) -
High risk pregnancy 5(38.5) 5 (45.5) --
Urinary tract infections 3(23.1) 6 (54.5) 1(14.3)
Vaginal infections 2 (15.4) 3(27.3) 2 (28.6)
Obstetrics (Participants)
Birth weight (g + SD) 3.3 (0.3) 3.5(0.5) 3.3 (0.7)
Birth size (cm + SD) 50.0 (5.3) 504 (3.7) 48.8(5.0)
Childbirth complications 4 (30.8) 5 (45.5) 2 (28.6)
Vaginal delivery 7 (53.8) 7 (63.6) 3 (42.9)
Cesarean delivery 6 (46.2) 4 (36.4) 4 (57.1)
Oxygen at birth 4 (30.8) 2 (18.2) 2 (28.6)
Incubator at birth 5 (38.5) 2 (18.2) 3 (42.9)
Hospitalizations 4 (30.8) 4 (36.4) 1(14.3)
Clinical history (Participants)
Anemia 1(7.7) - --
Asthma 5 (38.5) 2(18.2) 1(14.3)
Colitis 5 (38.5) 6 (54.5) -
Constipation 9 (69.2) 8 (72.7) 3 (42.9)
Dehydration 2 (15.4) 1(9.1) 1(14.3)
Diabetes -- 1(9.1) --
Celiac disease -~ 1(9.1) -~
Epilepsy 1(7.7) 1(9.1) -
Hypertension -- -- --

1 Otherwise specified, data is expressed as n (%). 2 Immunoreactivity group: Reference (IgG-/IgA-
), Mono (IgG*/IgA-), dual (IgG*/IgA*). ® Data with no statistical differences between groups (p>
0.05). Autism spectrum disorder (ASD), bovine milk caseins (BMC), standard deviation (SD),
mean (X).



Table S1. Early-life characteristics in ASD participants stratified by immunoreactivity group to
BMC.13,

Immunogenic response

Reference Mono Dual
Clinical history (Participants)
Intestinal infections 6 (46.2) 5 (45.5) 2 (28.6)
Respiratory tract infections 9 (69.2) 4 (36.4) 2 (28.6)
Urinary tract infections 4 (30.8) 2 (18.2) 2 (28.6)
Otitis 3(23.1) 2 (18.2) 2 (28.6)
Sleep disorders 5 (38.5) 4 (36.4) 3 (42.9)
Blood transfusions -- -- 1(14.3)
Medications
None 5 (38.5) 3 (1.6) 1(14.3)
<3 prescriptions 7 (53.8) 2(18.2) 4 (57.1)
Lactation
Breast feeding (not exclusive) 10 (76.9) 8 (72.7) 6 (85.7)
Formula 3(23.1) 3 (27.3) 1(14.3)

1 Otherwise specified, data is expressed as n (%). 2 Immunoreactivity group: Reference (IgG-/IgA-
), Mono (IgG*/IgA-), dual (IgG*/IgA*). ® Data with no statistical differences between groups (p>
0.05). Autism spectrum disorder (ASD), bovine milk caseins (BMC), standard deviation (SD),
mean (X).



Table S2. Eating behaviors and gastrointestinal disturbances in ASD participants stratified by
immunoreactivity group to BMC.13.

Immunogenic response

Reference Mono Dual
n 13 11 7
Eating behaviors
Lack of appetite 6 (46.2) 7 (63.6) 5(71.4)
Food intolerance 5 (38.5) 4 (36.4) 4 (57.1)
Food rejections (selectivity) 10 (76.9) 10 (90.9) 7 (100)
Sharp satiety 6 (46.2) 4 (36.4) 2 (28.6)
Self-perceived digestive health
Moderate 4 (30.8) 6 (54.6) 1(14.3)
Poor 3(23.1) 4 (36.4) 4 (57.1)
Bristol Stool Scale
Constipation (1-2) 5 (38.5) 6 (54.6) 2 (28.6)
Soft stools (3-5) 7 (53.8) 4 (36.4) 4 (57.1)
Diarrhea (6-7) 1(7.7) 1(9.1) 1(14.3)
Gastrointestinal symptoms
Bloating 9(69.2) 9 (91.8) 6 (85.7)
Nausea 6 (46.2) 6 (54.6) 4 (57.1)
Jaundice 2(15.4) -- --
Rectal pain 5 (38.5) 7 (63.6) 4 (57.1)
Belching 5 (38.5) 7 (63.6) 4 (57.1)
Vomiting 4 (30.8) 5 (45.5) 5(71.4)
Meteorism 11 (84.6) 8 (72.7) 5(71.4)
Constipation 9 (69.2) 8 (72.7) 2 (28.6)
Rectal bleeding 3(23.1) 5 (45.5) 1(14.3)
Diarrhea 4 (30.8) 4 (36.4) 4 (57.1)
Deposition changes 8 (61.5) 6 (54.6) 4 (57.1)
Mucus in feces 7 (53.8) 6 (54.6) 5(71.4)
Heartburn 3(23.1) 3 (27.3) 4 (57.1)
Abdominal pain 4 (30.8) 4 (36.4) 4 (57.1)
Blood in stools -- 1(9.1) --
Functional Diarrhea 1(7.7) 1(9.1) 2 (28.6)
Functional constipation (<5y) 3(23.1) 6 (54.6) --
Functional constipation (>5y) 4 (30.8) 1(9.1) --
Irritable bowel syndrome 2 (15.4) 2 (18.2) 2 (28.6)

1 Otherwise specified, data is expressed as n (%). 2 Immunoreactivity groups: Reference (IgG-/IgA-
), Mono (IgG*/IgA-), dual (IgG*/IgA*). ® Data with no statistical differences between groups (p>
0.05). Autism spectrum disorder (ASD), bovine milk caseins (BMC), standard deviation (SD),
mean (X).
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