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Abstract

Background—Food protein-induced enterocolitis syndrome (FPIES) is a gastrointestinal 

hypersensitivity disorder with a poorly understood pathophysiology and no biomarkers to aid in 

diagnosis.

Objective—To investigate humoral and cellular responses to casein in children with milk-FPIES, 

including the role of casein-specific (cs) IgA and T-cell mediated TGF-β responses.

Patients and methods—Thirty-one children previously diagnosed with milk-FPIES were 

challenged with milk. Twelve age-matched children with FPIES to other foods and 6 milk-tolerant 

children without a history of FPIES were used as controls. Casein-specific IgE, IgG, IgG4 and IgA 

were measured in serum and TGF-β levels in supernatants of casein-stimulated PBMCs.

Result—Twenty-six children with milk-FPIES reacted (active milk-FPIES) and five tolerated 

milk (milk-FPIES-resolved) during food challenge. All of them had significantly lower levels of 

csIgG, csIgG4 and csIgA than control children (p-value<0.001). There were no TGF-β responses 

in supernatants of active milk-FPIES children.

Conclusion—Children with milk-FPIES have low levels of csIgG, csIgG4 and csIgA. In 

particular, children with active FPIES to cow’s milk have deficient T-cell mediated TGF-β 

responses to casein, rendering TGF-β a promising biomarker in identifying children who are likely 

to experience FPIES reactions to this allergen. Prospective studies are needed to validate these 

findings, elucidate their role in FPIES pathophysiology and establish the diagnostic utility of TGF-

β in milk-induced FPIES.
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INTRODUCTION

Food protein-induced enterocolitis syndrome (FPIES) is a non-IgE mediated food 

hypersensitivity disorder primarily affecting formula-fed infants and young children (1). The 

clinical features of FPIES encompass chronic non-specific gastrointestinal symptoms 

including intermittent emesis and diarrhea with continuous exposure to a triggering food, as 

well as severe symptoms on re-exposure to a trigger following dietary exclusion, including 

repetitive, projectile emesis, abdominal distention, lethargy, dehydration, bloody diarrhea, 

metabolic acidosis, hypotension and hypovolemic shock (2). Severe symptoms are common 

and may be the first manifestation of FPIES. The clinical presentation mimics 

gastrointestinal infections and other gastrointestinal disorders (e.g. intussusception, 

volvulus, pyloric stenosis), sepsis, food poisoning, metabolic and neurologic disorders and 

must be differentiated from other gastrointestinal food allergy entities, such as proctocolitis 

and eosinophilic gastroenteropathies. Weight loss and failure to thrive may further 

complicate the differential diagnosis and contribute to poor recognition and mis-diagnosis of 

FPIES (3).

As a consequence of the limited understanding of the underlying pathophysiology, there are 

no biomarkers specific for FPIES (4). Currently the diagnosis of FPIES is based on the 

history, clinical symptoms, exclusion of other gastrointestinal pathology with similar non-

specific symptoms and oral food challenges (OFC) (5). Although OFC may be omitted in 

the case of a convincing history and absence of symptoms after eliminating the causative 

food (1), they are necessary for less clear-cut presentations and for evaluating FPIES 

resolution. Elimination of the causative food is the only therapeutic approach. OFC for 

FPIES is considered a high risk procedure and should be performed in hospital setting, with 

fluid resuscitation available.

FPIES has been described predominantly in cow’s milk-formula-fed infants and extremely 

rarely during exclusive breastfeeding, even though cow’s milk proteins are being passed in 

the maternal milk (6). It is not clear how exclusive breastfeeding prevents FPIES. It has been 

suggested that breast milk IgA, either alone or as a complex with secreted antigens, may 

play a protective role (7) by minimizing the potentially harmful antigenicity of these milk 

proteins in the immature gastrointestinal tract during early life.

Considering the potentially important role of IgA, we hypothesized that this antibody class 

and the major regulatory cytokine for IgA, TGF-β, which can induce IgA isotype switch and 

B cell activation (8, 9), may play a role in the pathophysiology of FPIES.

Konstantinou et al. Page 2

Pediatr Allergy Immunol. Author manuscript; available in PMC 2015 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SUBJECTS AND METHODS

Subjects

Children previously diagnosed with milk FPIES underwent an oral food challenge (OFC) in 

the inpatient Mount Sinai Clinical Research Unit to evaluate for resolution, usually 12–18 

months following the most recent FPIES reaction to milk. During OFC, milk protein (0.06–

0.6 g/kg body weight, based on the severity of the reactions described in the personal 

history) was administered in three equal portions over an hour. Pre-determined diagnostic 

criteria should be all met to define a positive OFC; these were emesis, diarrhea and increase 

in blood polymorphonuclear leukocyte count > 3,500 cells/mm3 peaking at 6 hours after the 

first symptoms (10). Following a negative (asymptomatic) OFC, children were observed for 

4 hours, whereas following a positive (symptomatic) challenge they were treated and 

observed until stable, usually discharged within 6 hours. Blood samples were obtained 

immediately before the OFC (CBC, serum for humoral studies), 4 hours after the negative 

OFC, and 6 hours after the positive OFC (CBC T cell studies). Three control groups were 

also included: children with FPIES to foods other than milk (other-food-FPIES group); 

children with IgE-mediated milk allergy who had developed tolerance to regular milk and 

atopic children who never experienced milk allergy, regularly consume milk and without 

history of FPIES to any food (negative controls). Eligible subjects were all referred children 

to the inpatient Mount Sinai Clinical Research Unit with a diagnosis of milk-FPIES and 

available serum samples. The study was approved by the Mount Sinai Institutional Review 

Board and informed consent was obtained from the study subjects’ parents or legal 

guardians.

Serum casein-specific IgE and IgG4 levels

Casein-specific (cs) IgE (limits of assay 0.1–100 kUA/L), IgG (0.02–2 mgA/mL) and IgG4 

(0–300 μgA/L) levels were measured with the UniCAP system (ThermoFisher Scientific, 

Portage, MI).

Serum total IgA and casein-specific IgA ELISA

Total and csIgA concentrations were determined by sandwich ELISA based on a previously 

described technique (11). Briefly, 96-well Immulon 4HBX plates (Fisher Scientific, 

Pittsburgh, PA) were coated overnight at 4°C with an α-chain specific goat F(ab)′2 anti-

human IgA (InvivoGen, San Diego, CA) antibody at 2 μg/ml for generating the standard 

curve (range 0.391–50 ng/ml) and for total IgA measurements, and with casein (Sigma-

Aldrich, St Louis, Mo) at 5 μg/ml for detection and measurement of csIgA, all diluted in 

0.05 mol/L carbonate-bicarbonate buffer (pH 9.6). After washing (x3) with phosphate-

buffered saline containing 0.05% Tween-20 (PBS-T), the plates were blocked with 2% BSA 

in PBS-T (blocking buffer) at 31°C for 60 minutes. Standard [native monomeric IgA1 

antibodies isolated from human plasma (GenWay Biotech Inc, San Diego, CA)] and serum 

samples (prepared in a series of two-fold dilutions in blocking buffer starting from 1:40 for 

specific IgA and 1:16×104 for total IgA) were pipetted in triplicates of 100 μl and incubated 

at 31°C for 2 hours. After washing, 100μl/well of goat anti-human IgA – HRP Fc specific 

(Antibodies Online, Atlanta, GA), diluted 1:2000 in blocking buffer, were applied for 60 

minutes at 31°C. Following washing (x6) with PBS-T, 100 μl/well of 2,2′azinobis(3-

Konstantinou et al. Page 3

Pediatr Allergy Immunol. Author manuscript; available in PMC 2015 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ethylbenzthiazolinesulfonic acid) peroxidase substrate (ABTS, KPL, Inc, Gaithersburg, MD) 

were added and allowed to develop at 31°C for 60 minutes. Absorbance values were read at 

405 nm using SoftMax Pro© software.

Peripheral blood mononuclear cell casein stimulation and proliferation assay

Peripheral blood mononuclear cells (PBMCs) were obtained 4–6 hours following an OFC, 

from heparinized blood, by centrifugation in Ficoll-Paque (GE Healthcare, Uppsala, 

Sweden) and stained with carboxyfluorescein diacetate succinimidyl ester (CFSE, 2.78 

μg/ml, AnaSpec Inc, San Jose, Calif) for 10 minutes. Excessive CFSE was removed by 

washing with medium (AIM-V, Invitrogen, Grand island, NY). A total of 2 × 106 PBMCs 

were cultured for 7 days with endotoxin-free α, β and κ caseins (total concentration of 

50μg/ml) or anti-CD3/CD28 expander beads (Invitrogen Dynal AS, Oslo, Norway) as 

positive control according to the manufacturer’s protocol, and medium alone in the presence 

of interleukin-2 (IL-2, 20ng/ml, R&D Systems Inc, Minneapolis, MN) at 37°C. After 

centrifugation at 300g for 5 minutes, supernatants were collected and stored at −80°C until 

used.

TGF-β bioassay

Analysis of bioactive TGF-β was performed as previously described (12) with a few 

modifications, utilizing the mouse fibroblast cell line MFB-F11 [mouse fibroblasts isolated 

from mouse Tgfb1−/− embryos transfected with a reporter plasmid consisting of TGF-β-

responsible Smad-binding elements coupled to a secreted alkaline phosphatase reporter gene 

(SBE-SEAP)]. Briefly, MFB-F11 cells were seeded at 30.000 cells/100μl (per well) in 96-

well flat bottom tissue culture plates (BD Falcon, Franklin Lakes, NJ) and cultured for 24 

hours at 37°C in a 5% CO2 atmosphere in Dulbecco’s Modified Eagle Medium (DMEM, 

Invitrogen, Carlsbad, CA) supplemented with penicillin/streptomycin and 10% fetal bovine 

serum (Invitrogen, Carlsbad, CA). Afterwards, cells were washed twice and incubated with 

50μl/well AIM-V for 2 hours before recombinant TGF-β standards (range 2pg/ml to 1ng/ml, 

eBioscience San Diego, CA) and supernatants from the stimulated (as described above) 

PBMCs cultures (samples) were added in 50μl volume. Samples were diluted 1:2 to 1:16 to 

measure bioactive TGF-β and from 1:16 to 1:128 to measure latent TGF-β (samples were 

activated by adding 2.5μl of 6M HCI into 50μl of sample at room temperature and incubated 

for 10 minutes and then neutralized with 2.5μl of 6M NaOH). Cultured supernatants were 

collected 24 hours later. SEAP activity was measured with the luminometer FLUOstar 

OPTIMA (BMG Labtechnologies, Offenburg, Germany) using the Great EcsAPe™ SEAP 

Chemiluminescence Kit 2.0 (Clontech, Mountain View, CA) according to the 

manufacturer’s instructions.

Statistical analysis

The distributions of the variables of interest were assessed with the Shapiro-Wilk test. 

Descriptive statistics are presented as median (inter-quartile range) for non-normally 

distributed variables. The Wilcoxon rank-sum test and Kruskal Wallis tests were used to 

compare continuous variables and Pearson’s X2 test to compare categorical variables among 

studied groups. All reported p-values are based on 2-sided tests and compared with a 
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significance level of 5%. Stata 9.1 for Windows (Stata Corp LP, College Station, TX) was 

used for all statistical calculations and plots.

RESULTS

Among 31 children with a previous diagnosis of milk-FPIES, 26 reacted during milk OFC 

(milk-FPIES group) and 5 did not react (milk-FPIES-resolved group). Prior to the milk 

OFC, these children remained on a diet restricted of milk protein. Additional control 

subjects included twelve children tolerant to milk, but with FPIES to other foods (other-

food-FPIES group) and 6 milk-tolerant atopic children without a history of FPIES (negative 

controls). These two last groups had cow’s milk in their diet on a regular basis. All these 

groups were matched for age and gender (Table 1), and had casein-specific IgE <0.35 IU/ml.

An additional group of 12 children with IgE-mediated milk allergy 8.3±2.2 years old, were 

followed until they became tolerant (after 1.3±0.8 years). Serum samples were obtained at 

baseline just before the oral food challenge to which they reacted, while they had remained 

on a milk-elimination diet, and 10 months after they became tolerant to milk when they had 

included milk products in their diet on a regular basis.

Humoral responses

Serum csIgG, csIgG4 and csIgA antibody levels were significantly higher in the other-food-

FPIES as compared with the milk-FPIES and milk-FPIES-resolved groups. Casein-specific-

IgA levels in negative controls were comparable to other-food-FPIES children and 

significantly higher than in the milk-FPIES group (Table 1, Figure 1).

Assessing potential IgA dependence on milk exposure

In the group of children with IgE-milk allergy [median casein-specific IgE (interquartile 

range): 8.4(2.3–21.1) IU/ml, csIgA levels were comparable between baseline measurements 

(when the children were reactive to milk and thus were completely avoiding milk) and 

measurements 10 months after they became tolerant to regular milk when milk was being 

ingested regularly in their diet [median (IQR) csIgA: 195.9(62–344) ng/ml vs 219.4(144.5–

394.9) ng/ml respectively, P=0.875] (Table 2).

TGF-β in supernatants of casein-stimulated PBMCs

Bioactive and latent TGF-β (inactive precursor of bioactive TGF-β) were measured in 

supernatants of casein-stimulated PBMCs from six milk-FPIES and four milk-FPIES-

resolved children with available blood samples. There were neither bioactive nor latent 

TGF-β responses [median (IQR): 0 (0–0) ng/ml, ] in stimulated supernatants from children 

with milk-FPIES, while latent TGF-β was significantly higher in milk-FPIES-resolved group 

(P=0.041) (Figure 2 and Table 3)

DISCUSSION

We report the novel observation of deficient serum csIgA levels and T-cell casein-mediated 

immunological responses in children with FPIES to milk. We also propose a potentially 

useful biomarker (TGF-β responses of casein-stimulated PBMCs) that may differentiate 
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between children with persistent FPIES to milk and children with resolved FPIES to milk. 

We also found that both csIgG and csIgG4 levels were lower in children with FPIES to milk 

compared to the other-food-FPIES control subjects.

There are only a few, small published studies in which the potential role of IgA in FPIES 

has been examined (13, 14). Details regarding milk-specific IgA titers in patients and 

controls are only provided in the study by Shek et al(13), in which eleven children with 

milk-FPIES had similar serum α-, β- and κ-csIgA antibody levels with milk-tolerant 

children.

In the same study (13), the children with milk FPIES had significantly lower serum α-, β- 

and κ-csIgG4 antibody levels than milk-tolerant children, in keeping with the low csIgG4 

and low csIgG levels we found. It has been shown that allergen specific-IgG4 antibodies 

increase with exposure to the particular allergen (15–18). In FPIES, it not clear if the low 

IgG4 levels can be explained by lack of exposure due to the milk-free diet. It can be argued 

that levels of csIgA may also be affected by exposure to the dietary milk protein. To account 

for this argument we assessed children with IgE-mediated milk allergy when they were 

completely avoiding milk, and 10 months after they had became milk tolerant and have 

introduced milk in their diet. There were no differences in csIgA to justify change in csIgA 

due to exposure. While we cannot exclude with 100% certainty the possibility of minor 

dietary transgressions that did not induce symptoms but might have induced csIgA in 

children with resolved milk-FPIES, none of these children reported accidental milk 

ingestions within 12 to 18 months prior to the study OFC.

Both IgG4 and IgA exhibit allergen-specific inhibitory activity in ex vivo and in vitro 

biologic assays such as basophil histamine release assays (19, 20). In vivo inhibitory activity 

has been shown directly or indirectly in several studies (21–24). Low levels of csIgG4 and 

csIgA could explain the reactions occurring in FPIES due to impaired neutralization 

capability of the gut microenvironment.

TGF-β are a group of cytokines that control many biological processes. TGF-β is initially 

released in precursor form known as a latent form that must be activated in the local 

microenvironment (e.g. pH changes) to become biologically active. This system is so 

sensitive that small amounts of latent TGF-β activation may generate maximum cellular 

responses, rendering latent TGF-β a type of extracellular sensor responding to specific 

signals by releasing bioactive TGF-β (25). In the TGF-β assay used in the current study, 

latent TGF-β does not signal unless it becomes activated. To measure TGF-β, we artificially 

activated it by acid treatment. PBMCs from milk-FPIES children showed deficient TGF-β 

responses upon casein stimulation since not only bioactive but also latent TGF-β could not 

be detected with a very sensitive assay.

Signaling via the TGF-β receptor is crucial for in vivo generation of IgA responses (26). 

Although based on a small sample, the deficient TGF-β responses of casein-stimulated 

PBMCs from milk-FPIES children found in the current study provide a potential explanation 

for the decreased serum levels of csIgA in these children. It could be argued that lack of 

exposure would result in fewer circulating casein-specific T-cells in the PBMC population 

Konstantinou et al. Page 6

Pediatr Allergy Immunol. Author manuscript; available in PMC 2015 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



examined. However, lack of casein-specific precursor cells in the PBMCs examined is 

unlikely if we consider the results from another study that showed that PBMCs from peanut-

allergic children, were able to be stimulated with peanut extract, even after using half of the 

PBMCs (approximately one million as opposed to two millions in the current study) (27). 

These observations render TGF-β a potential biomarker for FPIES diagnosis, but of course 

they need to be further studied in larger cohorts of patients.

Our findings provide support for the potential role of TGF-β in FPIES pathogenesis 

suggested also by the undetectable TGF-β1 expression and the depressed expression of the 

TGF-β type I receptor found on the epithelial and mononuclear cells in the lamina propria of 

duodenal biopsies from most of the children with FPIES (28). TGF-β has been shown to 

regulate the intestinal epithelial integrity by maintaining and recovering the barrier function 

of human enterocytes (29, 30). Thus, a disruption of the epithelial barrier function, an 

enhanced antigen access to the submucosa and a subsequent activation of antigen-specific 

lymphocytes could be explained by deficient TGF-β responses.

In conclusion, children with milk-FPIES have low serum levels of csIgA, csIgG and csIgG4. 

In keeping with the low serum csIgA levels, the PBMCs from the same patients show TGF-β 

deficient responses upon casein stimulation which may play an important role in FPIES 

pathophysiology and could be used as a potential biomarker of persistent milk-FPIES. 

Prospective studies are needed to validate these findings in larger cohorts of children, 

recognize their role in the FPIES pathophysiology and establish the potential diagnostic 

utility in milk-induced FPIES.
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Figure 1. 
Comparison of casein-specific (cs) IgA among the milk-FPIES, milk-FPIES-resolved, other-

food-FPIES and negative control children.

*: 0.05 ≤ P < 0.01,

**: 0.01 ≤ P < 0.001,

***: P ≤ 0.001,

ns: non-significant
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Figure 2. 
Comparison of (A) bioactive and (B) latent TGF-β (inactive precursor of bioactive TGF-β) 

measured in supernatants of casein-stimulated PBMCs from children with FPIES to milk 

(milk-FPIES) and children with FPIES to cow’s milk that just passed a food challenge to 

cow’s milk, namely just resolved their intolerance (milk-FPIES-resolved) (values are 

adjusted for the media-alone TGF-β measurements).
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Table 3

Bioactive and latent TGF-β (inactive precursor of bioactive TGF-β) measured in supernatants of casein-

stimulated PBMCs from children with FPIES to milk (milk-FPIES) and children with FPIES to cow’s milk 

that just passed a food challenge to cow’s milk, namely just resolved their intolerance (milk-FPIES-resolved).

Milk-FPIES
(n=6)

Milk—FPIES-resolved
(n=4)

p-value

Bioactive TGF-β (ng/ml) 0 (0 – 0) 0.003 (0 – 0.03) 0.294

Activated latent TGF-β (ng/ml) 0 (0 – 0) 0.61 (0.19 – 1.59) 0.041

Values present in median (IQR)

IQR: interquartile range

p-values are based on Mann Whitney test
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