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Abstract
Background: Leukocyte activation (LA) testing identifies food items that induce a patient specific cellular response
in the immune system, and has recently been shown in a randomized double blinded prospective study to reduce
symptoms in patients with irritable bowel syndrome (IBS). We hypothesized that test reactivity to particular food
items, and the systemic immune response initiated by these food items, is due to the release of cellular DNA from
blood immune cells.
Methods: We tested this by quantifying total DNA concentration in the cellular supernatant of immune cells
exposed to positive and negative foods from 20 healthy volunteers. To establish if the DNA release by positive
samples is a specific phenomenon, we quantified myeloperoxidase (MPO) in cellular supernatants. We further
assessed if a particular immune cell population (neutrophils, eosinophils, and basophils) was activated by the
positive food items by flow cytometry analysis. To identify the signaling pathways that are required for DNA
release we tested if specific inhibitors of key signaling pathways could block DNA release.
Results: Foods with a positive LA test result gave a higher supernatant DNA content when compared to foods
with a negative result. This was specific as MPO levels were not increased by foods with a positive LA test.
Protein kinase C (PKC) inhibitors resulted in inhibition of positive food stimulated DNA release. Positive foods
resulted in CD63 levels greater than negative foods in eosinophils in 76.5% of tests.
Conclusion: LA test identifies food items that result in release of DNA and activation of peripheral blood innate
immune cells in a PKC dependent manner, suggesting that this LA test identifies food items that result in release
of inflammatory markers and activation of innate immune cells. This may be the basis for the improvement in
symptoms in IBS patients who followed an LA test guided diet.
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Background
There are a multitude of commercially available blood
tests purporting to diagnose food allergy [1], though most
remain unvalidated [2]. Among the more widely utilized
food sensitivity assays are leukocyte activation (LA) tests
used to guide dietary advice used in complementary and
alternative medicine practices [3, 4].
A number of small studies and abstracts have suggested
clinical utility of dietary change using LA test results [5, 6]
* Correspondence: wajahat.mehal@yale.edu
†
Equal contributors
1
Department of Internal Medicine, Yale University School of Medicine, New
Haven, CT, USA
Full list of author information is available at the end of the article

as well as reproducibility of test results, but are difficult to
assess due to the lack of rigorous published methods. Previous literature also notes a lack of reproducibility in LA
results and recommend against dietary guidance using
these tests [3, 7–11].
LA tests assess changes in blood leukocyte populations
in response to incubation with a large panel of standardized food antigens and are analyzed using a quantitative
algorithm that assesses changes in number, cell volume,
and conductance [12] after exposure to individual foods.
More commonly utilized conventional food allergy tests
examine the humoral, or antibody response (typically
IgE), but do not provide information of the response on
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immune cells [13]. In contrast to a IgE-mediated food allergy, the term food sensitivity or intolerance often refers
to non-IgE mediated symptomatic responses to food [14].
Guidelines sponsored by the National Institute of Allergy
and Infectious Diseases note that diagnosing non-IgEmediated immunologic adverse reactions to food can be
challenging, and many immune cells may be involved in
the pathogenesis of non-IgE-mediated food reactions [15].
A food sensitivity assay using only biological samples
has a number of desirable attributes at a scientific and
clinical level. Firstly, the results can be considered objective as the entire test is performed and reported without incorporating information about patient demographics,
dietary profile, or symptom complex. This is an important
point, as incorporation of such information can be used to
reaffirm previously held concepts about associations between foods and symptoms, rather than providing new
data that is based entirely on a biological test.
Our previous research assessing usage patterns of unconventional laboratory testing noted widespread use of
LA tests Anecdotally, some clinicians report that elimination diets guided by LA test results were effective in
treating chronic symptomatology, especially in conditions such as irritable bowel syndrome and dermatitis.
Nevertheless, anecdotal reports and observational studies, despite encouraging results, cannot determine causality. Furthermore, retrospective studies are prone to
bias [16]. Prospective randomized, controlled studies
provide more rigorous data to determine the effects of
an intervention. We recently completed a blinded, randomized controlled trial of IBS patients finding statistically significant improvements in patients with irritable
bowel syndrome, compared to a sham diet, in response
to dietary alterations guided by a LA test [17].
The objective of the current study was to bridge the gap
in understanding between the known morphological and
physiochemical (conductance) based changes which are
detected by a commercially available LA test and current
paradigms of immune activation. The immune system can
be activated by a diverse range of stimuli and pathways. In
recent years, there has been greater recognition of selfmolecules that are typically sequestered inside cells inducing immune activation if they are extruded into the extracellular environment [18]. Release of internalized molecules
can occur by non-specific cell death such as induced by
physical trauma or thermal injury [19]. It can also occur by
programmed release by immune cells to initiate an inflammatory response. Such molecules are generically termed
damage associated molecular patterns (DAMPs), and currently over 20 such molecules have been identified.
We have identified the role of DNA as a DAMP in a
number of disease states [18]. DNA is present inside the
nucleus and mitochondria of healthy cells, and on extrusion can activate a specific receptor, Toll-like receptor 9
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(TLR9) on immune cells [20]. This results in immune
activation and the release of pro-inflammatory cytokines
(IL-1β and TNF-α) and an anti-viral response (type-1 interferons). We have identified that release of DNA and activation of TLR9 is an important injury pathway in
acetaminophen induced liver injury, pancreatitis and nonalcoholic steatohepatitis [21–23]. Others have shown this
pathway to be important in systemic lupus erythematosus
(SLE), and liver ischemia reperfusion injury [24, 25].
In this study, we assessed a commercially available LA
test (Alcat Test, Cell Science Systems, Corp., Deerfield,
FL). This test cultures peripheral blood leukocytes (PBL)
with extracts from 200 individual foods, and identifies
foods that induce changes in physiochemical properties
in PBL. Based on changes in morphology and conductance, foods are categorized as severe intolerance
(denoted as positive in this paper), moderate intolerance,
mild intolerance, or acceptable foods/no reaction (denoted as negative in this paper). We hypothesized that
positive foods result in release of DNA from peripheral
blood leukocytes, resulting in an inflammatory response.
Thus, positive food items are predicted to release DNA
to a greater degree than negative food items (Fig. 1). We
tested this hypothesis by initially obtaining LA test profiles of 20 healthy subjects by sending blood for Alcat
testing. Subsequently, peripheral blood leukocytes, from
the same subjects, were cultured with food items identified as positive or negative on LA testing, and DNA
concentration in the cellular supernatant of immune
cells quantified, in our independent academic laboratory.
We further established whether this was a specific
phenomenon and identified the major signaling pathways
that were involved. (See experimental flow in Fig. 2).

Methods
Ethics statement

The study was approved by the Human Investigation
Committee of Yale University (New Haven, CT). Blood
and clinical data were collected at the Yale Center for
Clinical Investigation outpatient facility. All subjects provided written informed consent.
Participants

Eligible participants were healthy females (n = 17) and
males (n = 3), with a mean age of 38 years of age (range
20 to 61 years) with no reported food allergies/sensitivities. Participants provided 5–11 blood samples (20 mL)
approximately monthly for 17 months.
Exclusion criteria included a history of abdominal
surgery (excluding cholecystectomy, appendectomy, hysterectomy, and hernia repair), inflammatory bowel disease,
irritable bowel syndrome, and other major medical conditions (diabetes, hypertension, cardiovascular disease, and
cancer). Other exclusion criteria were a history of radiation
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Fig. 1 Proposed mechanism of immune pathway activated by food items that tested were identified by the leukocyte activation test as positive.
The dependence on a protein kinase C pathway is a feature of DNA release by innate immune cells

proctitis (or other known poorly controlled medical conditions that could interfere with bowel function). Antibiotic
use within 1 month of enrollment, narcotic/opioid pain relievers, and other medications known to be affected by
modest dietary change (such as warfarin and immunosuppressives such as cyclosporine) were criteria for exclusion.
Participants were compensated $25 for each venipuncture.
All blood samples were collected at Yale University
(New Haven, CT) and the initial sample (9 ml) was sent to
the sponsor for LA testing, resulting in a list of foods categorized as positive, negative or intermediate for each subject. After obtaining this information, further blood
samples were collected from the same subjects to conduct
the experiments described below. All work apart from the
initial LA testing was performed in the Section of Digestive Diseases at Yale University (New Haven, CT).

Whole blood separation using Hetasep

Four tubes of blood preserved in sodium citrate for each
participant were obtained and tested approximately 24 h
after the blood was drawn. One milliliters of the separation medium Hetasep (HP, StemCell Technologies) was
added to the 5 ml blood in the citrate tubes. The tubes
were mixed gently and centrifuged at 90 g for 5 min at
room temperature with the brake off. The samples were
allowed to sit at room temperature for 10 min and the
leukocyte-rich plasma layer was placed in a 50 ml tube
and washed once with four-fold volume of saline (EKI
Buffered Blood Bank Saline pH 7.0–7.2, item number:
12443-20 L). After centrifugation at 1200 rpm for 5 min
the supernatant was transferred to a 50 ml tube and cell
pellet re-suspended in 5 ml of saline. Cell count was
checked and diluted with saline and HP.

Fig. 2 Experimental flow. Blood samples from 20 subjects were first sent for LA testing against a large panel of food items. After obtaining these
results subsequent blood samples were incubated with LA positive and LA negative food items individually, and DNA release in the supernatant
was assayed as explained in the methods. This was done in the absence can presence of signaling inhibitors
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Incubation with positive or negative foods and inhibitors

Peripheral blood leukocytes (PBL) were cultured with positive or negative foods, replicating methods of the sponsor.
Pre-prepared food extracts (the same panel of 200 foods as
used in LA testing) were obtained from the sponsor
(Additional file 1: Table S1). Standard commercially obtained food items were used for the test agent preparation.
Briefly, food items were washed with water, cut into small
pieces, and lyophilized. Upon completion of the freezedrying process they were powdered, homogenized, and
packaged. The resulting powder was used to prepare the
primary stock solutions. For each test agent 2.5 g of powder
was extracted using 50 ml of 50% ethanol solution for 1 h
at room temperature with continuous agitation. Resulting
extracts were vacuum filtered to remove the particulate
matter using 0.45μn sterile filter assembly. From these solutions, 10× concentrated secondary stock solutions were
prepared (concentrations used for the test were determined
experimentally based on the original validations and/or
verification performed throughout the product life cycle of
the LA test) in 50% ethanol and filtered using 0.45μn sterile
filter assembly. Working solutions were prepared as 10
times dilutions of the secondary stocks in the reagent grade
water. They were applied to test cassettes which were then
dried in a dehydration chamber for 18–24 h. at 100–105 °F
and relative humidity of ≤20 to immobilize the test
agents. Dried cassettes were capped and stored at room
temperature until use.
All investigators were blinded to which food items
were positive or negative for each subject’s PBL samples.
PBL at 1 × 106 cell/ml were plated and incubated with
individual food items identified positive or negative for
each participant for 45 min in EKI Buffered Blood Bank
saline. One well was the negative control with PBL
alone. Foods were diluted consistent with the methods
of the sponsor (range between 1:4 and 1:1250). To
identify any interactions between positive and negative
foods in stimulating DNA release from PBL, co-cultures
with these two types of foods was also performed. The
following cell signaling inhibitors were added to the
positive foods to see test if DNA release was dependent
on these pathways: Ly294002 (InvivoGen, 50 μM),
Bay11-7082 (InvivoGen, 10 μM), SP600125 (InvivoGen,
50 μM), SB202190 (InvivoGen, 20 μM), Go6983 (Tocris,
10 μM) and W7-Hydrocloride (Tocris, 50 μM).
Cells were incubated with a single positive (or negative)
food with and without each inhibitor for 15 min at 37 °C in
a shaker then for 30 min at room temperature. The supernatants were washed and stored at − 80 °C until their use.
Quantification of supernatant total DNA

Quantification of plasma total DNA by direct fluorescent
PicoGreen staining DNA quantification was performed
using the PicoGreen dsDNA kit (Life Technologies),
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according to manufacturer instructions using 200 microl
of supernatant. Each sample DNA was analyzed in two
duplicated dilution series. Black microtiter plates were
read in a plate reader (BioTek) at an emission wavelength of 520 nm and excitation of 480 nm.
Quantification of supernatant myeloperoxidase (MPO)

The quantification of MPO in supernatants from cells
treated with food extracts and inhibitors was performed
by a standard ELISA using a commercial kit and 100
microl of supernatant (Human MPO ELISA Kit, Abcam).
Flow cytometry

FASC data on PBL cell populations (50,000) was
collected, and were gated based on the expression of the
following surface markers:
Neutrophils: CD66b+ CD16+
Eosinophils: CD66b+ CD16 −
Basophils: CD66b− CD16− CD123+
The CD63 activation marker (eBioscience) was analyzed in each population. Samples were acquired in a
FacsCanto cytometer (Becton Dickinson) and the data
were processed using the FacsDiva 12.0 software.
Statistical analysis

Differences between the 2 groups were compared with
Mann-Whitney U test. (GraphPad Prism 6; GraphPad Software Inc.,). An α value of 0.05 was the threshold for statistical significance. To compare the response of individual
participant samples to positive and negative foods we determined which of the two food categories (positive or negative) gave greater DNA release in each participant. If test
positivity or test negativity had no relevance to DNA release, the null scenario, we would expect an approximately
even distribution, with each category of food giving greater
DNA release approximately half the time. A statistically significant skewing from this would provide evidence of a selective response for either positive or negative foods.

Results
The PBL leukocytes from the 20 subjects gave positive
results to a range of food items as detailed in Additional
files 2 and 3: Tables S2 and S3.
There was a higher concentration of DNA in the supernatants of cells incubated with positive compared to negative foods, or no food (Fig. 3a). For 53 out of a total of 76
assays (70%), the positive foods gave a higher supernatant
DNA content than the negative food in cells from the
same participant (Fig. 3b). This result is statistically significant with P < 0.05. To determine which of the response to
positive or negative foods was dominant we also performed a co-culture with one of each category (positive or
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Fig. 3 Positive foods result in greater release of DNA than negative foods. a Higher mean DNA concentration in supernatants of PBL cultured with
positive as compared to negative food items. Peripheral blood was obtained, immune cells isolated and cultured with known positive or negative
food items. Supernatant was collected and DNA concentration was assayed using PicoGreen staining. (*** P < 0.005, and * P < 0.05). b For individual
blood samples positive foods resulted in a higher supernatant DNA concentration than negative foods 70% of the time (P < 0.05). c Exposure of cells
to positive and negative foods resulted in a DNA release response that was similar to the negative food alone. (* P < 0.05). Nineteen patients were
included in two different times and two positive and two negative foods were studied for each patient each time, resulting in the following sample
sizes: “No Food Group” n = 78, “Positive food Group” n = 78, “Negative Food Group” n = 78. Data are represented as mean with SEM

negative) food. The results (Fig. 3c) show that co-culture
of cells with positive and negative foods brings the
response towards negative food (less DNA release).
To establish if this result of greater DNA release by positive samples is specific to DNA release, or if it is a general,
and possibly non-specific phenomenon, we quantified myeloperoxidase (MPO) in cellular supernatants exposed to
positive and negative foods. Figure 4a shows the average
MPO concentration in supernatants exposed to both categories of foods, and Fig. 4b the numbers of tests in which
the positive food had a higher MPO concentration than the

negative, and vice versa. By both criteria, positive foods did
not result in significantly greater release of MPO. These results demonstrate some specificity for DNA release by positive food items.
To further characterize whether the release of DNA by
immune cells in response to positive foods is a specific
phenomenon, and to identify the signaling pathways that
are required for DNA release, we tested if specific inhibitors of key signaling pathways could block DNA release.
Inhibitors specific for Phosphoinositide 3-kinase (PI3Kinase; inhibitor Ly294002), nuclear factor-kβ (NF-kβ, Bay

Fig. 4 Positive foods do not result in greater release of myeloperoxidase than negative foods. a No difference in average myeloperoxidase (MPO)
concentration in supernatants of blood immune cells cultured with positive or negative food items. Peripheral blood was obtained, immune cells
isolated and cultured with known positive or negative food items. Supernatant was collected and MPO concentration was assayed using a
commercial ELISA. b For individual blood samples positive and negative foods resulted in greater MPO concentrations an identical number of
times. Nineteen patients were included in two different times and two positive and two negative foods were studied for each patient each time,
resulting in the following sample sizes: “No Food Group” n = 78, “Positive food Group” n = 78, “Negative Food Group” n = 78. Data are
represented as mean with SEM
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11-7082), c-Jun N-terminal kinase (JNK; SP600125),
mitogen-activated protein kinase P38 (MAPK P38;
SB202190), protein kinase C (PKC; Go6983) and calmodulin (W7-hydrochloryde) were tested. As can be
seen from Fig. 5, the PKC inhibitor Go6983 and the NFkβ inhibitor Bay11-7082 resulted in significant reduction
of positive food-stimulated DNA release [26, 27].
Finally, we wished to identify whether a particular immune cell population was activated by positive food
items. As the activation step occurs 45 min after adding
food, it is highly unlikely that this phenomenon involves
T cells or B cells (that take many hours and days to activate). We therefore focused on innate cells that can be
activated in minutes. LA testing was performed in the
standard manner, and neutrophils, eosinophils, and basophils were identified by established cell surface
markers using flow-cytometric analysis, and upregulation of CD63 was used as a marker of activation (Additional file 4: Figure S1). Positive samples
resulted in a median CD63 levels greater than no food
for eosinophils, but not for neutrophils or basophils
(Fig. 6b-d). Data was also analyzed to quantify the number
of times positive foods gave a CD63 level greater than
negative foods. For individual subjects, positive food
samples resulted in a greater CD63 level than negative
food samples on eosinophils in 76,5% of tests (p < 0.05)
(Fig. 6e), but only 41% of the time for neutrophils and
basophils (not significant) (Fig. 6f and g).

Discussion
The immune system identifies self (safe) from non-self
(pathogen), and subsequently mounts a variety of responses against non-self. Nutrients occupy a unique
place, because despite being foreign (non-self ) substances they routinely enter the body through normal
food intake. This poses a challenge for the immune system, and the reasons why the immune system usually
does not mount an immune response are not fully
understood. Food allergies (as defined by a positive IgE
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response to specific foods) do however occur, and respond to diets eliminating the food in question. An IgE
response is however just one form of immune response,
and non-IgE mediated immune responses (sometimes
referred to as food intolerance) may be responsible for a
wide range of clinical symptoms associated with the consumption of foods. One of the challenges in the field of
non-IgE mediated food intolerance is the lack of standardized testing. LA testing has been clinically used for
30 years, and its utility has been examined in a number
of small, uncontrolled, retrospective studies [6, 8, 9]. Recently we reported on a prospective, double blinded randomized study of a LA test in which subjects with IBS
who followed LA test based dietary guidance had a significant improvement in the primary outcome of IBS
Global Improvement Scale, as compared to participant
who did not follow a LA test based dietary guidance
[17]. This is the first rigorously designed and conducted
high quality clinical study and demonstrates that the LA
testing is dealing with a biological effect.
Our goal was to identify known immunological
phenomenon that are independent of an IgE response
and are identified by LA testing. DNA is typically intracellular, but can be released into the extracellular environment in a dysregulated way by cell death, and also in
a regulated way such as the release of DNA neutrophil
extracellular traps (NETS) by neutrophils, and many
cells in micro-particles [28]. This extracellular DNA can
have many functions, one of which is the activation of
pattern recognition receptors such as TLR9, resulting in
an inflammatory response. Collectively our data shows
that food items that have been identified by LA testing
as being positive for a particular subject result in greater
DNA release into the extracellular environment from
peripheral blood leukocytes than food items that have
been identified as negative (Fig. 3). Furthermore, the release of DNA by positive foods appears to be a specific
phenomenon as it does not extend to myeloperoxidase
(Fig. 4), suggesting that that DNA release is not simply

Fig. 5 Protein kinase C and NF-kb inhibition reduce DNA release by positive foods. All samples were treated with a positive food with either no
inhibitor, or one of the signaling inhibitors listed. Inhibitor #2 (Bay11-7082, inhibits NF-kb) and Inhibitor #5 (Go6983, inhibits PKC) resulted in
resulted in a significant decrease in mean DNA concentration when added to ALCAT positive foods. (*** P < 0.005, and * P < 0.05). Ten patients
were included and two positive foods alone or with inhibitors were tested. Data are represented as mean with SEM
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Fig. 6 Positive foods result in upregulation of CD63 in eosinophils to a greater degree than negative foods. a Histogram of CD63 levels on an
eosinophil population after exposure to no food, negative food and positive food, showing a shift to the right for the positive foods. b, c and d
Histogram of meal fluorescence intensity (MFI) of CD63 for eosinophils, neutrophils and basophils. e Eosinophils from subjects gave a higher CD63
level with positive as compared to negative food items (* P < 0.05). f and g Neutrophils and basophils did not have a higher level of CD63 with
positive foods. Ten patients were included and two positive and two negative foods were studied for each patient, resulting in the following sample
sizes: “No Food Group” n = 18, “Positive food Group” n = 18, “Negative Food Group” n = 18. Data are represented as mean with SEM

due to cell death. The fact that the DNA release is a specific process is further supported by the ability of a PKC
and NF-kβ inhibitors to block DNA release by positive
food items (Fig. 5). PKC activation is well known to
regulate a wide range of immune cell functions ranging
from activation, to polarity, to division [29]. Of relevance
to this study PKC activation has been previously shown
to be required for the release of DNA Nets by neutrophils, and our study now provides supporting data for a
role of PKC in DNA release by eosinophils [30]. The
ability of both a protein Kinase C and an NF-kβ inhibitor to block DNA release may be due to both being on
the same pathway, and PKC has previously been shown
to phosphorylate and activate IκB kinase complex (IKK)
resulting in translocation of NF-kβ to the nucleus [31].
The mechanism of eosinophil activation by foods and
other stimuli is poorly understood. The current study
was designed to identify pro-inflammatory pathways
such as DNA release associated with LA testing, and the
mechanism of eosinophil activation by food items is still
an open question. This is true for even well characterized eosinophil conditions such as eosinophilic esophagitis [32]. It is however notable here that an elemental
diet can result in improvement in eosinophilic esophagitis in children and adults, clearly suggesting a food
driven response [33]. The identity of the components of

each food that are responsible LA test responses is not
yet known. Although significant degradation of food
molecules occurs during passage along the GI tract
many molecular structures remain intact, with gluten
being the best known example. The food interaction
relevant to IBS may be occurring in the gut associated
lymphoid system which contains eosinophils. Release of
DNA in the form of cells is best characterized for neutrophils through a process of cytolytic extracellular trap
cell death (ETosis), and this has also been described for
human eosinophils [34]. ETosis was detected from in
vivo specimens, and could also be stimulated in vitro by
a wide range of stimuli including calcium ionophores,
phytohemagglutinin and immobilized IgG, and resulted
in eosinophil death [34]. Eosinophils express several
TLRs including TLR7 and TLR9. Stimulation of TLRs
and other pattern recognition receptors induces a wide
range of responses including oxidative burst, activation
of the adhesion system and release of pro-inflammatory
cytokines [35]. This opens up the possibility of the released DNA activating adjacent neutrophils, and amplifying the original stimulus. This could be tested by using
TLR9 antagonists which are being developed for clinical
use in sterile inflammation [36].
A number of diseases are thought to have DNA mediated
activation of the immune system as an important
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component of their pathogenesis. These include systemic
lupus erythematosus (SLE), liver ischemia reperfusion injury, acetaminophen induced liver injury, and non-alcoholic
steatohepatitis [21, 23–25]. These are characterized by systemic inflammation and the presence of cell free DNA in
the circulation. The demonstration that certain foods can
also result in release of DNA from peripheral blood leukocytes may provide an important new signal for activation of
a DNA mediated immune response.
Since cell free DNA is known to be associated with inflammation [36], one implication of these findings is that
DNA release following consumption of specific food
items may result in inflammation and associated symptoms. Since the highest concentration of food constituents is in the gastrointestinal tract and liver, the majority
of food stimulated DNA release, inflammation and
symptoms may be in these organs. Among the known
diseases which may be impacted by this process is eosinophilic esophagitis, which is a chronic immune disease of the esophagus and can result in dysphagia and
strictures [37]. In support of the proposition that food
stimulated DNA release by eosinophils may be driving
esophageal inflammation is the fact that the esophagus
is exposed to the highest concentration of food constituents, the increase in eosinophils seen on histology of
esophageal mucosa, the production of inflammatory cytokines by esophageal epithelium on activation of TLRs,
and the demonstration that removal of food items by
placing participants on an elemental diet results in improvement of symptoms and histology [37–39]. Furthermore, conventional IgE-mediated allergy responses have
been shown to be dependent on TLR9 [40]. Whether LA
testing can identify individual food items which trigger
eosinophilic esophagitis remains to be tested.
The development of NASH has strong dietary associations, and we have recently shown that plasma DNA is a
driver of inflammation in NASH [23, 41]. Changes in
diet have been shown to result in significant improvement in NASH histology, and it has been assumed that
this improvement is likely attributable to weight loss induced by dietary changes. It is however possible that removal of specific food items may also have contributed
to the improvement in NASH. Since long-term compliance with low calorie diets is very difficult, it would be
of great interest to test if removal of specific foods which
may be triggering release of DNA into the circulation
can improve NASH.

Conclusion
This is the first demonstration that specific foods can result in release of DNA by peripheral blood leucocytes,
and further that these items can be identified by a peripheral blood LA test. This may provide a mechanistic
rationale for the reported findings of clinical
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improvement in patients using LA tests to guide dietary
choices, and provides support for conducting randomized clinical trials of these tests in gastrointestinal and
liver diseases known to have dietary associations.

Additional files
Additional file 1: Table S1. List of foods items used for standard Alcat
testing. (DOCX 20 kb)
Additional file 2: Table S2. Occurrence of specific positive foods
identified. (DOCX 16 kb)
Additional file 3: Table S3. Positive Foods Identified per Subject.
(DOCX 21 kb)
Additional file 4: Figure S1. Representative cell gating and CD63
expression. (A) Gating of total cells, eosinophils, neutrophils and basophils
for a representative sample. (B) Basophils, eosinophils and neutrophils
CD63 expression for a representative sample no treated (no food) or
treated with a positive food (red food). (TIFF 8103 kb)

Abbreviations
DAMPs: Damage associated molecular patterns; JΝΚ: c-Jun N-terminal kinase;
LA: Leukocyte activation; MAPK: Mitogen-activated protein kinase; MFI: Meal
fluorescence intensity; MPO: Myeloperoxidase; NASH: Nonalcoholic
steatohepatitis; NETS: Neutrophil extracellular traps; NF-kβ: Nuclear factor-kβ;
PBL: Peripheral blood leukocytes; PI3 Kinase: Phosphoinositide 3-kinase;
PKC: Protein kinase C; SLE: Systemic lupus erythematosus; TLR9: Toll-like
receptor 9
Acknowledgements
We thank Yvette Strong and Irene Matos RN for their kind subject care and
laboratory assistance during subject visits.
Funding
This study was funded by Cell Science Systems, Corp. (Deerfield Beach, FL).
The sponsor had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; and preparation,
review, or approval of the manuscript; and decision to submit the
manuscript for publication. This publication used resources from CTSA Grant
Number UL1 TR000142 from the National Center for Advancing Translational
Science (NCATS), a component of the National Institutes of Health (NIH). Its
contents are solely the responsibility of the authors and do not necessarily
represent the official view of NIH.
Availability of data and materials
All data used to generate the conclusions of this article are present in this
manuscript. The raw data is available from the authors on request.
Authors’ contributions
IGM and MNY: conducting experiments and data analysis and manuscript
write up. TRW: coordination of participant sample collection. AA and WZM:
project design, manuscript writing and overall supervision of the project. All
authors read and approved the final manuscript.
Ethics approval and consent to participate
The study was approved by the Human Investigation Committee of Yale
University (New Haven, CT, protocol number 1310012829). Blood and clinical
data were collected at the Yale Center for Clinical Investigation outpatient
facility. All subjects provided written informed consent.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Garcia-Martinez et al. Nutrition & Metabolism (2018) 15:26

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Department of Internal Medicine, Yale University School of Medicine, New
Haven, CT, USA. 2Department of Pediatrics, Yale University School of
Medicine, New Haven, CT, USA.
Received: 10 January 2018 Accepted: 22 March 2018

References
1. Atkinson W, Sheldon TA, Shaath N, Whorwell PJ. Food elimination based on
IgG antibodies in irritable bowel syndrome: a randomised controlled trial.
Gut. 2004;53:1459–64.
2. Teuber SS, Beyer K. IgG to foods: a test not ready for prime time. Curr Opin
Allergy Clin Immunol. 2007;7:257–8.
3. Wuthrich B. Unproven techniques in allergy diagnosis. J Investig Allergol
Clin Immunol. 2005;15:86–90.
4. Ali A, Scoulios N, Ten N. A National Assessment of the usage, cost, and
reimbursement of unconventional medical laboratory tests. J Altern
Complement Med. 2014;20:A3–A4.
5. Fell PJ, Srn SS, Brostoff J. Cellular responses to food in irritable bowel
syndrome- an investigation of the Alcat test. J Nutr Med. 1991;2:143–9.
6. Sangberg DH. A comparison of the ALCAT test for food reactions amongst
2 population sub-groups. Annals of Allergy. 1989;62:271.
7. Mylek D. ALCAT Test results in the treatment of respiratory and
gastrointestinal symptoms, arthritis, skin and central nervous system. Rocz
Akad Med Bialymst. 1995;40:625–9.
8. Akmal M, Khan SA, Khan A. The Effect of the ALCAT Test diet therapy for
food sensitivity. Middle East J Fam Med. 2009;7
9. Angelini F, Marzatico F, Stesina G, Stefanini L, Bonuccelli A, Buonocore D,
Rucci S, Tencone F. Rational management of food intolerance in elite soccer
club. J Int Soc Sports Nutr. 2011;8:36.
10. Kleine-Tebbe J, Herold DA. Inappropriate test methods in allergy. Hautarzt.
2010;61:961–6.
11. Wuthrich B. History of food allergy. Chem Immunol Allergy. 2014;100:109–19.
12. Pasula MJ. The ALCAT test: in vitro procedure for determining food
sensitivities. Folia Med Cracov. 1993;34:153–7.
13. Hoffmann-Sommergruber K, Pfeifer S, Bublin M. Applications of molecular
diagnostic testing in food allergy. Curr Allergy Asthma Rep. 2015;15:56.
14. Sicherer SH, Sampson HA. Food allergy: epidemiology, pathogenesis, diagnosis,
and treatment. J Allergy Clin Immunol. 2014;133:291–307. quiz 308
15. Boyce JA, Assa’ad A, Burks AW, Jones SM, Sampson HA, Wood RA, Plaut M,
Cooper SF, Fenton MJ, Arshad SH, et al. Guidelines for the diagnosis and
management of food allergy in the United States: summary of the NIAIDsponsored expert panel report. J Allergy Clin Immunol. 2010;126:1105–18.
16. Shafer SL, Dexter F. Publication bias, retrospective bias, and reproducibility
of significant results in observational studies. Anesth Analg. 2012;114:931–2.
17. Ali A, Weiss TR, McKee D, Scherban A, Khan S, Fields MR, Apollo D, Mehal WZ.
Efficacy of individualised diets in patients with irritable bowel syndrome: a
randomised controlled trial. BMJ Open Gastroenterol. 2017;4:e000164.
18. Kubes P, Mehal WZ. Sterile inflammation in the liver. Gastroenterology.
2012;143:1158–72.
19. Galluzzi L, Bravo-San Pedro JM, Kroemer G. Necrosis: linking the
Inflammasome to inflammation. Cell Rep. 2015;11:1501–2.
20. Kumagai Y, Takeuchi O, Akira S. TLR9 as a key receptor for the recognition
of DNA. Adv Drug Deliv Rev. 2008;60:795–804.
21. Imaeda AB, Watanabe A, Sohail MA, Mahmood S, Mohamadnejad M, Sutterwala
FS, Flavell RA, Mehal WZ. Acetaminophen-induced hepatotoxicity in mice is
dependent on Tlr9 and the Nalp3 inflammasome. J Clin Invest. 2009;119:305–14.
22. Hoque R, Farooq A, Malik A, Trawick BN, Berberich DW, McClurg JP, Galen
KP, Mehal W. A novel small-molecule enantiomeric analogue of traditional
(−)-morphinans has specific TLR9 antagonist properties and reduces sterile
inflammation-induced organ damage. J Immunol. 2013;190:4297–304.
23. Garica-Martinez I, Santoro N, Chen Y, Hoque R, Ouyang X, Caprio S, Shlomchik
MJ, Coffman RL, Candia A, Mehal WZ. Hepatocyte mitochondrial DNA drives
non-alcoholic steatohepatitis by activation of TLR9. J Clin Investig. In Press

Page 9 of 9

24. Dieker J, Schlumberger W, McHugh N, Hamann P, van der Vlag J, Berden JH.
Reactivity in ELISA with DNA-loaded nucleosomes in patients with
proliferative lupus nephritis. Mol Immunol. 2015;68:20–4.
25. Bamboat ZM, Balachandran VP, Ocuin LM, Obaid H, Plitas G, DeMatteo RP.
Toll-like receptor 9 inhibition confers protection from liver ischemiareperfusion injury. Hepatology. 2010;51:621–32.
26. Gschwendt M, Furstenberger G, Leibersperger H, Kittstein W, Lindner D,
Rudolph C, Barth H, Kleinschroth J, Marme D, Schachtele C, et al. Lack of an
effect of novel inhibitors with high specificity for protein kinase C on the
action of the phorbol ester 12-O-tetradecanoylphorbol-13-acetate on
mouse skin in vivo. Carcinogenesis. 1995;16:107–11.
27. Vlahos CJ, Matter WF, Hui KY, Brown RF. A specific inhibitor of phosphatidylinositol
3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002). J Biol
Chem. 1994;269:5241–8.
28. Garcia-Martinez I, Mehal WZ. DNA: adding injury to insult. Hepatology. 2015;61:35–6.
29. Leppanen T, Tuominen RK, Moilanen E. Protein kinase C and its inhibitors in
the regulation of inflammation: inducible nitric oxide synthase as an
example. Basic Clin Pharmacol Toxicol. 2014;114:37–43.
30. Gray RD, Lucas CD, Mackellar A, Li F, Hiersemenzel K, Haslett C, Davidson DJ, Rossi
AG. Activation of conventional protein kinase C (PKC) is critical in the generation
of human neutrophil extracellular traps. J Inflamm (Lond). 2013;10:12.
31. Vertegaal AC, Kuiperij HB, Yamaoka S, Courtois G, van der Eb AJ, Zantema A.
Protein kinase C-alpha is an upstream activator of the IkappaB kinase
complex in the TPA signal transduction pathway to NF-kappaB in U2OS
cells. Cell Signal. 2000;12:759–68.
32. Furuta GT, Liacouras CA, Collins MH, Gupta SK, Justinich C, Putnam PE, Bonis
P, Hassall E, Straumann A, Rothenberg ME, First International Gastrointestinal
Eosinophil Research Symposium S. Eosinophilic esophagitis in children and
adults: a systematic review and consensus recommendations for diagnosis
and treatment. Gastroenterology. 2007;133:1342–63.
33. Peterson KA, Byrne KR, Vinson LA, Ying J, Boynton KK, Fang JC, Gleich GJ,
Adler DG, Clayton F. Elemental diet induces histologic response in adult
eosinophilic esophagitis. Am J Gastroenterol. 2013;108:759–66.
34. Ueki S, Konno Y, Takeda M, Moritoki Y, Hirokawa M, Matsuwaki Y, Honda K,
Ohta N, Yamamoto S, Takagi Y, et al. Eosinophil extracellular trap cell deathderived DNA traps: their presence in secretions and functional attributes. J
Allergy Clin Immunol. 2016;137:258–67.
35. Kvarnhammar AM, Cardell LO. Pattern-recognition receptors in human
eosinophils. Immunology. 2012;136:11–20.
36. Garcia-Martinez I, Santoro N, Chen Y, Hoque R, Ouyang X, Caprio S, Shlomchik
MJ, Coffman RL, Candia A, Mehal WZ. Hepatocyte mitochondrial DNA drives
nonalcoholic steatohepatitis by activation of TLR9. J Clin Invest. 2016;126:859–64.
37. Cianferoni A, Spergel J. Eosinophilic esophagitis: a comprehensive review.
Clin Rev Allergy Immunol. 2015; https://doi.org/10.1007/s12016-015-8501-z.
38. Kelly KJ, Lazenby AJ, Rowe PC, Yardley JH, Perman JA, Sampson HA.
Eosinophilic esophagitis attributed to gastroesophageal reflux: improvement
with an amino acid-based formula. Gastroenterology. 1995;109:1503–12.
39. Lim DM, Wang ML. Toll-like receptor 3 signaling enables human esophageal
epithelial cells to sense endogenous danger signals released by necrotic
cells. Am J Physiol Gastrointest Liver Physiol. 2011;301:G91–9.
40. Berin MC, Wang W. Reduced severity of peanut-induced anaphylaxis in
TLR9-deficient mice is associated with selective defects in humoral
immunity. Mucosal Immunol. 2013;6:114–21.
41. Marchesini G, Petta S, Dale Grave R. Diet, weight loss, and liver health in
NAFLD: pathophysiology, evidence and practice. Hepatology. 2015; https://
doi.org/10.1002/hep.28392.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

