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Abstract

Background: The immunological changes underpinning acquisition of remission (also
called sustained unresponsiveness) following food immunotherapy remain poorly de-
fined. Limited access to effective therapies and biosamples from treatment respond-
ers has prevented progress. Probiotic peanut oral immunotherapy is highly effective
at inducing remission, providing an opportunity to investigate immune changes.
Methods: Using a systems biology approach, we examined gene co-expression net-
work patterns in peanut-specific CD4" T cell responses before and after probiotic and
peanut oral immunotherapy in subjects enrolled in the PPOIT-001 randomized trial:
Responders who attained remission (n = 16), placebo-treated who remained allergic
(n = 16).

Results: Acquisition of remission was associated with rewiring of gene network
patterns, which was characterized by integration of T helper 2 and interferon sig-
nalling modules, markedly reduced T helper 2 gene connectivity, and shutdown in
co-expression activity between T helper 2 effectors and cell cycle regulators.
Conclusion: The immunological changes underlying remission following peanut oral
immunotherapy are mediated by reprogramming of T helper 2-associated gene net-
works in the CD4" T cell compartment. Findings provide insight into immune mecha-
nisms driving the acquisition of remission following oral immunotherapy, paving the
way for the development of improved approaches to induce remission/sustained un-

responsiveness in patients with food allergy.
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GRAPHICAL ABSTRACT

We examined longitudinal changes in gene co-expression networks in peanut-specific CD4" T cells from participants with remission following
oral immunotherapy (OIT) (n = 16) and placebo-treated who remained allergic (n = 16). Remission was associated with emergence of a
regulatory module dominated by type 1 interferon signalling and collapse of the allergic T helper 2 module, with Th2 genes incorporated within
the regulatory module. Findings provide insight into immune mechanisms driving the acquisition of remission following oral immunotherapy.
Abbreviations: CCNB, cyclin B; CDK1, cyclin dependent kinase 1; CEP55, centrosomal protein 55; DC, dendritic cell; IFN, interferon; IL,
interleukin; PBMC, peripheral blood mononuclear cell; PPOIT, probiotic + peanut oral immunotherapy; Th2, T helper 2

1 | INTRODUCTION

Food allergy is a global public health concern, affecting 10% of
infants and 5%-8% of children.>? There is currently no cure and
management relies on avoidance of the eliciting food. The lifestyle
restrictions imposed by allergen avoidance and unpredictability of
accidental ingestion/reaction result in severely reduced quality of
life and psychological distress for both patients and their families.
A therapy that induces remission of allergy, also referred to as sus-
tained unresponsiveness (SU), can improve quality of life for pa-
tients and prevent deaths. Understanding the immune mechanisms
underpinning remission/SU, and particularly long-lasting remission/
SU, will facilitate the development of effective therapies that deliver
long-term solutions for patients.

Efforts to retrain the immune system from allergy towards tol-
erance have led to interest in oral immunotherapy (OIT) for the
treatment of food allergy. Peanut OIT is highly effective at inducing
desensitization and induces remission/SU in a limited subset (~30%)
of treated patientsf’"4 Desensitization during OIT results in transient
changes in immunoglobulin (Ig) E and 1gG4 and basophil activation,
which often regress after treatment cessation or even during on-
going maintenance dosing.’> Changes in the allergen-specific T cell
response on the contrary are considered central to achieving lasting
redirection of the allergic state to remission/SU. Th2 cells are essen-

tial for the generation of allergen-specific IgE and the development

of food aIIergy,("7 and remission/SU following OIT was associated
with transition of Th2 subsets towards an anergic phenotype,8 ade-
crease in pro-allergic Th2A cells” and in some cases an induction of
T regulatory (Treg) cells.2®! Nevertheless, the key immune factors
driving these changes remain unknown.

Previous research into the immune mechanisms supporting acqui-
sition of remission/SU has been hampered by limited access to patient
cohorts that have successfully transitioned from allergy to remission/
SU. Furthermore, previous mechanistic studies have examined selected
genes or pathways which generates an oversimplified and incomplete
picture of the underlying mechanisms. Because immune responses
are determined by networks of proteins/genes working together in a
coordinated fashion to mediate healthy or allergic responses, a more
comprehensive investigation of the complex immune processes and
their coordinated interrelationships that critically determine acquisition
of remission/SU is expected to provide greater insight into key drivers
of treatment success.'> We have previously shown that a combination
treatment of Probiotic and Peanut Oral Immunotherapy (PPOIT) is
highly effective at inducing remission/SU that persisted to 4-year post-

treatment,®®

providing a unique opportunity to investigate immune
changes driving the shift from allergy to remission/SU. Here, we apply
a systems biology approach to characterize the evolution of gene co-
expression patterns in CD4" T cells from peanut-allergic participants
enrolled in the PPOIT-001 randomized trial who transition from allergy

to remission/SU following immunotherapy.
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2 | METHODS

2.1 | PPOIT-001 randomized trial design

Peanut-allergic children (n = 62) aged 1-10 years were randomized
1:1 stratified by age (<5, >5 years) and peanut skin prick test wheal
size (<10, >10 mm), to receive Probiotic Peanut Oral Immunotherapy
(PPOIT) or placebo for 18 months. Remission/SU was defined as
passing a double-blind placebo-controlled food challenge (DBPCFC;
cumulative 3950 mg peanut protein) performed 2-6-week post-
treatment; Allergy was defined as failing a DBPCFC at end-of-
treatment. Ethics approval was attained from the Royal Children's
Hospital, Melbourne, Australia (HREC 27086), and informed written

consent was obtained from a parent/guardian.

2.2 | Immunotherapy protocol
PPOIT comprised a daily dose of Lactobacillus rhamnosus CGMCC
1.3724 (2 x 10° cfu) and peanut oral immunotherapy (2000 mg pea-

nut protein maintenance) administered for 18 months.

2.3 | Studysamples and PBMC isolation

Blood samples from PPOIT-responders who attained remission/SU
(n = 16) and placebo-treated subjects who remained allergic (n = 16),
collected at study entry (TO), end-of-treatment (T1) and 3-month
post-treatment (T3) were used (Figure 1). PBMC were isolated by
density gradient centrifugation and cryopreserved. Briefly, 10 ml

of fresh blood collected into sodium heparin vacutainer tubes (BD)
were processed within 2 h. Plasma was removed (centrifuged 700 g
10 min) and the sample topped up to 10 ml with Transport medium
(10 1U/ml preservative-free heparin in RPMI-1640 Medium). PBMC
were isolated by density gradient centrifugation (400 g, 30 min, brake
off). PBMCs were washed with RPMI (Thermo Fisher Scientific) con-
taining 2% (v/v) heat-inactivated fetal calf serum (HI-FCS) and cryo-
preserved in 1 ml RPMI+HI-FCS + 1 ml HI-FCS containing 15% (v/v)
dimethy! sulfoxide (DMSO), at a maximum density of 1 x 107/ml.

2.4 | Invitro cell cultures and CD4" T cell isolation

Cryopreserved PBMC were thawed and cultured for 48 h in the
presence of endotoxin-free crude peanut extract (CPE, 200 pg/ml)14
or AIM-V media (MED) alone. The CPE preparation was treated using
the Pierce High Capacity Endotoxin Removal Spin Columns (Thermo
Fisher Scientific). Cultured CD4" T cells were isolated by positive
selection using Dynabeads CD4 Positive Isolation Kit (ThermoFisher
Scientific) and stored in TRIzol (ThermoFisher Scientific) until pro-
cessed. Isolated CD4" cells were analyzed for purity and shown to
comprise >98% CD3"CD4" T cells, with <1% CD14* monocytes.
Findings for CD4" cells are therefore assumed to reflect changes in
T cell transcriptional profiles. Total RNA was extracted using RNeasy
Mini Kit (Qiagen) according to manufacturer's instructions. Quantity
and quality of RNA was assessed by TapeStation (Agilent) and Qubit
(RIN 8-10). Gene expression profiling of CD4" T cell total RNA was
performed by the Ramaciotti Centre for Genomics (The University
of New South Wales, Sydney NSW Australia) using Human Genome
U219 arrays (Affymetrix).
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FIGURE 1 PPOIT-001 randomized trial design. *DBPCFC, double-blind placebo-controlled food challenge. n = 62 children aged 1-

10 years with peanut allergy were randomized 1:1 to receive probiotic and peanut oral immunotherapy (PPOIT) or placebo for 18 months.

A double-blind placebo-controlled food challenge (DBPCFC; cumulative 4 g peanut protein) was performed at end-of-treatment (T1) and

at 2-6-week post-treatment (T2). Subjects who failed the T1 DBPCFC were classified as allergic. Subjects who passed both the T1 and T2
DBPCFC were classified as having attained remission/SU. Blood samples were collected at various times. This study included n = 16 PPOIT-
treated children who attained remission/SU and n = 16 placebo-treated children who remained allergic. PBMC collected from these subjects
at baseline (T0), end-of-treatment (T1), and 3-month post-treatment (T3) underwent transcriptomic profiling
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2.5 |

Gene expression profiling of CD4" cells

Raw microarray data were analyzed using open-source statistical
programming language R. A custom chip description file was used
to annotate probe sets (hgu219hsentrezgcdf, version 24). Quality
control of arrays was carried out with ArrayQualityMetrics,*®> and
5 probe sets were removed based on QC plots. Probe sets were
background corrected, quantile normalized and summarized em-

ploying the robust multi-array algorithm (RMA)®

and filtered using
the proportion of variation accounted for by the first principal
component (PVAC > 4),"7 resulting in 3673 probe sets. Unwanted
variation due to array processing was removed using ComBat*®
prior to downstream expression, network and gene pair correla-

tion analysis.

2.6 | Differential gene expression analysis of
peanut-specific CD4* T cell responses

Differentially expressed genes associated with peanut stimula-
tion were identified using a paired study design with limma and
adjusted for multiple testing using Benjamini-Hochberg. In the
limma model, participant ID was used as a covariate, as well as a
group covariate categorizing by outcome group (Remission/SU or
allergic), timepoint (TO or T1 or T3) and cell culture condition (CPE
or unstimulated/Media). The contrast matrix compared stimulated
(CPE) to unstimulated (Media) cells, within each outcome group
(remission/SU or allergic) at each timepoint. An adjusted p < 0.05
and an absolute log-fold change >0.1 were deemed significant.
Peanut-specific responses were compared with media control at
each time point (TO/T1/T3) in subjects with remission/SU and al-

lergic controls.

2.7 | Gene co-expression network analysis

Gene co-expression networks were constructed independently for
subjects with remission/SU and allergy using weighted gene co-
expression network analysis (WGCNA)."? Signed networks were
constructed with the following parameters: SoftPower = 10, mini-
mum module size = 20, deepsplit = 1 and a merge height = 0.1. The
overall expression of network modules was summarized employing
module eigengenes, representing the first principal component. A
Wilcoxon signed-rank test was utilized to test for differences in ei-
gengene values comparing CPE stimulated versus Media control in
each group, respectively.

To visualize the network wiring diagram, pairwise weighted
gene-gene correlations were exported from the adjacency matrix
and reconstructed in Cytoscape®® (version 3.6.1). The top 800 high-
est ranking edges (gene-gene connections) were imported, and the
Cytoscape NetworkAnalyzer tool was employed with the following
parameters: undirected edges, organic layout and map node size to
degree: low node values to small size.

2.8 | Differential gene correlation analysis

To systematically assess gene regulatory relationships across time
points (changes between gene co-expression pairs), differential
gene correlation analysis (DGCA)?! was employed across multiple
conditions (remission/SU and allergic) and time points (TO/T1/T3).
Pearson correlations, delta Z-scores and delta Benjamini-Hochberg

adjusted p-values were computed.

2.9 | Pathway analysis

Functional pathway analysis of network modules was carried out
with Gene Ontology enrichment with clusterProfiler?? and InnateDB
pathway analysis23 with Benjamini-Hochberg corrected p-values.
InnateDB pathway analysis uses data from 6 ontology databases:
REACTOME, KEGG, PID NCI, NETPATH, PID BIOCARTA and INOH.

2.10 | Upstream regulator analysis

Ingenuity Systems upstream regulator analysis24 was employed to
identify putative upstream molecular drivers of the network mod-
ules. Regulators with Benjamini & Hochberg corrected p < 0.05 and

absolute z-scores > 2.0 were deemed significant.

3 | RESULTS

3.1 | Study population

This study profiled biospecimens from children aged 1-10 years in
the PPOIT-001 randomized trial. Following 18 months of treatment,
74% of PPOIT-treated subjects achieved remission/SU compared
with 3% of placebo-treated patients. A 4-year follow-on study of the
parent trial demonstrated that 70% of subjects with 2-6-week SU
at the end-of-treatment had persistent 8-week SU at 4-year post-
treatment.’®> N = 16 PPOIT-treated patients who achieved remis-
sion/SU and n = 16 placebo-treated patients who remained allergic
were included in this study. Eight subjects examined in the remission
group had long-term challenge test to assess for persistent SU and 6
of the 8 were confirmed to have persistent remission, in line with the
rate of persistent SU reported previously. Baseline characteristics of
subjects included in this study are presented in Table 1. There were
no differences in baseline characteristics between remission/SU and

allergic groups.
3.2 | Genomic profiling of peanut-specific CD4" T
cell responses

Peripheral blood mononuclear cells (PBMC) were cultured in the
presence or absence of CPE for 48 h, and gene expression was
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TABLE 1 Demographic characteristics at study entry

Remission/SU Allergic
n=16 n=16

Age (y)

Median (IQR) 5.8 (4.2-8.7) 6.3(3.8-7.9)

Min-max 2.1-9.5 2.1-10
Weight (kg)

Mean (SD) 23.9 (9.3) 24.6 (10.2)
Male sex

n (%) 12 (75%) 11 (68.8%)
History of doctor diagnosed eczema (ever)

n (%) 12 (75%) 12 (75%)
If ever eczema, medication for eczema in last 12 months

n (% of ever eczema) 9 (75%) 10 (83.3%)
History of doctor-diagnosed asthma (ever)

n (%) 7 (43.8%) 8 (50%)
If ever asthma, medication for asthma in last 12 months

n (% of asthma ever) 6 (85.7%) 8 (100%)
History of anaphylaxis to peanut‘

n (%) 5(31.2%) 6 (37.5%)
Peanut-specific SPT wheal size (mm)

Mean (SD) 16.6 (5.4) 17.6 (7.3)
sIgE (kU/L)

Median (IQR) 4.7 (0.9-56.5) 11.7 (2.8-62)

Abbreviations: IQR, interquartile range; SD, standard deviation; kU/L,
kilo unit per liter.

*One missing in the placebo group.

profiled using microarrays in CD4" T cells isolated by positive im-
munomagnetic separation. Gene expression levels of endotoxin-free
crude peanut extract (CPE, 200 pg/ml) stimulated and unstimulated
CD4* T cells were compared to identify differentially expressed
genes (DEGs). Prior to allergen immunotherapy (TO), there were
667 DEGs (205/462 upregulated/downregulated) in remission/SU
subjects and 677 DEGs (214/463 upregulated/downregulated) in
allergic subjects (Figure 2A). The DEGs had small log-fold changes
(LFC range: -0.91 to +0.53). The expression patterns of the top 50
upregulated/downregulated genes are illustrated in Figure S1 and
Tables S1-Sé in the Online Repository. As expected, highly ranked
DEGs were similar in both groups and included cardinal Th2 effec-
tors (IL4, IL5, IL9 and IL13; Figure 2B), Thl effectors (IFNG) and
other cytokines (IL2, IL3, CSF2 and IL17F).

At end-of-treatment (T1), the number of DEGs in the remission/
SU group reduced to 474 (128/346 upregulated/downregulated)
whereas DEGs in the allergic group remained largely unchanged (652
DEGs; 200/452 upregulated/downregulated) (Figure 2A). Notably, at
end-of-treatment (T1), differential expression of Th2 cytokines IL4,
IL5,1L9, IL13 and IL31 was lost in the remission/SU subjects, whereas
Th2 cytokines remained upregulated in allergic subjects (Figure 2B).

At 3-month post-treatment (T3), there were 736 DEGs in the
remission/SU subjects (212/524 upregulated/downregulated) and

583 DEGs in allergic subjects (165/418 upregulated/downregulated)
(Figure 2A). Similar to findings at end-of-treatment, Th2 cytokines
(IL4, 1L9, I1L13, IL31, but not IL5) remained upregulated only in allergic
subjects (Figure 2B). Although there appeared to be an increase in
peanut-stimulated DEG at T3 compared with T1 in the remission/SU
group, formal statistical analysis comparing responses between T1
and T3 resulted in zero DEGs between the two visits. We conducted
pathway analysis of unique DEG at T3 compared with T1 and found
that the upregulated pathways at T3 were associated with cytokine-
cytokine receptor interactions/JAK-STAT signalling (p < 2.4E-03)
and cell cycle (p < 2.8E-06), and downregulated pathways were
related to lysosome/phagosome (p < 4.6E-07) and TLR signalling
(p = 8.7E-06).

We then projected the DEGs onto the canonical Th2 pathway
employing Ingenuity to visualize the cellular context (Figure 2C) in
the Th2 pathway and overlaid the gene expression levels from TO to
T3 in remission/SU. Th2 genes were upregulated prior to treatment
(TO) and no longer differentially expressed at T3 in remission/SU.
Despite the observed shifts in Th2 gene expression levels for remis-
sion/SU subjects compared with allergic subjects (described above),
these differences were not statistically significant in between-group

comparisons at any time point (data not shown).

3.3 | Gene co-expression network patterns in
CD4" T cells are rewired during the transition from
allergy to remission/SU

We have previously demonstrated in house dust mite (HDM)-
allergic patients that gene network patterns underlying CD4* T cell
responses to the HDM are rewired during HDM immunotherapy,?®
and we reasoned that a similar process may occur with transition
from allergy to remission/SU following PPOIT treatment in peanut-
allergic subjects. To investigate this, we constructed separate
weighted gene co-expression networks for remission/SU and aller-
gic subjects at each time point. At TO, the co-expression networks
comprised 10 modules for the remission/SU group and 7 modules

for the allergic group. Gene Ontology enrichment??

and pathway
analyses demonstrated that the modules were enriched for bio-
logical pathways (Figure S2). We computed ranked expression levels
and ranked network connectivity and then compared findings at TO
with subsequent time points in the remission/SU and allergic groups
(Figure 3A). The data showed that ranked expression was tightly cor-
related in both groups, whereas ranked network connectivity was
highly variable between groups, demonstrating that PPOIT-induced
changes in network connectivity (i.e. correlation patterns between
genes) were much more striking compared with changes in gene ex-
pression levels.

We next sought to visualize changes in network topology over
the course of treatment. First in Figure 3B, we plotted the network
structure at TO and superimposed the intensity of the correlation
patterns at each time point over the network structure at TO. The
data showed that the intensity of the correlation patterns for the
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FIGURE 2 Differential expression analysis showing peanut-induced gene expression patterns. Differentially expressed genes (DEG)
were identified with limma, employing an FDR < 0.05 and absolute log-fold change >0.1, at TO (study entry), T1 (end-of-treatment)

and T3 (3-month post-treatment) in remission/SU and allergic groups. (A) Volcano plots of peanut-induced DEG in remission/sustained
unresponsiveness (SU) and allergic, (B) Gene expression levels of cardinal Th2 genes (IL4, IL5, IL9, IL13 and IL31) with and without peanut
stimulation (CPE/Media). Significance values were obtained from limma analysis comparing CPE stimulated versus Media control, adjusted
*p < 0.05, **<0.01, ***<0.001, ****<0.0001, (C) Th2 DEG were projected onto the canonical Th2 pathway employing Ingenuity pathways
diagram. The data show the cellular context of where the Th2 genes operate in remission/SU at TO/T3. Th2 genes were active prior to
treatment (TO) and no longer differentially expressed at T3. Red colour: upregulated and green: downregulated comparing CPE versus media

control

Th2-associated module (identified in red within the border of the
heatmap) was markedly decreased over time in the remission/SU
group (upper panel), but remained unchanged in the allergic group
(lower panel). Second in Figure 3C, we plotted the network structure
for each time point to visualize how the modules are reprogrammed
by the therapy. The data showed that in the SU group, the Th2 and
IFN gene networks comprised discrete modules at TO, but became
merged and integrated at T1 and T3; whereas in the allergic group,
the Th2 and IFN response genes remained separated/discrete mod-
ules at all time points (Figure 3C). To visualize the gene-level changes
that were rewired during the course of PPOIT, we reconstructed the
top-ranking network edges/connectivity patterns from WGCNA
using Cytoscape, focussing on the Th2 and interferon associated
modules pre-immunotherapy/TO. The data showed that in the re-
mission/SU group (Figure 3D), individual genes from the Th2 and
IFN modules were not connected and formed distinct modules at TO
(when subjects were allergic); however, with transition to remission/
SU, genes from the Th2 and IFN modules became interconnected
and there was a shift from Th2 dominance to IFN dominance at the
T1 timepoint. Moreover, extensive pairwise connections between
Th2 and interferon module genes were retained at T3 in remission/
SU subjects (Figure S3). In contrast, this rewiring between Th2 and
IFN genes was not observed in allergic subjects and Th2 dominance
was sustained at T1 and T3, as evidenced in the network architecture
(Figure 3E). This correlated with parallel changes in immunological
parameters; the remission/SU group demonstrated an overall reduc-
tion in peanut sIgE and SPT and increase in peanut slgG4 at end-of-
treatment (T1) and 3-months after treatment cessation (T3), whereas
the allergic individuals did not (Table $7), as published previously.?

We next summarized the overall expression of each module
employing principal component analysis and plotted the module ei-
gengenes for each group over the course of therapy (Figure S4A,B).
Responses to in vitro peanut stimulation at TO in both remission/SU
and allergic groups included upregulated modules associated with
Th2/cell cycle, type 1 interferons, ribosomal translation, spliceo-
some and TFGB receptor, and one downregulated module related to
lysosome/phagosome. At T1 and T3, glycolysis was upregulated in
both groups in response to peanut stimulation.

We performed upstream regulator analysis to identify putative
molecular drivers of the gene expression patterns at each timepoint,
focussing on Th2/cell cycle and IFN-associated network modules in
remission/SU and allergic groups (Table 2). The data showed that at
TO in both remission/SU and allergic, the Th2/cell cycle module was
driven by activation of T cell-associated drivers (CD3, CD28, TCR

and IL2), inflammatory (TNF, IL1B, NfkB complex and IL15), growth
factors/cell cycle related (ERBB2, MYC and EGF) and Th2 (IL4 and
IL5). The IFN module was driven by Thl effector IFNG and type 1
interferons, as well as inflammatory (TNF and IL1B) and Th2 (IL5)
drivers (Table 2). At T1 in remission/SU, the top-ranking drivers of
the rewired network Th2/IFN module were IFNG and type 1 inter-
ferons. In contrast in the allergic group, the drivers remained un-
changed and the Th2 module was regulated by Th2 pathways.

3.4 | Remission/SU is associated with rewiring of
gene network patterns between Th2 effectors and
cell cycle regulators

To systematically investigate changes in the wiring of the gene net-
works that underpin CD4" T cell responses in the transition from al-
lergy to remission/SU during therapy, we employed differential gene
correlation analysis, which identifies differential correlation patterns
between the respective responses at the level of individual gene
pairs. The data showed that in remission/SU subjects, the top-ranking
differentially correlated gene pairs at T1 compared with TO were
associated with cell cycle regulation (CEP55, CCNB1, CCNB2 and
CDK1) and Th2 effector function (IL9) (Figure 4A). Specifically, the
differential correlation patterns (T1 versus TO, delta adj. p < 3.97E-
03) showed a significant decrease in correlation on acquisition of
remission/SU which was sustained at T3 (T1 versus T3, delta adj. p
not significant, Table S8). In addition, correlation patterns between
Th2 effectors (IL9 paired with IL4, IL5 and IL13) were also decreased
(Figure 4B, Table S8). In the allergic group, however, correlation pat-
terns between Th2 and cell cycle genes and the Th2 effectors them-

selves were highly correlated at all time points (TO, T1 and T3).

4 | DISCUSSION

The immunological changes that underpin the transition from pea-
nut allergy to remission/SU remain largely unknown. We employed a
systems biology approach to compare and contrast peanut-specific
CD4" T cell responses in peanut-allergic children enrolled in the
PPOIT-001 randomized trial who attained remission/SU following
PPOIT treatment and who remained allergic following placebo treat-
ment. At the gene expression level, acquisition of remission/SU was
associated with loss of Th2 upregulation by end-of-treatment which
persisted to 3-month post-treatment. In contrast, Th2 responses
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FIGURE 3 Correlation of CD4" T cell gene networks at TO/T1 and TO/T3 in subjects who develop remission/SU and subjects who
remain allergic. Co-expression networks were constructed separately for subjects with remission/SU and allergic subjects. (A) Ranked
expression levels and ranked connectivity in the remission/SU (upper panel) and allergic groups (lower panel), presented as correlation plots
at TO/T1 and TO/T3, (B) Network correlation patterns at T1 and T3 were superimposed over the network structure from TO in remission/
SU and allergic subjects. The Th2-associated module is highlighted with a red colour band, (C) network connectivity patterns in remission/
SU highlighting Th2 (red colour bands) and IFN modules (yellow colour bands) showing discrete bands at TO and merged/integrated bands
at T1 and T3 (black box), network connectivity patterns in allergic subjects are shown in the second panel below, network wiring were
reconstructed employing WGCNA and visualized in Cytoscape in (D) remission/SU and (E) allergic subjects; The top 800 edges/pairwise
connections were used for network reconstruction. The node size reflects the number of connections. Red colour denotes Th2 community

genes, and gold colour denotes interferon community genes

remained upregulated at all three time points in the allergic subjects.
At the systems level, comparison of CD4" T cell gene expression in
remission/SU and allergic subjects revealed profound differences in
network connectivity patterns whereas differences in gene expres-
sion levels were modest. For instance, the magnitude of the cor-
relation patterns within the Th2 module was markedly decreased
following acquisition of remission/SU. Moreover, upon attainment
of remission/SU, the Th2 and IFN modules merged and the connec-
tivity patterns at the gene level were integrated, and the Th2 gene
network patterns that were initially dominant at TO were replaced
by IFN-dominant patterns at T1/T3. This remodelling of connectiv-
ity patterns correlates with parallel shifts in immunological allergic
parameters; peanut SPT and peanut sIgE and slgG4, as published
previously.?® Finally, acquisition of remission/SU resulted in a dra-
matic reduction in the correlation between Th2 effectors and cell
cycle regulators, suggesting that the CD4" T cell responses were
being driven towards an anergic phenotype. In summary, our find-
ings demonstrate that acquisition of remission/SU is associated
with reprogramming of Th2-memory responses with diminished ex-
pression of Th2 effectors, integration of Th2 and IFN modules, and
uncoupling of co-expression between Th2 effectors and cell cycle
regulators.

Rewiring of Th2 and IFN modules has previously been reported
in the context of allergen-driven CD4" T cell responses during HDM
immunotherapy, where a progressive integration was observed be-
tween these distinct gene modules during therapy which was as-
sociated with persistent attenuation of HDM-associated symptoms
that persisted after treatment cessation.?® Notably, the fact that
we observed a similar mechanism operating in this study is compel-
ling, given the striking differences between the two studies. First,
the PPOIT subjects were children whereas the HDM studies were
performed in adults with severe allergic rhinitis. Second, HDM ex-
posure is ubiquitous in the environment, whereas food allergens
are avoided, resulting in large variations in allergen dose and fre-
quency of exposure. Third, HDM immunotherapy was performed via
the subcutaneous route, as opposed to orally in the case of PPOIT.
Fourth, PPOIT therapy includes a probiotic whereas HDM SIT does
not. Fifth, the CD4" T cell responses to peanut were stimulated for
48 h, whereas corresponding HDM responses were studied after
24 h of stimulation. Given these major differences in study settings,
the immune changes we have identified employing this systems-level
approach are likely to be fundamental to the basic mechanism of ac-
tion of allergen-specific immunotherapy, and comparisons between

different therapies in future studies employing similar methodology
may further elucidate the underlying processes.

The precise mechanisms that determine how IFN and Th2 re-
sponses counter-regulate each other in the context of allergen im-
munotherapy are unknown. Previous studies have demonstrated
that adding type | IFN to allergen stimulated PBMC abrogates the
production of Th2 cytokines®’ and expression of the high-affinity
IgE receptor.?® Moreover, in CD4" T cells, type | interferon signalling
suppresses the expression of gata-3 during Th2 differentiation as
well as in fully committed Th2 cells and promotes epigenetic silenc-
ing of non-coding regions in the Th2 locus that controls Th2 cyto-
kine expression.?’ Although we anticipated a role for T regulatory
cells in the acquisition of remission/SU, we were not able to detect
FOXP3 mRNA changes as the probe set did not pass our stringent
controls to remove noisy probes (PVAC filter). It is important to ac-
knowledge that our studies were based on profiling total CD4* T
cells, and therefore, we cannot determine whether the Th2 and IFN
modules are operating in the same CD4* T cell populations or in dis-
crete subpopulations. In this context, it is noteworthy that single-cell
genomic studies of CD4" T cell memory responses to HDM have
identified novel subsets of T helper and T regulatory cells that ex-
press a type | interferon response signature, and these cells are pref-
erentially expanded in subjects without allergy, suggesting they may
play a key role in dampening allergic responses.30

Our differential gene correlation analysis demonstrated that
remission/SU was associated with markedly decreased correla-
tion patterns between Th2 effectors and positive regulators of
the cell cycle/proliferation, which was not observed for the aller-
gic group. Notably, these changes are persistent out to 3-month
post-treatment, demonstrating a lasting effect. The finding that ar-
rest of Th2-induced signalling occurred in parallel to a loss of cell
cycle-Th2 gene pair correlation suggests that pathogenic Th2 re-
sponses may be deleted or become more anergic, as described in
other studies of OIT.8? Our findings are consistent with an early
single-cell study of antigen-specific CD4* T cells from participants
undergoing OIT, which showed that acquisition of remission/SU
(defined as passing a food challenge 3-month post-treatment) was
associated with antigen-specific CD4™" T cells shifting towards an an-
ergic phenotype (CD28'/CD38'/IFN—y/IL4—/IL13—/IL10—).8 Another
study identified a novel terminally differentiated Th2 subset, Th2A,
expressing receptors for [L-25 (IL-17RB), IL-33 (IL1RL1) and thymic
stromal lymphopoietin (CLRF2), which was upregulated in partici-
pants with food allergy. OIT led to a reduction in this Th2A subset,
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and this decrease correlated with treatment success.” More re- expression similar to the Th2A subset.3! Our findings of lost correla-
cently, a study described an allergic Th2 subset in peanut-specific T tion between Th2 and cell cycle genes may similarly reflect these
cells using single-cell sequencing with matching cell surface marker mechanisms in which the allergic Th2A subset is subsequently lost

TABLE 2 Activation Z-scores of the upstream drivers of the Th2/cell cycle and IFN-associated modules at TO/T1/T3 in remission/SU and
allergic

Remission/SU Allergic
Th2+ cellcycle  IFN Th2+ cell cycle/IFN  Th2+ cell cycle/IFN  Th2+ cell cycle IFN
TO TO T1 T3 TO T1 T3 TO T1 T3
Thl
IFNG 2.52 8.06 8.75 7.40 290 ns 731 270 884 440
Th2
IL4 5550 ns ns 219 586 402 3.6 ns ns ns
IL5 4.70 4377 4.42° 4.26° 499 361 535 ns 3.69 ns
IL9 ns ns 211 ns N/A 262 253 ns ns ns
IL13 2.00 ns ns ns 310 245 256 ns ns ns

Interferons type 1 and 3

IFNA2 3.18 7.16 7.82 6.57 2.52 ns 6.07 254 777 4.28
IRF7 ns 7.16 7.33 6.83 ns ns 610 335 700 3.90
STAT1 ns 6.13 6.88 6.61 211 ns 5.83 3.28 6.84 3.22
IFNA group 2.72 6.56 7.24 6.52 ns ns 6.01 229 730 3.40
IFNL1 ns 5.76 6.33 5.25 ns ns 446 210 6.52 4.05
T cell associated
CD3 complex 7.04 292 591 5.64 6.25 531 674 ns 410 ns
CD28 6.09 ns 5.10 5.48 579 453 559 ns 294 ns
TCR complex 4.85 ns 5.97 4.86 426 3.35 5.45 ns 3.34 ns
IL2 511 3.64 5.40 5.44 511 416 578 ns 405 ns
CSF2 6.39 2.95 5.84 6.17 562 495 6.83 ns 344 ns
CD40LG 4.64 291 5.22 3.99 3.77 274 532 ns 3.86 ns
Growth factors/cell cycle
ERBB2 6.16 ns 3.83 3.72 6.06 429 484 ns ns ns
MYC 5.58 ns 2.89 2.79 6.27 348 450 ns ns ns
EGF 4.99 ns ns 3.75 463 451 486 ns ns ns
EGFR 4.00 ns 2.59 ns 415 352 431 ns ns ns
Inflammatory
TNF 6.60 6.17 7.40 7.62 538 504 758 ns 6.26 3.32
IL1B 5.60 4.82 6.57 5.86 516 337 6.67 260 574 255
NFkB complex 5.48 4.35 5.63 5.56 529 361 651 217 473 ns

Note: Putative regulators of the modules were identified at each timepoint TO/T1/T3 employing Upstream Regulator Analysis. Molecular drivers with
Benjamini & Hochberg adjusted p < 0.05 and absolute Z-scores >2.0 were deemed significant. Positive values indicate activation, and negative values
indicate inhibition.

Bold text highlights z-scores for Th1 INFG, type 1 and 3 interferons and Th2.

Abbreviation: ns, not significant.

@Z-score ranking for IL5 is > top 30.

FIGURE 4 Remission/SU is associated with loss of correlation patterns between Th2 effectors and cell cycle/proliferation. Differential
gene correlation analysis (DGCA) was employed to examine gene-gene relationships (network connectivity) across time in the remission/SU
and allergic groups. Pearson correlations were computed at each time point (TO, T1 and T3) and differential delta z-scores and Benjamini-
Hochberg adjusted p-values within and across time points. (A) Th2 effector and cell cycle/proliferation gene-gene pairs and (B) differential
gene-gene correlation for Th2 gene pairs
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in those who successfully gain remission of allergy/SU following
OIT. It is evident that genes do not exist in isolation, but instead
work together in co-expression networks; ours is the first study to
systematically assess CD4" co-expression patterns in peanut OIT,
in a robust, well-phenotyped cohort with high SU rates and post-
treatment follow-up.

We acknowledge several limitations of our study. We employed
microarray technology to profile peanut-stimulated gene expres-
sion in total CD4" T cells. Future studies could employ single-cell
RNA-Seq on peanut-allergen-specific CD4* T cells isolated using a
series of activation markers (e.g. OX40/AIM assay) and obtain ge-
nomic profiles at single-cell resolution.>® A limitation is that iso-
lated CD4" cells included small numbers of monocytes, which are
known producers of high quantities of interferons. Although we
confirmed >98% purity of CD37CD4" T cells with our isolation pro-
tocol, monocytes may have contributed to the emergent type 1 IFN
module either directly or by supporting cognate interactions with
allergen-specific T cells leading to activation of type 1 IFN signalling
pathways. A further limitation is that the peanut extract likely con-
tained residual amounts of endotoxin, despite use of an endotoxin
removal kit, which may initiate non-antigen-specific interactions;
however, any such contribution is expected to be minimal. Another
limitation of the study is that we did not include a PPOIT-treated
non-responder group to distinguish non-remission/SU treatment
effects. Additionally, we cannot make any inferences on the indi-
vidual contributions of probiotic and peanut OIT because we did
not include subjects who received peanut OIT (without adjuvant).
We acknowledge an increased number of DEG at T3 relative to T1
in the remission group raising the possibility of slight regression in
changes; however, several findings provide confidence that there
is no material loss of key changes underpinning transition from al-
lergy to remission between the T1 and T3 timepoints. Firstly, formal
statistical analysis comparing responses at T1 and T3 did not reveal
any significant DEG. Secondly, pathway analysis of unique DEG at
T3 compared with T1 showed that neither the upregulated pathways
nor downregulated pathways were related allergic or regulatory re-
sponses. Thirdly, Th2-related pathways remained absent at T3 while
type 1/2 interferon signalling pathways were similarly dominant at
both T1 and T3, albeit with higher activation at T1. Finally, downreg-
ulation of cardinal Th2 genes and cell cycle genes at T1 compared
with TO was also retained at T3. Thus, while some of the changes
associated with remission at T1 appear to regress at T3, our findings
provide compelling evidence that the crucial rewiring of gene-gene
communications away from a Th2-dominant module to an integrated
regulatory module that engulfs the Th2 elements remain in place at
T3. Notwithstanding these limitations, we present the first longitu-
dinal analysis of immunological mechanisms that underpin the tran-
sition from peanut allergy to remission/SU, and additionally, for the
first time, apply a systems biology approach to examine the complex
interrelationships driving this process. Our findings pave the way for
new approaches to monitor therapeutic responses during food im-
munotherapy and identify candidate pathways that can be targeted
to improve treatment efficacy.
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