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Abstract

Interferon‐γ (IFN‐γ) plays an important role in innate and adaptive

immunity against intracellular infections and is used clinically for the

prevention and control of infections in chronic granulomatous disease

(CGD) and inborn defects in the IFN‐γ/interleukin (IL)‐12 axis. Using

transcriptome profiling (RNA‐seq), we sought to identify differentially

expressed genes, transcripts and exons in Epstein‐Barr virus–transformed B

lymphocytes (B‐EBV) cells from CGD patients, IFN‐γ receptor deficiency

patients, and normal controls, treated in vitro with IFN‐γ for 48 hours. Our

results show that IFN‐γ increased the expression of a diverse array of genes

related to different cellular programs. In cells from normal controls and

CGD patients, IFN‐γ‐induced expression of genes relevant to oxidative

killing, nitric oxide synthase pathway, proteasome‐mediated degradation,

antigen presentation, chemoattraction, and cell adhesion. IFN‐γ also

upregulated genes involved in diverse stages of messenger RNA (mRNA)

processing including pre‐mRNA splicing, as well as others implicated in

the folding, transport, and assembly of proteins. In particular, differential

exon expression of WARS (encoding tryptophanyl‐transfer RNA synthetase,

which has an essential function in protein synthesis) induced by IFN‐γ in

normal and CGD cells suggests that this gene may have an important

contribution to the benefits of IFN‐γ treatment for CGD. Upregulation of

mRNA and protein processing related genes in CGD and IFNRD cells could

mediate some of the effects of IFN‐γ treatment. These data support the

concept that IFN‐γ treatment may contribute to increased immune

responses against pathogens through regulation of genes important for

mRNA and protein processing.

J Cell Biochem. 2019;120:4321-4332. wileyonlinelibrary.com/journal/jcb © 2018 Wiley Periodicals, Inc. | 4321

Antonio Condino‐Neto and Peter E. Newburger are co‐senior
authors and contributed equally to the development, execution, and
interpretation of the work.

http://orcid.org/0000-0002-8615-673X
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjcb.27718&domain=pdf&date_stamp=2018-09-27


KEYWORD S

chronic granulomatous disease, interferon‐γ, interferon‐γ receptor deficiency, phagocyte, tran-

scriptome

1 | INTRODUCTION

Interferon‐γ (IFN‐γ) is a proinflammatory cytokine with
antiviral, antimicrobial, and antitumor properties. It is
produced mainly by activated T lymphocytes and natural
killer cells.1 T lymphocytes release IFN‐γ in response to
antigen presentation and interleukin (IL)‐12, while natural
killer cells secrete IFN‐γ in response to the recognition of
microbial antigens and IL‐12.1 IFN‐γ treatment of neutro-
phils elicits a variety of responses including increased
oxidative burst, differential gene expression, and induction
of antigen presentation, depending on stimuli and environ-
mental conditions, and thereby mediates the ability of these
cells to mediate the transition between the innate and
acquired immune responses.2 In macrophages, IFN‐γ
activates a diverse array of functions, including antimicro-
bial activity,3 increased killing of intracellular pathogens,4

antigen processing and presentation to lymphocytes
through induction of major histocompatibility complex
antigens,5 and regulation of dendritic cell differentiation
and maturation.6-8 In addition, IFN‐γ acts on B lymphocytes
to promote switching of immunoglobulin G subclasses that
bind to Fcγ receptors on phagocytes, activate complement,
and contribute to phagocyte‐mediated elimination of
microbes.2

IFN‐γ finds clinical application in the prevention and
control of infections in chronic granulomatous disease
(CGD)9-12 IFN‐γ therapy is also used for hereditary disorders
of the IFN‐γ/IL‐12 axis, including defects in the IL‐12
receptor and IL‐12/p40.13 Treatment with IFN‐γ, along with
prophylactic antibiotics and prolonged, aggressive treatment
of infections, has significantly improved the prognosis of
CGD14-16; however, its mechanism of action remains unclear.
The most striking responses to IFN‐γ occur in patients with
mutations in the CYBB gene (responsible for X‐linked CGD)
near splice sites, leading to to partial restoration of normal
splicing upon IFN‐γ treatment in vivo and in vitro.17

The current study investigated the effect of IFN‐γ on gene
expression in Epstein‐Barr virus–transformed B lymphocytes
(B‐EBV) cells, which provide an in vitro model for CGD
phagocytes.18-20 We studied cells lines derived from patients
with X‐linked CGD, patients with IFN‐γ receptor 1 or 2
deficiency (IFNGR1D/IFNGR2D) as negative controls for
IFN‐γ responses, and normal individuals. We also evaluated
possible splicing modifications by detecting changes in
transcript and exon levels upon IFN‐γ stimulation. Our
findings provide new insights into the molecular mechan-
isms of IFN‐γ efficacy in CGD and provide a basis for further
investigation of IFN‐γ treatment for primary immunodefi-
ciencies and acquired immune defects.

2 | MATERIALS AND METHODS

2.1 | Patients

All patients included in this study were diagnosed
according to standards established by the International
Consensus Document (“ICON”),21 with confirmed mole-
cular diagnoses. We evaluated B‐EBV cell lines derived
from peripheral blood of four X‐linked CGD patients (two
with splicing defects, one with a frameshift mutation, and
one with a missense mutation; disease group D1‐D4,
respectively), three IFN‐γ receptor deficiency 1D
(IFNGR1D) patients with complete defects of the IFN‐γ
receptor α chain (one with a splicing defect, one with a
missense mutation, and one with a small frameshift
deletion; negative control group N1‐N3, respectively),
three IFNGR2D patients with complete defects of the
IFN‐γ receptor β subunit (one with a missense mutation
and two with a small frameshift deletion; negative
control group N4‐N6, respectively), and five healthy
individuals (normal control group, C1‐C5). The IFNGRD
patient cell lines were kindly provided by Prof Dr Jean‐
Laurent Casanova. Tables 1 and 2 present the genetic

TABLE 1 Mutations in CGD patients

CGD patients Type of mutation Position Nucleotide Product

D1 Splice region Intron 1 c 56+6T>C Mis‐splicing
D2 5′ Splice site Intron 5 gt>tt Exon skipping

D3 Frameshift Exon 3 G251del Stop codon in exon 4

D4 Nonsense Exon 11 G1341A Trp 443 stop

Abbreviation: CGD, chronic granulomatous disease.
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characteristics of the patients from whom the cell lines
were derived.

2.2 | Cell culture

B‐EBV cell lines were seeded at 1 to 2× 105/mL and cultured
in RPMI 1640 complete medium supplemented with 10%
heat inactivated fetal bovine serum, 2mM L‐glutamine,
100 units/mL penicillin and 100mg/mL streptomycin, with
or without IFN‐γ (100U/mL; R&D Systems, Minneapolis,
MN) in triplicate for 48 hours in sterile polystyrene 25 cm3

flasks (Becton Dickinscon, Sunnyvale, CA). The manufac-
turers certified all reagents—serum, buffers, media—and
containers as nonpyrogenic.

2.3 | RNA isolation

Samples were taken in three biological triplicates. Cell
culture samples (5‐10× 106) were immediately cooled on ice,
centrifuged at 4°C, washed with cold phosphate‐buffered
saline and total RNA extracted using TRIzol® Reagent (Life
Technologies, Grand Island, NY) in accordance to the
manufacturer’s protocol. RNA quality was assayed by using
BioAnalyzer (Agilent Technologies, Palo Alto, CA).

2.4 | RNA‐Seq
RNA‐Seq libraries were prepared from isolated total RNA
using Illumina TruSeq Stranded Total RNA Library Prep
Kit with Ribo‐Zero Gold (Illumina, San Diego, CA)
following the manufacturer’s high‐throughput protocol.
The synthesized libraries were strand‐specific with cyto-
plasmatic and mitochondrial ribosomal RNA depletion,

had paired‐end reads with 100 basepair size and were
sequenced on the HiSeq 2000 (Illumina) platform. Six bar‐
coded samples were multiplexed in each paired‐end lane
of the flowcell, yielding ~30 million reads per sequenced
sample.

2.5 | Bioinformatics

A customized pipeline was developed for our analysis.
Briefly, RNA high‐throughput sequencing reads were first
evaluated for quality metrics with FastQC (version 0.11.2)
and mapped to the Ensembl Homo sapiens GRCh38/hg38
reference genome by Spliced Transcripts Alignment to a
Reference (STAR) (version 2.4.0g).25,26 Next, SAMtools
(version 1.2)27 was used to order mapped reads by position
and used as input files for HTSeq (version 0.6.1)28 to
preprocess the RNA‐Seq data for differential expression
analysis by counting the overlay of mapped reads in the gene
position. DESeq2 (version 1.22.0)29 was used for differential
gene expression analysis and DEXSeq (version 1.16.6)30 for
differential exons usage analysis. For identification of
differentially expressed transcripts/isoforms, additional inte-
grative analysis used STAR to align reads to Ensembl Homo
sapiens GRCh38/hg38 reference genome and Kallisto,
version 0.42.4, to quantify transcript abundance in combina-
tion with Sleuth, development version, for differential
analysis that averaged the estimates produced by Kallisto.
Significantly affected pathways were detected using the
SetRank method.31

3 | RESULTS

RNA‐seq data collected from B‐EBV cells derived from
normal controls, X‐linked CGD patients, and IFNGRD
deficient patients, with or without treatment with IFN‐γ
in vitro for 48 hours, were analyzed as 15 different
datasets (each one a set of triplicate determinations for
untreated versus IFN‐γ‐treated B‐EBV cells) for differ-
ential gene expression, differential exon usage (DEU),
transcript abundance, and gene set enrichment analysis
of biological pathways.

3.1 | Differential gene expression
analysis

Using DESeq2 and applying regularized log transforma-
tion, a distinct separation of IFN‐γ‐treated vs untreated B‐
EBV cell lines was observed only for normal controls, X‐
linked CGD patients and two IFNGRD patients (N3 and
N6) demonstrating a global change in gene expression on
these cells caused by the IFN‐γ in vitro treatment,
represented in the principal component analysis in

TABLE 2 Homozygous mutations in IFN‐γ receptor deficiency
patients

Type of
mutation Nucleotide References

IFNGR1D patients

N1 Missense C77F/C77F 22

N2 Splice site 202‐1G>T/
202‐1G>T

N3 Small frameshift
deletion

523delT/523delT 23

IFNGR2D patients

N4 Small frameshift
deletion

212delA/
212delA

N5 Missense T168N/T168N 24

N6 Small frameshift
deletion

663del27/
663del27

24
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Supporting Information Figure 1 and by hierarchical
clustering of sample‐to‐sample distances represented on
the heatmaps of Supporting Information Figure 2. The
MA plot (the distribution of the intensity ratio “M”
plotted by the average intensity “A”) of the log 2 fold
change over the mean of normalized counts, represented
in Figure 1, demonstrates fewer differentially expressed
genes in B‐EBV cells of IFNGRD patients compared with
normal controls and X‐linked‐CGD patients (red dots in
the figure indicate genes with adjusted P< 0.1). There
were no upregulated or downregulated genes detected in
our analysis of B‐EBV cells of patient N2, confirming
impairment of the IFN‐γ‐signaling pathway, a character-
istic feature of the patient’s genetic defect.

We next ranked upregulated and downregulated genes
by highest fold change and lowest P< 0.05). The top 10
upregulated genes in response to in vitro IFN‐γ treatment
(Figure 2; Supporting Information Table I) in B‐EBV cells
of normal controls and CGD patients (but not in IFNGRD
patients) included APOL6, CXCL10, GBP family members
(GBP‐1, ‐2, ‐4 and ‐5); HAPLN3, IRF1, LGALS3BP,
STAT1, TAP1, WARS, and WDFY1. We also detected
upregulation of STAT1 and IRF1 (markers of IFN‐γ

stimulation), which supports the inference that the other
detected changes represent an IFN‐γ effect on gene
expression.

Among the top 10 upregulated genes, WARS was most
consistently detected as upregulated in B‐EBV cells of
both healthy subjects and CGD patients. The induction of
these genes by IFN‐γ has been reported previously, except
for HAPLN3, which has only been reported to be induced
by IFN‐β.32

Contrary to our initial hypothesis that IFNGRD patients
would show little or no differential gene expression due to
impairment of the IFN‐γ‐signaling pathway, our findings
reveal residual function of the IFN‐γ receptor upon IFN‐γ in
vitro treatment. The IFNGR1D/IFNGR2D deficient group
showed upregulation of genes (Figure 2; Supporting
Information Table 1) such as IRF2BP2, CSNK1G2, and genes
encoding histone H3 core proteins such as HIST1H3B,
HIST1H3C, HIST1H3D, HIST1H3F, HIST1H3G, HIST1H3H,
and HIST1H3I. These findings indicate residual transcrip-
tional control of IFN‐γ signaling in these receptor‐deficient
cells.

Other upregulated genes, such as PABPN1, RN7SKP80,
RNU4, SNORD17, RPL13, RPL28, RPS28P7, RPS29,

FIGURE 1 MA plot from each subject of the normal control group (C1‐C5 from left to right, top row), CGD patients (D1‐D4 from left to
right, middle row) and of IFNGRD patients (N1‐N6 from left to right, bottom row). These plots show the log 2 fold changes from the
treatment over the mean of normalized counts (the average of counts normalized by size factors). The plot shows the shrinkage of log 2 fold
changes resulting from the incorporation of zero‐centered normal prior. The shrinkage is greater for the log 2 fold change estimates from
genes with low counts and high dispersion, as can be seen by the narrowing of spread of leftmost points in the right plot. Points colored red
represents genes with adjusted P < 0.1 and points, which fall out of the window are plotted as open triangles pointing either up or down.
Less number of significant genes is detected in the IFNGRD group when compared with the healthy and CGD groups reflecting the
impairment of the activation of the IFN‐γ‐signaling pathway. CGD, chronic granulomatous disease; IFNGRD, IFN‐γ receptor deficiency
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FIGURE 2 Heatmaps of the top 10 genes upregulated and downregulated from each group (normal controls, CGD patients, and
IFNGRD patients). These heatmaps show the log 2 fold changes in expression. CGD, chronic granulomatous disease; IFNGRD, IFN‐γ
receptor deficiency
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SCARNA5, EIF3A, and ZFP36, suggest that IFN‐γ could have
effects on poly(A) RNA binding, messenger RNA (mRNA)
nonsense‐mediated decay, structural assembly of ribosomes
and Cajal body function to modify RNA, therefore acting in
the regulation of pre‐mRNA splicing. This finding corrobo-
rates previous results from our group that demonstrated
partial correction of aberrant splicing in a form of variant
CGD upon IFN‐γ treatment.17 In addition, we observed
upregulation of genes with putative neuroprotective function,
such as MTRNR2L1, MTRNR2L6, MTRNR2L8, and
MTRNR2L9,33 as well as a gene, KIF21A, involved in
neuronal axonal transport of essential cellular components
along axonal and dendritic microtubules.34 The latter finding
may help explain how IFN‐γ improves functional deficits in a
mouse model of Friedreich ataxia35 as well as in human
patients,36 in addition to its ability to improve frataxin levels.

Among the top 10 genes downregulated in response to
in vitro IFN‐γ (Figure 2; Supporting Information Table 2)
with highest fold change and lowest P< 0.05, B‐EBV cells
of healthy individuals and X‐linked CGD showed
decreased expression of C4orf34, LTA,MS4A1, and SELL,
which are known to have roles in endoplasmic reticulum
functions and in the development, differentiation and
adhesion of leukocytes on endothelial cells; these cellular
functions underlying inflammatory and antiviral re-
sponses. In B‐EBV cells of IFNGR1D/IFNGR2D patients,

IFN‐γ treatment caused a wider number of genes to be
down‐regulated, including, among those most relevant to
inflammation, ABCA5, ADAM10, LRRFIP1, MTND1P23,
MTND4P12, MTRNR2L8, PIK3CG, PTMA, RBBP6,
and ZYX.

3.2 | Differential exon usage

Analysis of DEU in our RNA‐Seq data revealed a higher
number of exons being differentially expressed (visua-
lized by MA plot of the logarithm of fold change versus
average normalized counts per exon) in B‐EBV cells of
normal controls and X‐linked CGD patients compared
with cells of IFNGRD patients (Figure 3). Supporting
Information Table 3 presents the top ten genes with
highest log 2 fold change in DEU due to in vitro
treatment with IFN‐γ in cells from each analyzed subject.
As at the whole transcript level, no significant DEU was
detected for any of the nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase components; however,
a trend toward increased DEU of exon 3 of CYBB in cells
from patient D1, with CGD due to a splicing defect, was
observed when cells were treated with IFN‐γ (Figure 4).

DEU analysis also demonstrated that WARS, the gene
consistently upregulated in B‐EBV cells of healthy
subjects and CGD patients in the gene level analysis,

FIGURE 3 MA plot of each analyzed subject in the normal control group (C1‐C5 from left to right, top row), CGD patients (D1‐D4 from
left to right, middle row) and of IFNGRD patients (N1‐N6 from left to right, bottom row). Mean expression versus log 2 fold change plot.
Significant hits (at Padj < 0.1) are colored in red. Less number of significant exons is detected in the IFNGRD group when compared with the
healthy and CGD groups reflecting the impairment of the activation of the IFN‐γ‐signaling pathway. CGD, chronic granulomatous disease;
IFN‐γ, interferon‐γ; IFNGRD, IFN‐γ receptor deficiency
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was also among the top genes with highest increment of
DEU in those cells. Figure 5 presents a plot of DEU
expression estimates for WARS; purple color indicates
exons with significant DEU. No exons were detected
differentially expressed in four of the six B‐EBV cell lines
of IFNGRD patients.

3.3 | Differentially spliced transcripts
and isoforms

Quantitation of transcript abundance confirmed the
changes in gene expression that were detected as
upregulated on the gene level analysis, which included
all known transcript isoforms for each gene. The most
abundantly expressed transcripts (APOL6‐001, GBP1‐001,
GBP2‐002, GBP4‐001, TAP1‐001, and UBD‐001) indicate
induction of these genes at the individual transcript level.
Supporting Information Table 4 lists the most abundant
expressed transcripts upon IFN‐γ in vitro treatment for
each B‐EBV cell line.

3.4 | Gene set enrichment analysis of
biological pathways

Pathway analysis of gene expression data showed that in
vitro IFN‐γ treatment of B‐EBV cells of CGD patients and
normal controls activates pathways related to cell adhesion,
protein modification processes (eg, DTX3L targets), cell
response to hypoxia conditions (eg, HIF‐1‐α), immunopro-
teasome formation (which antigen‐presenting cells express
in response to oxidative stress and proinflammatory
cytokines), and lymphocyte development (eg, targets of
transcription factor IKZF).

Identification of pathways for type II IFN signaling
and mRNA processing, even in cells from IFNGRD
deficient patients, suggests residual function of the
defective IFN‐γ receptors in B‐EBV cells of IFNGRD
deficient patients analysed in our study. In the gene sets
of B‐EBV cells of IFNGRD1/2 deficient patients, IFN‐γ
activated a broad array of cellular functions, including
cytoskeleton organization, chromatin organization,

FIGURE 4 Fitted expression of CYBB of each analyzed subject in the normal control group (C1‐C5 from left to right, top row), CGD
patients (D1‐D4 from left to right, middle row) and of IFNGRD patients (N1‐N6 from left to right, bottom row). The plot represents the
expression estimates from a call to test for differential exon usage. No significant differential exon usage was detected for CYBB, an
interesting change of profile of DEU was detected in CGD patient D1. CGD, chronic granulomatous disease; DEU, differential exon usage;
IFNGRD, IFN‐γ receptor deficiency
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histone modification, diverse‐signaling pathways, cell
cycle control, nucleosome organization, transcription
from RNA polymerase II promoter, transport, posttran-
slational protein modification, ribosomal small subunit
assembly, RNA processing, RNA splicing, and RNA
transport. These changes indicate an IFN‐γ‐responsive,
transcriptionally active state in cells derived from
IFNGRD patients.

Supporting Information Table 5 presents a list of
pathways activated upon IFN‐γ in vitro treatment.
Comparisons of similarity of activated pathways between
all samples of the three groups reveal that IFN‐γ, EGFR1,
TGF‐β receptor, and insulin‐signaling pathways are
active at different intensities in all analyzed samples, as
are pathways affecting ribosomal proteins and mRNA
processing (Figure 6). These data demonstrate that IFN‐γ
coordinates a diverse array of cellular programs and is
associated with an increased transcriptional active state
of immunologically relevant genes through transcrip-
tional regulation, and that IFNGRD1/2 patients may
retain residual activity of the IFN‐γ receptor.

4 | DISCUSSION

IFN‐γ coordinates a diverse array of cellular programs
through transcriptional regulation of immunologically rele-
vant genes37; its receptor is expressed ubiquitously on almost
all cell types. The striking effects of IFN‐γ on neutrophils
include increased oxidative burst, differential gene expres-
sion, and induction of antigen presentation,2 resulting in
increased phagocytosis and cytotoxicity.38,39 Previous studies
from our group demonstrated that expression of the genes
encoding phagocyte oxidase components gp91‐phox (CYBB)
and p47‐phox (NCF1) in B‐EBV lymphocytes correlated with
their NADPH oxidase activity and cytochrome b558 content.

20

Additional studies of our group using B‐EBV cell lines as
convenient models19 demonstrated that IFN‐γ partially
corrects the phenotype of a variant form of X‐linked CGD
by improving the fidelity of splicing of the first intron of the
CYBB gene,17 a finding confirmed by subsequent studies.40,41

However, the molecular processes responsible for these
effects are not known. In the current study, we evaluated
differential gene, transcript, and exon expression in B‐EBV

FIGURE 5 Fitted expression ofWARS of each analyzed subject in the normal control group (C1‐C5 from left to right, top row) and CGD
patients (D1‐D4 from left to right, middle row). The plot represents the expression estimates from the differential exon usage test. In purple
are shown the exons that presented significant DEU in normal controls and CGD patients. No significant differential exon usage was
detected for WARS in the IFNGRD patients. CGD, chronic granulomatous disease; DEU, differential exon usage; IFNGRD, IFN‐γ receptor
deficiency
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lymphocytes from normal controls, CGD, and IFNGRD
patients treated in vitro with IFN‐γ, using RNA‐Seq.

Our current findings demonstrate upregulation of
genes related to lipid trafficking, chemotaxis, cell
adhesion, regulation of Toll‐like receptor‐mediated‐sig-
naling pathways, transport of antigens, and cellular
responses including the regulation of IFN and IFN‐
inducible genes as well as genes related to antiviral
activity, oxidative killing, and delivery of antimicrobial
peptides to autophagolysosomes. Among the upregulated
genes in B‐EBV cell lines of normal controls and X‐CGD
patients are ones contributing to immune response
against infection, such as APOL6, CXCL10, HAPLN3,
IRF1, LGALS3BP, STAT1, TAP1, WDFY1, and genes of
the GBP family members GBP‐1, ‐2, ‐4, and ‐5. Most of
the upregulated genes were also detected as abundant
transcripts, thus confirming the induction of these genes.
Against our expectations, we also identified differential
gene expression and exon usage in IFNGRD B‐EBV cell
lines despite their genetic defects, therefore suggesting

residual function of these receptors in the patient‐derived
cells.

These results demonstrate that IFN‐γ upregulates
genes responsible for important cellular mechanisms
and immunological functions and thus support the
hypothesis that IFN‐γ treatment contributes to increased
immune responses against pathogens by inducing ex-
pression of a broad array of genes with functional
relevance to both innate and acquired immune re-
sponses. A particularly prominent gene in our analysis,
WARS, was upregulated in B‐EBV cells of healthy
subjects and CGD patients; additionally it showed
differentially expressed exons and the transcript WARS‐
004 was one of the most abundant expressed transcripts
in normal controls and CGD patients. WARS encodes the
cytoplasmic enzyme tryptophanyl‐tRNA synthetase
(TrpRS), which catalyzes the aminoacylation of tRNA
(trp) with tryptophan and is known to be induced by
IFN‐γ.42,43 WARS regulates the extracellular signal–
regulated kinase, protein kinase B, and endothelial nitric

FIGURE 6 Comparisons of similarity of activated pathways among samples in normal controls (C1‐C5), CGD patients (D1‐D4) and of
IFNGRD patients (N1‐N6). It was possible to detect that cytoplasmatic ribosomal proteins, mRNA processing, type II interferon signaling
(IFNG), EGFR1 signaling pathway, TGF‐β receptor signaling pathway and insulin signaling are present in different intensities in all samples.
IFNGRD, IFN‐γ receptor deficiency; mRNA, messenger RNA; TGF‐β, transforming growth factor β
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oxide synthase activation pathways that are associated
with angiogenesis, cytoskeletal reorganization, and shear
stress‐responsive gene expression.44-46 In humans, there
are two forms of human TrpRS; the truncated isoform
(mini‐TrpRS) induced by in vitro IFN‐γ treatment in B‐
EBV cells is produced by alternative splicing.47 Both
mini‐TrpRS and the full‐length enzyme have been
reported to be strongly upregulated by IFN‐γ47 and are
catalytically active, but are distinguished by the anti‐
proliferative and antiangiogenic activity specific to mini‐
TrpRS. In our study, the detection of a lower level of
induction by IFN‐γ of the exons at the 3′ end of the
WARS transcript suggests a possible change of function
in the downstream pathway of activities dependent on
the type of WARS transcript expressed. Additional
studies are required to better assess the functional
consequences of IFN‐γ modulation of TrpRS expression
in immune cells.

B‐EBV cells of normal controls and X‐linked CGD
patients treated with IFN‐γ showed decreased expression
of genes with relevance to cytokine‐mediated functions in
apoptosis, regulation of B‐cell activation and proliferation,
and promotion of initial tethering and rolling of leukocytes
over the endothelium. In IFNGRD cell lines, we detected
decreased expression of genes with function related to cell
growth, survival, proliferation, and motility, as well as a
small number with possible neuroprotective functions.
Additional functions of downregulated genes related to
cellular responses to DNA damage, bacterial lipopolysac-
charide, and double‐stranded RNA—all involved in
modulating immune function by conferring resistance to
opportunistic infections. In B‐EBV cells derived from
IFNGRD patients we also found that some of the
downregulated genes may have additional consequences
in transcriptional and posttranscriptional events, such as
chromatin organization and histone modification, tRNA
processing, mRNA splicing, protein synthesis, and protein
modification. Other genes—including EIF3A, GABPB1‐
AS1, HNRNPA2B1, and PCBP1—downregulated in B‐EBV
cells of IFNGR1D/IFNGR2D patients are involved in
replication, transport, translation, or expression of viral
genes, which suggests at least some effect of Epstein‐Barr
virus on gene expression in this cell line model.

Among the common activated pathways, B‐EBV cells
from normal controls and from CGD and IFNGRD
patients all displayed induction of the “cytoplasmic
ribosomal proteins” pathway, suggesting that IFN‐γ
stimulation induced expression of these proteins in
combination with the activation of mRNA processing.
Although the events that control IFN‐γ‐induced tran-
scriptional activation are well characterized, the signals
generated by the type II IFN receptor to regulate mRNA
translation are still not well elucidated.

A limitation of the current study is its use of RNA‐
seq technology, which may not always provide biolo-
gically meaningful gene expression data, especially in
cells with regard to genes that present next to baseline
expression and in cells with complex genomes. The
identification of genes in RNA‐seq analyses may lead to
misinterpretation of results due to overestimated and/
or underestimated expression levels, requiring a
certain level of caution for the interpretation of results
for certain genes. In addition, the B‐EBV cell line
model has limitations compared with primary cells, but
major advantages in cell homogeneity and convenience
to both patients and investigators. Furthermore,
studies of RNA levels do not always correlate well
with protein expression, although there is a close
association during myeloid development,48,49 and
functional effects are further inferred from those levels.

In summary, the current study reports a comprehen-
sive whole transcriptome analysis of the effects of IFN‐γ
in vitro treatment of B‐EBV cells of X‐CGD and IFNGRD
patient cell lines. Our data reveal that IFN‐γ‐induced
mRNA levels of a vast number of different gene sets
related to distinct different cellular programs, including
genes with antimicrobial functions of phagocytes (oxida-
tive killing, nitric oxide synthase pathway activation,
proteasome‐mediated degradation, antigen presentation,
chemoattraction, and cell adhesion) that may underlie
some of the beneficial effects of IFN‐γ therapy in CGD.
Important genes relating to mRNA and protein proces-
sing were also upregulated in CGD and IFNRD cells
suggesting that the regulation of pre‐mRNA splicing,
folding, transport, and assembly of proteins could also
contribute to the effects of IFN‐γ treatment, including the
partial restoration of normal splicing of splice‐mutant
CYBB genes.17,40,41 In addition, changes in expression of
WARS induced by IFN‐γ suggest that this gene may also
contribute to immunomodulatory functions of IFN‐γ
treatment and merits further investigation.
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